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Summary.--The report gives the results of a comparison by two different methods of the aerodynamic loading of 
a tapered V wing of aspect ratio 5.8 and 45 deg sweepback at M = 0-8, based on the Prandtl-Glauert factor or linear 
perturbation theory; the first method, associated particularly with vortex-lattice theory, deals with changes in Math 
number by preserving the plan of the wing and using special Tables of downwash, while the second uses the solution 
for 3/Iach number 0 on a wing with the lateral dimensions reduced by a specified factor. 

The two methods are shown to be in good general agreement at M = 0.8 and, although it can be argued that  the 
second method is more accurate on theoretical grounds, this is offset by the fact that  the first has considerable 
advantages in ease of calculation, and in the possibility of extension to more accurate solutions when the Prandtl- 
Glauert factor fails at high subsonic speeds. 

Examples of the application of the theory are also given for a delta wing, for a straight tapered wing without sweep, 
and for a tapered wing with 28-4 deg sweepback. I t  is possible to give a general and reasonable explanation of the 
nature of the variations of load grading and local aerodynamic centre which occur with increasing Mach number, and 
with the information given, there should be no difficulty in the prediction of 5{ach number effects on a wide range of 
plan forms. 

Since the completion of the work, a mathematical  examination of the limitations of the first method has been made 
by W. P. Jones who has calculated exact values of downwash due to a rectangular vortex over a range of Mach numbers 
for comparison with those obtained by the approximate formula. His work, which is included as an Appendix, 
confirms the accuracy of the approximate method at high Mach numbers. 

1. Introduct ion.- -The object of this work is to compare two methods of calculating wing 
loading with allowance for compressibility and to give examples of their use. The first method, 
based on the use of special tables of downwash, is described in Ref. 1, where the results of 
calculations carried out on a swept-back tapered wing by the use of standard solutions omitting 
the effect of the centre-line correction are also given. The second method depends on the 
direct use of the Prandtl-Glauert factor, which involves a reduction in the lateral dimensions 
of the wing. 

#fA.R .C .  11,944. 25th November, 1948. 
\A .R .C .  12,650. 15th October, 1949. 

t A.R.C. 12,147. 7th February, 1949. 
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2. Theory: FirsE Method.--The first method is based on the following argument. The effect 
of the Prandtl-Glauert factor ~ is that  each unit of bound vorticity which represents the lifting 
plane in two-dimensional flow is increased for a given incidence in the ra t io  1/~/(1 -- M2). It 
follows that the potential theory on which the vortex-lattice method is based is no longer valid, 
because there is the equivalent of added vorticity without a corresponding addison to the 
downwash. The adaptation to vortex-lattice theory is made in the following way. As far as 
the bound vorticity along any chord at Mach number M is concerned, the calculated downwash 
at the wing surface will be correct if it is assumed that ~/(1 -- M 2) of the total vorticity acts 
in accordance with potential theory, while the remainder 1 -- ~/(1 -- M ~) is without potential 
field. The same considerations do not apply to the trailing vorticity as it has been shown by 
A. D. Young 3 that, in lifting-line theory, the downwash field at the wing due to the trailing vorti- 
city is not affected by compressibility. Young's result is only strictly applicable to lifting-line 
theory, but if the approximation be made that this result can also be used in lifting-plane theory, 
a simple solution of the problem is possible. It is only necessary to work out two sets of equations 
for the wing, one set being the standard equations derived from the complete tables of downwash 
and corresponding to M = 0, and the other set being derived by the use of tables of induced 
downwash and corresponding to the hypothetical case M : 1. The equations corresponding 
to any Mach number M are then obtained by summing the proportions ~/(1 -- M 2) of set (1) 
and 1 -- ~/(1 -- M 2) of set (2). 

2.1. The factors of induced downwash are obtained in the same way as the factors of complete 
downwash, but with the omission of the downwash contribution due to the bound vortex. These 
factors have been calculated by a formula which is readily deduced from Fig. 3 of R. & M. 25914 
and are given in Tables 30 to 40. 

2.2. Second Method.--The second method is based on the Prandtl-Glauert rule or linear 
perturbation theory by which, if the velocity variations are small, the effects of Mach number 
can be represented by an equivalent solution for M = 0 for a wing for which the lateral and 
vertical dimensions have been reduced by appropriate factors. The formulae for this method 
have been collected together and presented in a concise and clear form by R. Dickson in Ref. 5. 
For the work now under investigation, which includes incidence and wing twist solutions, the 
process reduces to a simple alteration of the lateral dimensions of the wing in the ratio ~/(1 -- M~), 
the solution of this distorted wing for M ---- 0, and the application of the following trans- 
f o r m a t i o n : -  

(a) The circulation K/4sV per radian or load coefficient CK = CL•c/CL'd plotted against 
is correct. 

(b) CLL/CL plotted against ~ is correct. 

(c) The position of the aerodynamic centre is correct. 

(d) The value of dCL/d~, is to be multiplied by 1/~/(1 -- M2). 

(e) The incidence for zero lift, ~,, is correct. 

(f) The moment  coefficient at zero lift, C.,0, is to be multiplied by 1/~/(1 -- M2). 

3. Results--45 deg Tal~ered Wing.--The calculations, apart from the use of the special tables 
of downwash, have been carried out precisely in accordance with the standard method described 
in R. & M. 25914 and 2596 G, and consist of three, six, or nine-point solutions with or without 
auxiliary solutions to allow for the centre-line correction. 

The main effort has been directed to solutions for a tapered wing, with taper ratio of 0.25 
to 1, aspect ratio 5.8, and 45 deg sweepback, as shown ill Fig. 2, the choice being influenced 
by the fact that  the wing is the subject of an investigation including pressure plotting at the 
Royal Aircraft Establishment. After reduction of the lateral dimensions by a factor corres- 
ponding to M = 0"8, the wing becomes of aspect ratio 3.5 with 59 deg sweepback. 
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Some of the work on this wing was done by the 84-vortex lattice before the standardisation 
of the 126-lattice and, although the former work is now obsolete, it still has value in its relation 
to the general accuracy of the method, and so has been placed on record. 

The following solutions, which are given in Tables 7 to 27, have been calculated for the pair 
of wings:--59 deg wing, M = 0, 84-vortex, 3, 6, 9 and 12-point standard solutions; 126-vortex, 
3, 6 and 9-point standard solutions and 6-point solution with centre-line correction; 126-vortex, 
6-point standard solution with and without centre-line correction for wing twist, 0 linear: 45 deg 
wing, M = 0, 126-vortex 9-point standard solution, and 6-point standard solution with and 
without the centre-line correction; 126-vortex 6-point standard solution for wing twist, 0 linear, 
with and without centre-line correction; 45 deg wing, M = 0.8, 126-vortex, 9-point standard 
solution and 6-point standard solution with and without centre-line correction; 126-vortex 
6-point standard solution for wing twist, 0 linear, with and without centre-line correction; 
45 deg wing, M = 1, 126-vortex 6-point standard solution for wing twist, 0 linear. Generally, 
the least accurate are the simpler 3-point solutions, and the most accurate given here are the 
six-point solutions with centre-line correction. 

3.1. Selections from these solutions have been plotted in Figs. 3 to 9 with the object of 
demonstrating features of particular interest. For example, the first one, Fig. 3, deals with 
the convergence of the load coefficient CK and local aerodynamic centre for the 59 deg wing. 
Considering first the load coefficient, it will be noted that  all solutions, excepting the 84/9 and 
84/12, are in good agreement, and the reason for the failure of the two latter is tha t  they make 
use of control points over the front part of the wing at which the downwash values calculated 
for a given mesh of lattice are known to be less accurate than those over the rear part  of the wing. 
This matter  has been referred to in a previous report, and it is very satisfactory to note that,  
when this source of error is removed the remaining solutions, in spite oI the differences in numbers 
of control points and the variations in the lattice, show remarkable agreement and leave no 
doubt that  the standard solutions--although not the final solutions--have converged to a limit. 
As regards the local aerodynamic centre, the 3-point solutions are, of course, out of the question, 
and, if the 84/9 and 84/12 are omitted it is found tha t  the 126/6 and 126/9 are in near agreement, 
but that  the 84/6 does not quite reach the Other curve. I t  is a fair deduction which does not 
at this stage require further proof tha t  the 126 standard solutions for aerodynamic centre have 
converged to limits which are close enough for the present application. 

As the centre-line correction will for reasons of economy be based on 6-point solutions, Figure 4 
is devoted to evidence that  there is little difference between 6 and 9-point solutions. The 
comparison is made for the 59 deg wing at M = 0, and for the 45 def. wing at M = 0 and 0.8, 
and, in each case, although there is a slight variation in the aerodynamic centre near the tips the 
solutions have converged for all practical purposes. 

Figs. 5, 6 and 7 show the effect of the auxiliary solution or centre-line correction in the three 
cases, both incidence and wing twist solutions being included. The effects are similar in all 
cases, the local aerodynamic centre showing a movement aft in the central region and the load 
coefficient for the incidence solutions showing a drop at the centre with accompanying variation 
along the span, and for the wing twist solutions hardly any change. The effects of these changes 
on overall aerodynamic centre can be studied from the results given in R. & M. 25966. 

3.2. The final comparison of the two methods has been carried out by  using the six solutions, 
three for incidence, and three for wing twist, numbers 27, 29, 32, 34, 37 and 39, which are based 
on the 126-vortex pattern with centre-line correction. The comparison between the two methods 
depends on the agreement between the curves for CK and local aerodynamic centre as given by  
solutions 27 and 37 for incidence and 29 and 39 for wing twist at M = 0.8, but, to complete 
the work, and to show the variation which occurs between M = 0 and M = 0.8, solutions 32 
and 34 have also been included. The solutions for incidence are plotted in Fig. 8, and for wing 
twist in Fig. 9 and excellent agreement is shown throughout excepting that  there is a slight 
variation in the locus of the aerodynamic centre for the incidence solution near the t ip:  This 
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variation is a measure of the inaccuracy caused by the assumptions on which the first method 
is based. It would be quite easy to make allowance for this difference, but  the effect should 
not be over-rated, because, occurring as it does in the region of rapidly decreasing circulation, 
the overall effects are small. This is shown in Table 28, where are collected together the main 
results for the six solutions, and from which it is concluded that  the overall agreement between 
the two solutions is highly satisfactory. 

4. Results--Straight Tapered Wing.--For the straight tapered wing, Fig. 1, the following 
solutions have been calculated : - -M = 0, 6 and 9-point standard solutions for incidence, and 
9-point standard solution for wing twist, cO linear; 3,dr = 0.8, 0.9, 1.0, 9-point standard solution 
for incidence; 3,d r = 0.9, 9-point standard solution for wing twist, cO linear. The results are 
given in Tables 1 and 2, and plottings of load coefficients and local aerodynamic centre for 
incidence solutions have been made in Fig. 10. It will be noted that, as far as the load coefficient 
and local aerodynamic centre are concerned, there is no appreciable difference between the 
G and 9-point solutions, numbers 1 and 2. The main conclusions to be drawn from Fig. 10 are 
the small change in the load coefficient between M = 0 and O. 9 and the regular forward move- 
ment of the local aerodynamic centre. Between M = 0-9 and M = 1.0 there is a more rapid 
change which is not genuine, being due to a breakdown of the method. Supporting evidence 
of this breakdown is that  compressibility effects are approximately equivalent in a straight 
wing to a reduction of aspect ratio only and the limiting form of the load grading has been shown 
from the results given in R. & M. 25966 to be elliptic. Fig. 10 shows the movement towards 
the elliptic curve still occurring at M = 0.9, and the final breakdown, which occurs in a region 
where the use of the Prandtl-Glauert factor is becoming untenable. 

5. Results--Tapered Wing, 28.4 deg Sweepback.--The results for this  wing were calculated 
by the 84-vortex lattice, before it had been demonstrated that, at this angle of sweepback, 
the 126-lattice would give a superior result. A further disadvantage is that the centre-line 
correction has not been applied. However, enough information has now been published to make 
possible an estimate of the errors due to both causes, and it is considered that  the results still 
have value and can in any case be used as they stand for comparative purposes. 

The results consist of 9-point standard solutions for M ---- 0, 0.6, 0.8, 0.9 and 1.0; 9-point 
standard solutions for wing twist, with cO linear, for M ---- 0 and M = 1; and an additional 
solution for M =- 1 obtained by a 168-vortex lattice. The latter solution was included in order to 
verify that the solutions obtained with the revised tables have converged to the required accuracy. 
This step was necessary because the standard method is based on a convergence calculated from 
two-dimensional considerations using the bound vorticity only, and the use of the revised tables, 
in which the downwash is based on the trailing vorticity only, might retard the rate of con- 
vergence. As the effect is mainly chordwise, the chordwise spacing was halved to give 168 
vortices, and the solutions for the 84 and 168-vortex patterns for M = 1 are given in Table 3, 
solutions 13 and 14. It will be seen that the difference in the two solutions is small at M = 1, 
and, when it is remembered that all we are concerned with is the effect on solutions for values 
of M below the breakdown, it is clear that effects of compressibility can be handled by the 
revised tables without necessity for any alteration of the lattice. 

A selection of the results including load coefficient, local lift coefficient and local aerodynamic 
centre for M = 0, 0.6, 0.8, and 0.9 has been p]otted in Fig. 11. 

6. Results--Triangular Wing, Aspect Ratio 2.31.--For  this wing, solutions have been 
calculated by the 126-vortex lattice, including the centre line correction, for M ---- 0, 0.8, 0.9, 
1.0. The results are given in Tables 5 and 6 and the load coefficient and local aerodynamic 
centre have been plotted in Fig. 12. It will be seen that the local aerodynamic centre varies 
less than with the other wings, and that again the load-coefficient curve tends to the elliptic 
until the breakdown occurs. 
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7. General Discussion.--The following results have already been demonstrated or can 
reasonably be deduced from the preceding sections. 

(a) That the results obtained by the two methods are in good agreement at M = 0.8, and 
should remain in agreement until beyond M = 0.9, or over the useful range of applicatio n of 
the Prandtl-Glanert factor. 

(b) That, if necessary, the auxiliary solutions to allow for the centre-line correction can be 
omitted and their effect estimated from solutions already published. 

(c) That the curves of load coefficient of the straight and triangular wings tend to approach 
an elliptic curve with increase of Mach number, and that, for these wings, for which the argument 
can be based on decreasing aspect ratio only, the elliptic curve is probably the limit as M -~ 1, 
the curves obtained in this paper at M = 1 being false because of the breakdown of the method 
which occurs between M = 0.9 and 1.0. 

(d) That, although it has been shown in R. & M. 25966 that, for a wide range of swept-back 
wings, reduction of aspect ratio with constant sweepback tends to lead to load coefficient curves 
which approach the elliptic, the analogy with effect of compressibility is not complete for V 
wings, for in the latter case the equivalent reduction of aspect ratio is accompanied by increase 
of sweepback to a limit of 90 deg. The limiting curve for CK for V wings as M --~ 1, therefore 
differs from the elliptic, but no prediction can now be made as to what it should be. 

7.1. Some observations on conditions at M = 1 can now be added. Both methods break 
down at M = 1, the first because the assumption on which it is based becomes untenable, and 
the second because the wing area vanishes. It is interesting to note, however, that  both methods 
still give a finite value for dCL/d~, at M = 1. For example, for the straight tapered wing, the 
first method gives dCL/d~ = 15.344. An approximate value for the second method can be 
deduced by lifting-line theory on the lines of work by Mr. O. H. Lee 7. For an elliptic wing, 
with sectional dCL/do: = 2~, dC~/dc~ is 2~A/(2 + A) where A is the aspect ratio. Applying 
the analogy that  dCL/do~ at Mach number M is equivalent to 1/~/(1 -- M 2) times the value at 
M = 0, with A changed to AW/(1 - -M~) ,  the revised value of dCL/dc~ at M will be 
2=A/[2 + AV/(1 -- MS)]. Proceeding to the limit, the ratio of (dCL/d~)M=, to (dCL/d~.)M~o will be 
1 + A/2 or 3.93, against the value 3.50 (see Table 1) of method 1, a result which supports the 
conclusion that methods 1 and 2 will remain in substantial agreement until the useful limit 
of the Prandtl-Glauert factor has been passed. 

7.2. The variations in the aerodynamic centre for the four wings have been collected together 
in a single table, No. 29. It  will be noted that  the effect on the straight wing is to give a nose- 
up moment with increase of M, while for the swept-back wings the effect is reversed to give a 
nose-down moment, which is more serious the greater the sweepback. It is possible to give a 
rough explanation of the observed effects which will enable the application to any. given wing 
to be predicted. Two factors have to be taken into account (a) the alteration m spanwise 
load grading and (b) the change in local aerodynamic centre and for the wings treated here it 
seems that  the latter effect is predominant. For the straight wing, the effect is almost entirely 
the same as a reduction in aspect ratio, which gives a general forward movement  of the local 
aerodynamic centre leading to a nose-up moment. For the triangular wing, two effects are 
operative, the first being the general forward movement due to effective decrease of aspect 
ratio, and the second the general backward movement due to the centre-line correction, which 
also increases with the effective increase in sweepback which accompanies decrease of aspect 
ratio. For this wing the two effects practically cancel each other, leaving the aerodynamic 
centre almost invariable with Mach number. 

For the tapered wings with sweepback, where the trailing edge has a discontinuity of slope 
at the centre, the backward movement due to effective increase of sweepback overcomes the 
forward movement due to decreasing aspect ratio, leading to curves with movement back in 
the centre region and forward movement in the tip region as in Fig. 11, for the moderate sweep- 
back, and curves with a general backward movement as in Fig. 8 for the higher sweepbacks. 



7.3. The influence of the change in load grading appears to be small for the  wings deal t  wi th  
in this report ,  bu t  it should not  be forgot ten tha t  there  is an unexplored  region of small aspect  
rat io and large sweepback in wtiich load grading might  assume g rea te r  importance.  

Final ly,  it  is t hough t  tha t  now a t ten t ion  has been drawn to t he  principles which govern the  
changes, it  will  be possible easily to predic t  the  effects for a great  va r ie ty  of wing plans. I t  
seems clear t ha t  for a convent ional  tapered  wing, there  will be a modera te  angle of sweepback 
at  which  the  Mach n u m b e r  effects on the aerodynamic  centre  will be negligible over a useful 
range of subsonic, as wi th  the t r iangular  wing. 

8. Comlusio~c.--In conclusion, it should be added  tha t  the first m e t h o d  has considerable 
advantages  in that ,  by  preserving the  plan of the wing, it is possible to compute  a range of Mach 
numbers  wi th  ve ry  much  less work than  by  the second method,  which requires a comple te ly  
independen t  calculat ion for each Mach number .  In  a t t empt ing  to ex tend  the  work to high 
subsonic speeds beyond  the  applicat ion of the Prandt l -Glauer t  factor, and  even to the sonic 
region, applications which will in the first instance depend on high speed tunne l  results, it is 
p redic ted  t ha t  the  second me thod  will be quite impractical .  

The wri ter  desires to acknowledge the  valuable  assistance rendered  by  Miss D. E. Lehr ian  
in the organisat ion of the final stage of the work,  by  Miss S. D. Brown,  who under took  the  
ma io r  par t  of the work of computa t ion ,  and  by  Miss W. Tale, who was Mso responsible for a 
small  bu t  impor t an t  par t  of the calculations. 
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T A B L E  1 

Solutions for Straight Tapered Wing 

M = O: 84-vortex,  9-point  s t a n d a r d  solution" ~ = O. 2, 0 .5 ,  0.8.  

M = O: 84-vortex,  6-poin t  s t a n d a r d  solut ion:  ~ = 0.2 ,  O. 5, 0-8.  

M = O: 84-vortex,  9-point  s t a n d a r d  solu t ion  for wing twist ,  cO l inear: 

M = 0 .8 :  

M = 0 .9 :  

M = 1.0:  

M = 0 .9 :  

84-vortex,  9-point  s t a n d a r d  solution.  

84-vortex,  9-point  s t a n d a r d  solution.  

84-vortex,  9-poin t  s t a n d a r d  solution.  

84-vortex,  9-point  s t a n d a r d  solu t ion  for wing  twist ,  cO linear. 

.~ = 0 .2 ,  0 .5 ,  0.8.  

Solution 
Quantity 

1 2 3 4 5 6 7 

a0 

a l  

~2 

Co 

Cl 

62 

eo 

el 

e2 

dCz/do: 

CDi 

C m o  

tx o 

a.c. 

+ 0 . 0 8 1 7 2  

- -0 .00623  

- -0-00039 

- -0-02679 

+ 0 - 0 0 9 0 7  

0-00204 

0.03340 

- -0 .02379  

- -0 .00571 

4.389 

1.003 

0-4788 

+ 0 . 0 8 1 3 7  

- -0-00584 

- -0 .02544  

+ 0 - 0 0 6 8 2  

0-02931 

- -0 .01760  

4.376 

- -0 .01121 

+ 0 . 0 0 4 1 8  

0.00058 

0.04277 

- -0 .01167  

- -0 .00052  

+ 0 - 0 0 0 6 1  

- -0 .00301 

- -0 .00195 

- -  0.0460 

- -  0.2395 

+ 0 . 1 1 3 6 4  

- -0 .01417 

- -0 .00016  

- -  0"02207 

+ 0 . 0 0 6 1 3  

0"00391 

0.03943 

- -0 .04587 

- -0 .01763 

6-020 

1.001 

O. 4690 

+ 0 - 1 3 6 1 7  

- -0 .02254 

+ 0 . 0 0 0 5 4  

- -0 .01505 

- -0 .00224  

+ 0 . 0 0 4 5 2  

0.04526 

- -0 .06512  

--0-03121 

7.097 

1.001 

0.4600 

+ 0 . 8 7 2 6 9  

-- 1.27173 

- -0-13190 

+ 1.04994 

-- 1"87069 

- -  1.85948 

+0"78599  

- -  1"58397 

- -  1.28198 

15-344 

1"032 

- -0 -0999  

- -0 .01777 

0.01345 

0.00271 

+ 0 . 0 5 9 0 1  

- -0-03094 

- -0 .00008  

+ 0 . 0 1 1 6 7  

- -0 .02081 

- -0 .01177  

-- O' 0754 

- -  0.2393 

Note:--Solutions are per radian incidence or per radian twist at tip. 

Aerodynamic centres (a.c.) are in terms of mean chord behind apex A of Fig. 1. 

CDi is in terms of ~I/=A) CL 2. 



T A B L E  2 

Solutions for Straight Tapered Wing 

Solution 1. Per  radian Solution 2. Per radian 

Load Coeff. CLL/CL Local a.c. Load Coef~ .  CLL/CL Local a.c. 

0 
0.05 
0.10 
0.15 
0.20 
0-25 
0-30 
0.35 
0.40 
0.45 
O. 50 
0.55 
0 ' 60  
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1-00 

1"322 
1"318 
1-311 
1-298 
1"281 
1"258 
1"231 
1.201 
1"165 
1 '127 
1 '083 
1 '037 
1"987 

0.867 
0.895 
0.923 
0.948 
0-972 
0.993 
1.013 
1"032 
1.048 
1.063 
1.074 
1.085 
1"091 

0.241 
0.241 
0.241 
0.241 
0.241 
0"241 
0-241 
0-241 
0-241 
0-241 
0 ~241 
0.241 
O- 240 

1"323 

1"313 

1 '282 

1'233 

1 '166 

1"084 

0"987 

0"868 

0-924 

0-972 

1"014 

1"049 

1"075 

1"091 
0"933 1"094 
0.874 1.091 
0"810 1.081 
0"738 1.057 
0"652 1"009 
0"548 0"921 
0-398 0"784 
0-000 0"706 

0.240 
0.238 
0.237 
0.235 
0.233 
0.229 
0.227 
0.223 

0"874 

0-736 

0.544 
0.396 
0.000 

1 '090 

1 '054 

0"915 
0"780 
0"699 

0"241 

0"241 

0"241 

0"241 

0"241 

0-241 

0"240 

0"238 

0 '235 

0"230 
0"227 
0.223 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0-70 
0.75 
0.80 
0.85 
0.90 
0"95 
1 -00 

m 

m 

+ 

Solution 3. For  C., o -- 
I 

K/4sV eLL 

0 '0312 - - 0 " 4 8 0  
0"0307 - - 0 " 4 9 1  
0 '0298 - - 0 ' 4 9 1  
0.0280 - - 0 ' 4 8 0  
0.0255 - - 0 . 4 5 6  
0.0225 - - 0 . 4 1 8  
0-0189 - - 0 - 3 6 5  
0"0147 - - 0 . 2 9 7  
0.0101 - - 0 . 2 1 3  
0.0051 - - 0 . 1 1 3  
0.0002 -}-0.004 
0.0056 0.138 
0.0111 0.288 
0.0164 0.452 
0.0214 0.626 
0.0257 0.805 
0-0290 0.975 
0-0307 1-117 
0-0301 1-187 
0.0250 1.157 
0-000 1-164 

- -  - -  0.05 

Local a.c. 

Solution 4. Per radian 

Load Coeff. CLL/CL 

0.857 
0.885 
0.913 
O. 939 
'0.964 
0.988 
1 "010 
1.031 
1.050 
1. 068 
1. 083 
1 • 095 
1 • 104 
1. 108 
1 • 105 
1.093 
1 • 066 
1 "013 
0-916 
0-775 
0-688 

0-201 
0-200 
O" 200 
O" 199 
O" 199 
O" 197 
O' 194 
O" 190 
0"181 
0"153 
1-850 
0.258 
O. 233 
O. 224 
O. 220 
0.217 
0.215 
0.213 
0.212 
0.211 
0.210 

1.306 
1.304 
1 • 297 
1-286 
1.271 
1.251 
1. 288 
1. 200 
1.168 
1 • 132 
1 • 092 
1.048 
0.999 
0.945 
0.886 
0-820 
0.744 
O. 655 
O. 545 
O" 394 
O. 000 

Local a.c. 

O" 234 
O' 234 
O' 234 
0" 234 
O" 234 
0 '233 
0" 233 
0"233 
O" 233 
O" 232 
O" 232 
O" 230 
O" 229 
O. 228 
O" 226 
O" 223 
O. 220 
0 '217 
0.212 
O' 207 
O" 202 



TABLE 2--continued 

Sohttions for Straight Tapered Wing 

Solution 5. Per radian Solution 6. Per radian 

Load Coeff. CLL/CL Local a.c. Load Coeff. CLL/CL Local a.c. 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0-35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0-90 
0-95 
1 "00 

1.299 
1.297 
1-291 
1-280 
1"266 
1"248 
1.225 
1 '199 
1"169 
1.134 
1.095 
1.052 
1"004 
0"951 
0.891 
0.824 
0.747 
0-656 
0-545 
0-392 
0.000 

0.852 
0.880 
0.908 
0-935 
0-960 
0-985 
1.009 
1.031 
1.051 
1.070 
1.086 
1.100 
1.110 
1.114 
1.112 
1-099 
1-070 
1-015 
0-915 
0-771 
0.681 

0.227 
0.227 
0.227 
0.227 
0-226 
0.226 
0.226 
0.225 
0.224 
0.224 
0.222 
0.221 
0.219 
0.217 
0.214 
0.211 
0-207 
0-202 
0-197 
0.191 
0-184 

1"139 
1"139 
1.139 
1.138 
1-138 
1.136 
1.134 
1.130 
1.124 
1.116 
1 '104 
1.088 
1.067 
1.039 
1"001 
0.952 
0"888 
0.802 
0-683 
0-504 
0-000 

0.747 
0-773 
0-801 
0.831 
0"863 
0"897 
0.933 
0.971 
1.011 
1.053 
1.095 
1.138 
1 '179 
1.217 
1.249 
1.270 
1.272 
1-240 
1.148 
0-991 
0-896 

- - 0 . 3 5 2  
- - 0 . 3 5 1  
- - 0 . 3 4 9  
- - 0 . 3 4 5  
- - 0 " 3 4 1  
- - 0 . 3 3 5  
--  0.328 
--  0.321 
--  0.313 
- - 0 " 3 0 6  
- -  0.298 
- - 0 . 2 9 0  , 
- - 0 . 2 8 3  
- - 0 . 2 7 7  
- - 0 . 2 7 2  
- - 0 . 2 6 8  
- - 0 . 2 6 6  
- - 0 . 2 6 6  
- - 0 . 2 6 7  
- -  0-270 
- - 0 - 2 7 6  

Solution 7. For  C,,,o = - -  0-05 

K/4sV CLL Local a.c. 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0-55 
0.60 
0-65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 . 0 0  

- - 0 . 0 2 3 0  
- - 0 . 0 2 2 7  
- - 0 . 0 2 2 0  
--  0.0207 
- - 0 . 0 1 9 0  
- - 0 - 0 1 6 8  
- - 0 - 0 1 4 1  
- - 0 - 0 1 1 1  
- - 0 - 0 0 7 7  
- - 0 . 0 0 4 0  
- - 0 . 0 0 0 1  
-}-0"0039 

- - 0 . 3 5 4  
- - 0 . 3 6 3  
- - 0 . 3 6 3  
- - 0 . 3 5 5  
- - 0 . 3 3 8  
- - 0 . 3 1 1  
- - 0 . 2 7 3  
- - 0 . 2 2 4  
- - 0 . 1 6 3  
- - 0 . 0 9 0  
- - 0 . 0 0 3  
+ 0 - 0 9 6  

0"128 
0"128 
0"127 
0"125 
0"122 
0"118 
0"111 
0-100 
0.078 

+ 0 - 0 1 3  
- - 3 - 5 7 1  
+ 0 - 2 8 2  

0.0080 
0.0120 
0.0158 
0.0191 
0.0217 
0.0231 
0.0227 
0.0190 
0.0000 

O- 208 
0-330 
0-462 
O- 597 
O. 728 
O" 840 
O. 898 
0.880 
0.890 

0-210 
O. 185 
0"173 
O. 165 
0"158 
O. 154 
O" 149 
O" 146 
O. 142 
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8. M = 0 :  

9. M = 0: 

10. M = 0 .6 :  

11. M = 0.8:  

12. 13// = 0 .9:  

13. 134 r = 1.0: 

14. t3/1 = 1.0: 

15. M = 1.0: 

T A B L E  3 

Solutions for Tapered Wing, 28.4 deg Sweepback 

84-vortex, 9-point s t anda rd  solution: v = 0.2,  0.5,  0.8.  

84-vortex, 9-point s t anda rd  solution for wing twist,  cO linear. 

84-vortex, 9-point s t anda rd  solution. 

84-vortex, 9-point s t andard  solution. 

84-vortex, 9-point s t anda rd  solution. 

84-vortex, 9-point s t anda rd  solution. 

168-vortex, 9-point s t anda rd  solution. 

84-vortex, 9-point s t anda rd  solution for wing twist, cO linear. 

Solution 
Quantity 

8 9 10 11 12 13 14 15 

ao 

a l  

a2 

Co 

Cl 

62 

go 

gl 

e2 

dC L/do: 

CDi 

Cmo 

no 

a.c.  

+0.07013 

0.00423 

0.00005 

+0.01766 

--0'03473 

--0"01756 

+0 '01313 

--0'00310 

+0.00850 

4.285 

1.003 

1.068 

--0.01017 

+0.00291 

0.00010 

0.02797 

0.00766 

0.00328 

+0.01973 

--0.02717 

--0.00926 

--0.2283 

--0.2268 

+0.07542 

0.01067 

0-00177 

+ 0.03297 

--0.05426 

--0.01837 

-~ 0.01740 

--0.01177 

--0.00476 

+4 .860  

1.006 

1.076 

+0.08093 

0.02196 

0.00445 

+0.05322 

--0"08061 

--0-01285 

+0-03150 

--0.03883 

--0.03724 

+5 .615  

1.010 

1.086 

+0.08518 

0.03833 

0.00717 

-f-0.07255 

--0-10548 

+0.00880 

+ 0.06319 

--0.09955 

--0.10113 

+6 .447  

1.014 

1.095 

+0.08586 

+0.20866 

--0.06884 

--0.15051 

+0 '44780 

0"87064 

+ 0.90370 

--1.89273 

--1.23847 

+11.805 

1"009 

1.175 

+0.08695 

+0-22991 

--0.06218 

--0.02619 

+0.22654 

+0.74555 

+0.61315 

--1.39251 

--0.89470 

+12.391 

1"005 

1.169 

--0.01300 

--0.00102 

--0.02327 

--0-05042 

+0.20275 

+0.06846 

+0.13403 

--0.25571 

--0.02687 

--0.5506 

--0.2347 
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T A B L E  4 

Solutions for Tapered Wing, 2 8 . 4  deg Sweepback 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0 . 6 5  

0-70 
0.75 
0 .80 
0 . 8 5  

0-90 
0.95 
1 . 0 0  

Solution 8. Per radian 

Load Coeff. 

1"247 
1-245 
1.241 
1"233 
1"222 
1"208 
1"191 
1"171 
1"148 
1.122 
1"092 
1"058 

eLL/eL 

0.816 
0.844 
0.871 
0.898 
0.925 
0.952 
0.978 
1.005 
1.031 
1.056 
1.080 
1.104 

Local a.c. 

0.257 
0.257 
0.257 
0.256 
0.256 
0.255 
0.254 
0.253 
0.252 
0.250 
0:249 
0.246 

Solution 9. For  C,, o - -  1 

K/4sV CLL 

- -  1 . 8 5  

- -  1 . 8 9  

- -  1 . 9 0  

- -  1 - 8 7  

- -  1 - 7 8  

- -  1 - 6 6  

- -  1 - 4 7  

- -  1-23 
- -  0-92 
- -  0-55 
- -  0.11 
+ 0-41 

1.020 
0.976 
0.927 
0 '869 
0.799 
0.714 
0"603 
0.442 
0.000 

1-124 
1-142 
1-153 
1.156 
1.142 
1.102 
1.020 
0.931 
0.822 

0.244 
0.241 
0.238 
0.235 
0.231 
0.227 
0.223 
0.218 
0.213 

- - 0 . 1 2 0  
- - 0 " 1 1 9  
- - 0 " 1 1 5  
--  0.109 
- - 0 . 1 0 0  
--  0.089 
--  0.076 
--  0.061 
--  0.044 
--0.025 
--0.004 
+ 0.017 

1.01 
1 - 6 7  

2.40 
3-17 
3.93 
4.60 
5"04 
5-33 
5.36 

0"039 
0.061 
0.082 
0.101 
0"117 
0.127 
0.126 
0"107 
0 " 0 0 0  

Local a.c. 

0.210 
0.209 
0.208 
0.204 
0.200 
0.194 
0.184 
0-168 
0.140 

+ 0.068 
- - 0 . 6 6 7  
+ 0 - 4 6 5  

0-324 
0-282 
0-260 
0.246 
0.235 
0-226 
0.218 
0.211 
0-204 

Solution 10. Per radian Solution 11. Per  radian 

Load Coeff. CLL/CL Load Coeff. CLL/CL Local a.c. 

0 
0-05 
0-10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0"60 
0.65 
0"70 
0.75 
0"80 
0.85 
0.90 
0"95 
1 " 0 0  

1.229 
1.228 
1.224 
1.217 
1.208 
1.196 
1.182 
1.164 
1.144 
1.120 
1.093 
1.063 
1.027 
0.986 
0.939 
0.883 
0.815 
0-730 
0.617 
0.453 

0 

0.804 
0.832 
0.859 
0.887 
0.914 
0.942 
0.970 
0.998 
1.026 
1.054 
1.082 
1.108 
1.132 
1.153 
1.169 
1.174 
1.164 
1.126 
1.045 
0.956 
0.846 

Local a.c. 

0-264 
0-264 
0.263 
0-262 
0-262 
0.260 
0.259 
0.257 
0-254 
0.252 
0"249 
0"246 
0.243 
0"239 
0"235 
0"231 
0.226 
0-222 
0"217 
0.212 
0"207 

1.212 
1"210 
1 '207 
1"202 
1"194 
1.184 
1.172 
1"15.7 
1"139 
1"118 
1"095 
1"067 
1.035 
0.997 
0-952 
0.898 
0.832 
0.747 
0.634 
0.467 

0 

0-792 
0"819 
0"847 
0"875 
0"903 
0-932 
0-961 
0.991 
1-022 
1.052 
1-083 
1"112 
1"140 
1.165 
1.184 
1-194 
1-187 
1.152 
1.072 
0.983 
0.872 

O" 274 
O. 274 
O. 273 
0-272 
0-270 
0-268 
0-265 
0.262 
O" 259 
0.255 
0.251 
0.246 
0"241 
0.236 
O. 230 
0.224 
0.218 
0.212 
O. 206 
O- 20O 
0.195 
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T A B L E  4--continued 

Solutions for Tapered Wing, 2 8 . 4  deg Sweepback 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0 .30 
0.35 
0.40 
0.45 
0.50 
0-55 
0-60 
0-65 
0 .70 
0.75 
0 .80 
0.85 
0 .90 
0.95 
1.00 

Solution 12. Per radian 

Load Coeff. 

1.198 
1.197 
1.194 
1.190 
1.183 
1.174 
1.163 
1-150 
1-135 
1.116 
1.095 
1.070 
1.040 
1.004 
0.961 
0.909 
0.844 
0.760 
0.646 
0.477 
0.000 

CrL/CL 

0.783 
0.810 
0"838 
0"866 
0.894 
0.924 
0.955 
0"986 
1.018 
1.050 
1.083 
1-115 
1.146 
1.173 
1.196 
1.209 
1.205 
1.172 
1.093 
1.005 
0.894 

Local a.c. 

0.287 
0.287 
0.286 
0-284 
0.282 
0.278 
0.275 
0.270 
0.265 
0.259 
0"253 
0.246 
0-239 
0"232 
0"224 
0"216 
0.208 
0"200 
0"192 
0"184 
0-176 

Solution 13. Per radian 

Load Coeff. CLL/CL 

0"780 
0.807 
0"836 
0"866 
0"897 
0"930 
0.964 
0"999 
1.035 
1-071 
1-105 
1.138 
1.166 
1.189 
1.202 
1.202 
1.180 
1.125 
1.024 
0.913 
0-784 

1.192 
1"191 
1"190 
1"188 
1.185 
1.181 
1.174 
1-165 
1"153 
1"138 
1"117 
1"091 
1.058 
1.017 
0.966 

0.903 

0.826 

0-729 

0-605 
0.434 
0"000 

Local a.c. 

0" 432 
0" 432 
0 '  429 
0"424 
0"418 
0.410 
0" 399 
0.386 
O. 370 
O. 352 
O. 330 
0.304 
0.274 
0.240 
O- 200 
O. 154 
0.101 

+ 0.041 
--  O. 029 
--  0.109 
--  O. 202 

Solution 14. Per radian Solution 15. For  C,,, o -- 1 

Load Coeff. CLL/CL Local a.c. K/4sV CLL Local a.c. 

0 
0.05 
0.10 
0.15 
0.20 
0-25 
0.30 
0.35 
0 .40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 
0-75 
0.80 
0.85 
0.90 
0.95 
1.00 

1.205 
1.205 
1.204 

0.789 
0.816 
0.846 

0.431 
0.430 
0.427 

- - 0 . 0 7 7  
- - 0 " 0 7 6  
- - 0 . 0 7 4  

- -  1 - 1 9  

-- 1 - 2 2  

-- 1 - 2 2  

1.203 0.876 
1-201 0.908 
1.197 0.942 
1.191 0-978 
1.182 1.013 
1-169 1.049 
1.152 1.084 
1-130 1.118 
1-100 1.147 

0.422 
0.415 
0.406 
0.394 
0"381 
0-365 
0.346 
0.325 
0.301 

- - 0 . 0 7 0  
- - 0 . 0 6 4  
- - 0 . 0 5 7  
--  0.049 
- - 0 . 0 3 8  
--  0.027 
- - 0 . 0 1 5  
- - 0 . 0 0 2  
+ 0 - 0 1 2  

-- 1 . 2 0  

-- 1 . 1 4  

-- 1.06 

-- 0.94 

-- 0.77 

-- 0.58 

-- 0.33 

-- 0.04 

+ 0.29 

1-063 
1.015 
0.958 
0.887 
0 .80t  
0.696 
0.567 
0.397 
0.000 

1.171 
1.187 
1.192 
1-180 
1. 144 
1 • 074 
0.960 
O. 836 
O. 696 

O. 273 
O. 241 
O. 204 
O" 162 
0.114 

+ 0-056 
- -  0.011 
--  O. 092 
--  0 .190 

O- 026 
O. 040 
O. 053 
O- 065 
O. 074 
0.080 
0.079 
0.067 
0-000 

0"67 
1 "09 
1 "54 
2"02 
2"49 
2"90 
3"15 
3 "32 
3"32 

o.o44 
o.039 

+ o.023 
- 0.004 
- 0.047 
- 0.111 
- O. 206 
- o. 365 
- 0.660 
- 1 - 4 5 1  

- 13-371 
+ 2.375 

1 • 157 
o. 773 
o. 570 
o. 435 
o.333 
o. 249 
o-175 
o- lO7 
o- 043 
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TABLE 5 

Solutions for Delta Wing 

16. M = O: 

17. M = 0 . 8 :  

18. M = 0 . 9 :  

19. M = 1 . 0 :  

126-vortex, 8-point solution. 

126-vortex, 8-point solution. 

126-vortex, 8-point solution. 

126-vortex, 8-point solution. 

Solution 
Quantity 

16 17 18 19 

~o 

Co 

Cl 

go 

P0 

Pl 

dCc/d~ 

CDi 

a . c .  

+ 0"10493  

0-02111 

+0"04263  

- -0 -10884  

- -0"05158 

+0"06931 

- - 0 ' 2 1 4 0 2  

+0"42804  

2"517 

1"010 

1"185 

+ 0 . 1 0 9 5 9  

0.02358 

+ 0 . 0 3 7 5 5  

--  0.07947 

- -0 .03310  

+ 0 -03861  

- -0 -20065  

+ 0 . 4 0 1 3 0  

2.715 

1.002 

1.193 

+0"11087  

0-03080 

+0"04149  

- -0"07572 

- -0"02856 

+ 0 " 0 2 7 2 6  

- -0"20509 

+0"41018  

2.856 

1-001 

1.204 

- -0 -02407  

0.41249 

+0"37902  

- - 0 ' 6 7 4 7 4  

- -0"17785 

+0"23605  

- -0"30418 

+0"60837  

4"219 

1.002 

1'441 
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TABLE 6 

Solutions for Delta Wing 

Solution 16. Per  radian Solution 17. Per radian 

Load Coeff. CLL/CL Local a.c. Load Coeff. CLL/CL Local a.c. 

0 
0-05 
0 .10 
0.15 
0 .20 
0.25 
0.30 
0-35 
0 .40 
0.45 
0 .50 
0.55 
0 .60 
0.65 
0 .70 
0 .75 
0 .80 
0.85 
0.90 
0.95 
1,00 

1"332 
1"330 
1"324 
1.313 
1 '299 
1"280 

0.666 
0-700 
0-735 
0"773 
0"812 

0 . 8 5 4  

0.355 
0.348 
0.336 
0-325 
0.316 
0.309 

1.298 
1 • 296 
1,291 
1 • 282 
1 • 270 
1.254 

0"649 
0"682 
0-717 
0.754 
O" 794 
0 '836  

O" 348 
0.341 
O" 330 
0.322 
0"314 
O" 308 

1" 257 
1 • 229 
1 "916 
1" 157 
1 "113 
1-063 
1 • 006 
O' 942 
0"870 
O' 789 
0"699 
0.596 
0-477 
O. 328 

0 

O" 898 
0.945 
0 "997 
1" 052 
1.113 
1.181 
1 -257 
1-345 
1.450 
1 • 579 
1. 747 
1.987 
2.383 
3" 278 

O. 303 
O" 297 
0.291 
O" 285 
O- 280 
O. 274 
O. 269 
O. 264 
O. 259 
0"255 
0-251 
O. 249 
O. 248 
O. 248 
0.250 

1.235 
1 - 2 1 1  
1 • 182 
1 • 149 
1.111 
1 • 067 
1 . 0 1 6  
0-959 
0.893 
0.819 
O. 733 
O. 634 
0.515 
0-361 

0 

O. 882 
O. 931 
0.985 
1.045 
1 . 1 1 1  
1.185 
1 • 270 
1 • 369 
1.489 
1 • 637 
1 • 833 
2.114 
2- 576 
3.610 

0.303 
O. 298 
O. 293 
O. 288 
O. 284 
0"279 
O. 275 
O. 271 
O" 267 
O. 263 
O. 259 
O' 256 
0"253 
0"251 
0"250 

Solution 18. Per radian Solution 19. Per radian 

Load Coeff, CLL/CL Local  a.c, Load Coeff. CLL/CL Local a.c. 

0 
0.05 
0-10 
0.15 
0-20 
0.25 
0 .30 
0.35 
0 .40 
0.45 
0 .50 
0.55 
0 .60 
0.65 
0 .70 
0.75 
0 .80 
0.85 
0.90 
0.95 
1 . 0 0  

1 • 283 
1.281 
1.277 
1 • 269 
1. 258 
1 • 244 
1 • 226 
1-204 
1-178 
1 • 147 
1.111 
1 • 069 
1 • 021 
0-966 
0"903 
O' 830 
O" 747 
0.648 
0-529 
O- 372 

0 

0 '  642 
0.674 
0"709 
0-747 
0-786 
0.829 
0.876 
0"926 
0.981 
1- 043 
1 "111 
1 • 188 
1 • 277 
1 "380 
1-505 
1 . 6 6 1  
1 • 866 
2. 160 
2.644 
3.723 

O" 353 
O" 346 
O' 336' 
O. 327 
0"320 
0-314 
0.309 
O. 304 
O. 299 
0.295 
O" 290 
O- 286 
O. 281 
O. 277 
O. 272 
O. 268 
0-264 
O" 260 
O. 257 
O. 253 
0"250 

1" 253 
1.252 
1-25O 
1 • 245 
1 • 238 
1 • 229 
1.217 
1-201 
1 "181 
1-156 
1 • 125 
1 ' 088 
1"042 
0-988 
0"925 
O' 849 
O. 761 
0.656 
0-530 
O. 367 

0 

0.627 
0"659 
O. 694 
O. 732 
0.774 
0-819 
O" 869 
O. 924 
0.984 
1 -051 
1-125 
1"208 
1. 303 
1.412 
1 "541 
1"699 
1- 902 
2" 187 
2,649 
3 '  673 

O" 607 
0"600 
0"585 
O" 571 
O" 555 
0"540 
O" 523 
O" 506 
O" 487 
O" 468 
O" 448 
0"427 
0"406 
0-385 
O" 364 
O" 343 
O' 323 
0"303 
0-285 
O" 267 
0 '  250 

14 



cdl 

M == 0: 

T A B L E  7 

Solution 20" 59 deg Tapered Wing." 

84-Vortex, 3-Point Standard Solution for Incidence: 

= 0 . 2 ,  0 . 5 ,  0 . 8  

ao 0 " 0 7 1 7 1  

co 0 . 0 1 2 2 2  

eo 0 " 0 0 6 2 5  

dCL/d~ = 2 " 6 1 0  

L o c a l  a.c.  0 . 2 5  c h o r d .  

'] C LL/C L C LLC /C L? 

0 

0"1 

0.2 

0"3 

0.4 

0"5 

0.6 

0-7 

0.8 

0.9 

0.95 

1 -00 

0-755 

0.814 

0-877 

0.945 

1 -018 

1 • 097 

1 -179 

1 • 254 

1 • 297 

1 -211 

1 • 005 

0 

1.208 

1-204 

1 • 192 

1.171 

1 • 140 

1 • 097 

1 • 037 

O. 953 

O. 830 

0.630 

0-462 

0 

To  c o n v e r t  s o l u t i o n  t o  M = 0 . 8  fo r  45 d e g  w i n g ,  

m u l t i p l y  dCL/do~ b y  1 .6 .  

M = 0: 

ao 0 . 0 6 4 5 8  

al 0 " 0 1 5 2 5  

dCL/d~ 2 . 6 3 0  

T A B L E  8 

Solution 21:  59 deg Tapered Wing: 

84-vortex, 6-Point Standard Solution for Incidence: 

v = 0 . 2 ,  0 . 5 ,  0 . 8  

Co O" 0 3 0 8 7  eo O. 0 0 9 1 6  

cl - -  0 . 0 3 2 4 1  el - -  0 " 0 1 4 0 1  

7] CLLC/CL~ L o c a t  a .c .  

0 

0-i  

0.2 

0.3 

0.4 

0.5 

0-6 

0.7 

0-8 

0 '9  

0.95 

1 "00 

CLL/CL 

0"755 1"207 

0"813 1"204 

0"877 1"193 

0.946 1-173 

1.021 1-143 

1-101 1.101 

1.182 1-040 

1.256 0.954 

1.292 0"827 

1.198 0.623 

0.990 0"455 

0.000 0.000 

o. 276 

0.276 

o. 274 

0-271 

o. 266 

o- 260 

o. 253 

0- 244 

o. 233 

0-220 

0.214 

0- 206 

T o  c o n v e r t  s o l u t i o n  t o  2~,I = 0 . 8  fo r  45 d e g  w i n g ,  

m u l t i p l y  dCL/d~ b y  1 .(~ 



T A B L E  9 

M = 0 :  

Solution 22:  59 deg Tapered Wing." 

84-Vortex, 9-_Point Standard Solution for Incidence: 

~7 = 0 . 2 ,  0 . 5 ,  0 . 8  

ao 0 . 0 6 4 1 4  

al 0.01754 
a2 0 . 0 0 2 5 6  

dCf/da = 2 . 8 6 0  

Co 0 " 1 0 2 7 7  eo 0 . 0 1 6 6 8  

cl - - 0 . 1 4 1 6 2  e~ - - 0 - 0 0 2 8 4  

c~ - - 0 - 1 0 0 7 9  e2 - - 0 - 0 1 7 2 0  

a.c.  = 1 . 7 4 6 ~  b e h i n d  a p e x .  

n CLL/CL CLLC/CL'~ Local a.c. 

0 
0.05 
0.10 
0-15 
0.20 
0-25 
0.30 
0.35 
0-40 
0.45 
0.50 
0.55 
0-60 
0-65 
0.70 
0.75 
0-80 
0-85 
0"90 
0.95 
1 . 0 0  

0-701 
0.728 
0.757 
0-788 
0.822 
0-858 
0.898 
0.941 
0-987 
1-036 
1.090 
1.147 
1.208 
1 • 270 
1 • 333 
1.391 
1-436 
1-452 
1"402 
1.192 

0 

1 . 1 2 1  
1 • 121 
1 -120  
1 - 1 1 9  
1 - 1 1 8  
1.116 
1 -113 
1 - 1 1 0  
1 -105 
1 • 099 
1 • 090 
I" 078 
1-063 
1- 042 
1.013 
0.974 
0-919 
0-842 
0.729 
0.548 

0 

o. 276 
o. 275 
o. 275 
0-274 
o- 272 
0.271 
o. 269 
o- 266 
0-264 
O- 261 
O. 259 
O. 256 
O. 253 
0-250 
0.248 
0.246 
0.243 
0.242 
0.240 
0.239 
O" 238 

T o  c o n v e r t  s o l u t i o n  t o  M = 0 " 8  fo r  45 deg  w ing ,  

m u l t i p l y  dCr/dc~ b y  1 . 6  

T A B L E  10 

Solution 23:  59 deg Tapered Wing." 

M = O: 84-Vortex, 12-Point Standard Solution for Incidence: 

Reduced by Least Squares." ~ = 0 . 2 ,  0 . 5 ,  0 . 7 ,  0 . 8  

ao 0 . 0 6 1 9 4  Co 0 - 1 1 3 6 0  eo - - 0 . 0 0 1 2 7  

al 0 . 0 1 2 0 1  cl - - 0 . 1 1 7 5 2  el - - 0 . 0 1 6 3 2  

as 0 . 0 1 2 1 0  c2 - - 0 - 1 9 9 0 5  e2 0 . 1 1 4 7 7  

dCL/d~ = 2 - 7 8 0  

0 

0.1 

0-2 

0.3 

0-4 

0.5 

0-6 

0.7 

0-8 

0.9 

0-95 

1 . 0 0  

CLr/CL 

O- 672 

O" 728 

0-799 

0"886 

0-990 

1 . 1 1 1  

1 • 244 

1.376 

1 -471 

1" 408 

1 • 179 

0 

CLrc/C;2 

1 • 075 

1 • 078 

1- 087 

1" 099 

1 • 109 

1 . 1 1 1  

1- 094 

1" 046 

0"941 

0" 732 

0" 542 

0 

Local a.c. 

0-250 

0-251 

0.255 

0- 261 

0.266 

0- 269 

0- 268 

0.261 

0 . 2 4 8  

0-226 

0.212 

0.195 

T o  c o n v e r t  s o l u t i o n  t o  M = 0 . 8  for  45 deg.  w i n g  

m u l t i p l y  dCL/dc~ by 1. 
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T A B L E  11 
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Solution 24: 59 deg Tapered Wing: 

M = 0: 126- Vortex, 3-Point Standard Solution for Incidence: 

17 = 0-2,  0 .6 ,  0 . 8  

0" 07177 dCL/d~ = 2.585 

0 . 0 0 2 7 6  Local  a.c. 0 .25  chord. 

0 .01905  

CzL/CL CLLc/Cz? 

0 

0"1  

0 " 2  

0 " 3  

0 " 4  

0 " 5  

0 " 6  

0 . 7  

0 . 8  

0 . 9  

0 " 9 5  

1 . 0  

0 . 7 6 3  

0 . 8 2 1  

0 -881  

0 . 9 4 4  

1 . 0 1 2  

1 . 0 8 5  

1 . 1 6 4  

1 • 242 

1 • 297 

1 • 234 

1 - 037 

- 0  

1 • 221 

1 "215 

1" 199 

1 "171 

1 -134  

1"085 

1" 0 2 4  _. 

0" 944 

0"830  

0 . 6 4 2  

0 - 4 7 7  

0 

To conver t  solut ion to M = 0 .8  for 45 deg wing, 
mul t ip ly  dCL/d~ b y  1 .6  

M = O "  

ao O" 06536 

al O. 01700 

dCL/d~ = 2 .647  

T A B L E  12 

Solution 25: 59 deg Tapered Wing: 

126- Vortex, 6--Point Standard Solution for Incidence: 

n = 0 .2 ,  0 .6 ,  0 . 8  

Co 0" 01317 eo 0" 02986 

Cl - -  0"02266 el --  0"02285 

a.c. 1 .6923 behind  apex. 

CLL/CL CLLC/CL? L o c a l  a.c. 

0 
0 . 0 5  
0 - 1 0  
0 . 1 5  
O. 20 
0 - 2 5  
0 - 3 0  
0 . 3 5  
0 . 4 0  
0 - 4 5  
0 - 5 0  
0 . 5 5  
0 . 6 0  
0 - 6 5  
0 . 7 0  
0 - 7 5  
0 . 8 0  
0 . 8 5  
0 . 9 0  
0 - 9 5  
1 . 0 0  

0" 767 
0" 796  
0" 825 
0 " 8 5 5  
0 " 8 8 5  
0 "916 
0 - 9 4 8  
0" 981 
1 "015 
1 - 0 5 0  
1- 086  
1 • 124 
1 • 162 
1 • 200  
1" 236  
1 • 267 
1 • 286  
1 • 280  
1 -218 
1 -021 

0 

1 • 227 
1 • 226 
1 • 222 
1 . 2 1 4  

1 • 204 
1 "191 
1 • 176 
1 . 1 5 7  
i "  136 
1 - 1 1 3  
1 - 0 8 6  
1 • 056 
1 • 022 
0 - 9 8 4  
0 - 9 4 0  
0 . 8 8 7  
0 . 8 2 3  
O. 742 
O. 633 
0 . 4 7 0  

0 

0- 279 
0 . 2 7 9  
0 . 2 7 8  
0 . 2 7 8  
0- 277 
0- 276 
0 . 2 7 5  
0 . 2 7 3  
0 .271  
0" 269 
0 - 2 6 6  
0 . 2 6 3  
0 . 2 6 0  
0 - 2 5 5  
0 -251  
0 . 2 4 5  
0 . 2 4 0  
O" 233 
O" 227 
0 . 2 2 0  
0 - 2 1 2  

To conve r t  so lu t ion  to M = 0 .8  for 45 deg wing, 
mu l t i p ly  dCL/do: b y  1 .6  
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Solution 26: 59 deg Tapered Wing." 

M ---- 0: 126- Vortex, 9-Point Standard Solution for Incidence. 

----0.2, 0 .6 ,  0 . 8  

ao 0-06578 Co - - 0 . 0 1 4 3 9  eo 0 .08223  

al 0 .01642 cl 0 .02333 e~ - - 0 . 1 1 0 9 5  

a2 - - 0 . 0 0 1 2 8  c~ 0-04204 e2 - - 0 . 0 7 7 4 3  

dCL/d~ = 2 . 6 4 8  a.c. 1.695 ~ b e h i n d  apex.  

~ eLL/eL GLLC/CL? L o c a l  a.c.  

0 
0.05 
0.10 
0.15 
0-20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0"65 
0.70 
0.75 
0"80 
0"85 
0.90 
0.95 
1-00  

0- 768 
0-797 
0"826 
0"855 
0-885 
0-914 
0" 945 
0"977 
1"009 
1 • 043 
1 • 079 
1-116  
1" 155 
1-195 
1 • 234 
1 • 270 
1 • 295 
1"297 
1" 244 
1.052 

0 

1"229 
1.227 
1 "222 
1 "214 
1 • 203 
1-189 
1" 172 
1 "152 
1" 130 
1 • 106 
1-078 
1-049 
1 "016 
0.980 
0-938 
0"889 
0"829 
0"752 
0-647 
0- 484 

0 

0 .280 
0.280 
0.280 
0-279 
0.279 
0.278 
0.277 
0-275 
0.273 
0.271 
0.268 
0.265 
O. 261 
O. 256 
0.251 
0-245 
O- 238 
O" 231 
O. 223 
0.214 
0-206 

To conver t  solut ion to M ---- O. 8 for 45 deg wing, 
m u l t i p l y  dCL/d~ by  1 .6  

M = O :  

Solution 27: 59 deg Tapered Wing." 

126-Vortex, 6-Point Standard Soh#ion Corrected by 

Auxiliary Solution at ~ = O, O. 2 

ao' 0 .03004 Po --  0 .36434  

al' - - 0 . 0 5 2 0 7  Pl 0 .59181 

P = 0"65P~ + 0"35Pb dCL/d~ = 2"582 

a.c. 1-736g beh ind  apex. 

~] CLLC/CLc L o c a l  a.c.  

0 
0.05 
0-10 
0.15 
0.20 
0.25 
0.30 
0-35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0-70 
0.75 
0.80 
0 -85 
0-90 
0-95 
1 "00 

eLL~eL 

0.700 
0.737 
0-784 
0.828 
0.870 
0.909 
0-948 
0-986 
1.025 
1.065 
1.106 
1.148 
1.190 
1.232 
1.272 0.967 
1.306 0.914 
1.328 0-850 
1.323 0-768 
1-260 0.655 
1.058 0-486 
0.000 0-000 

1 119 
1 135 
1 160 
1 176 
1 183 
1 182 
1 175 
1 164 
1 148 
1 129 
1 106 
1"079 
1-047 
1"010 

0"383 
0-364 
0-334 
.0.312 
0"294 
0-282 
0-275 
0.273 
0"271 
0"269 
0-266 
0.263 
0-260 
O'255 
0"251 
0.245 
0-240 
0-233 
0.227 
0.220 
0-212 

To conver t  solut ion to M --~ 0 . 8  for  45 deg wing, 
m u l t i p l y  dCL/d~ by  1" 
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Solution 28: 59 deg Tapered Wing." 

M = O: 126-Vortex, 6-Point Standard Solution for 

Wing Twist, 0 Linear, V = 0.2,  0-6, 0 .8  

- - 0 . 0 1 4 2 9  Co 0"04843 eo 0.00012 

0.00443 cl 0"01478 el - - 0 . 0 3 0 3 0  

- - 0 " 3 7 4 5  C.~o--0"3132 

0 
0.05 
0-10 
0.15 
0.20 
0.25 
0.30 
0.35 
0-40 
0-45 
0.50 
0.55 
0-60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1 . 0 0  

CLL f o r  
Cmo : -- 1 

+ 

1-060 
1-087 
1"088 
1.059 
0.998 
0-905 
0-775 
0"609 
0.406 
0-166 
0-114 
0-427 
0"774 
1.147 
1-540 
1.934 
2-301 
2.603 
2.740 
2-486 

0 

K/4sV for 
Cmo = - -  1 
at M = 0.8 

+ 

+ 

- -0"0727  
- -0"0717  
- - 0 - 0 6 9 0  
- - 0 , 0 6 4 5  
- -0"0582  
- -0"0504  
- - 0 - 0 4 1 2  
- - 0 . 0 3 0 8  
- - 0 . 0 1 9 5  
- -0"0075  
+ 0 . 0 0 4 9  

0.0172 
0.0292 
0.0403 
0.0501 
0.0580 
0.0631 
0.0647 
0"0611 
0.0490 

0 

Local a.c. 

0-204 
O" 203 
0"200 
O- 195 
O" 187 
0"174 
0"154 
0.117 
0"037 
0-304 
1"083 
0"475 
0"371 
0"325 
O" 297 
O" 277 
0.261 
0-246 
O" 231 
0-217 
O" 202 

T o  c o n v e r t  s o l u t i o n  t o  M ---- 0 . 8  f o r  45 d e g  w i n g ,  

m u l t i p l y  Cmo b y  1. @ 

Solut ion 29:  59  deg Tapered Wing." 

M ---- 0: 126-  Vortex, 6 -Po in t  Standard Solut ion for  W i n g  Twis t ,  

0 Linear ,  Corrected by A u x i l i a r y  Solut ion:  ~ = O, O. 1 

ao' - - 0 . 0 0 1 6 6  Pao 0 . 0 4 3 7 9  Pbo - - 0 " 0 1 0 8 0  

a l '  0 . 0 0 7 1 0  Pal - - 0 - 0 8 8 7 1  Pbl - - 0 . 0 0 7 6 6  

~o - - 0 - 3 5 7 3  C,,o - - 0 . 3 2 6 1  

0 
0.05 
0-10 
0.15 
0.20 
0.25 
0-30 
0.35 
0.40 
0.45 
0-50 
0.55 
0.60 
0-65 
0.70 
0.75 
0-80 
0.85 
0.90 
0-95 
1 . 0 0  

CLL for 
C,,o 1 

- -  1 " 1 6 4  

- -  1 - 1 8 0  

- -  1"156 
--  1"093 
- -  1"902 
- - 0 - 8 8 9  
- - 0 " 7 4 5  
- - 0 " 5 7 2  
- - 0 . 3 6 2  
- - 0 . 1 2 0  
+ 0 - 1 6 0  

0"472 
0-814 
1"183 
1"566 
1-952 
2"309 
2"602 
2.731 
2.469 
0-000 

K/4sV for 
C,,o = ~ 1 
at M = 0-8 

+ 

+ 

- -0"0798  
- - 0 . 0 7 7 9  
- - 0 - 0 7 3 3  
- -  0-0665 
- -0"0584  
- - 0 . 0 4 9 5  
- -0"0396  
- -0 -0 2 8 9  
- - 0 - 0 1 7 4  
- -0"0054  
+ 0 " 0 0 6 9  

0-0190 
0-0307 
0"0416 
0"0510 
0"0586 
0"0634 
0"0647 
0"0609 
0.0487 
0-0000 

Local a.c. 

O. 277 
0.263 
0-237 
0-218 
O- 199 
O. 176 
O. 154 
0-117 
0-037 
O- 304 
1 • 083 
0.475 
0.371 
0.325 
0.297 
0.277 
0.261 
0- 246 
0.231 
0.217 
0.202 

T o  c o n v e r t  s o l u t i o n  t o  M ---- 0" 8, f o r  45 d e g  w i n g ,  

m u l t i p l y  Cmo b y  1. 
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Sohttion 3 0 : 4 5  deg Tapered Wing." 

3 4  = 0 : 1 2 6 - V o r t e x ,  6-Point Standa)'d Solution for Incidence: 

= 0 . 2 ,  0 . 6 ,  0 - 8  

ao 0 . 0 6 0 0 4  Co - -  0 - 0 0 2 6 8  ec 0 . 0 3 1 3 2  

a l  0 . 0 0 6 8 6  cl - -  0 " 0 0 6 8 6  el - -  0 . 0 2 7 3 2  

dCL/dO: = 3 . 6 7 2  a .c .  1 . 6 5 6 ~  b e h i n d  a p e x .  

?] eLL~eL GLL£/CL'C Loca l  a.c. 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0-30 
0-35 
0-40 
0.45 
0-50 
0.55 
0.60 
0"65 
0.70 
0.75 
0 " 8 0  

0.85 
0.90 
0-95 
1 - 0 0  

0.787 
0.817 
0.846 
0.876 
0-904 
0-934 
0.963 
0.993 
1.022 
1-052 
1.084 
1"115 
1.147 

1 . 2 6 0  
1.258 
1-252 
1-243 
1-230 
1.214 
1.194 
1.171 
1.145 
1.116 
1.084 
1-048 
1-009 

0.264 
0-264 
0-263 
0.263 
0.263 
0-262 
0-262 
0.261 
0.260 
0.259 
0.257 
0.254 
0.252 
0.248 
0.244 
0.239 
0.234 
0.227 
0.220 
0.213 
0.204 

1.178 0-966 
1.207 0.917 
1.230 0-861 
1.244 0.796 
1.231 0.714 
1.167 0.607 
0.974 0.448 

0 0 

T A B L E  18 

Sohttion 31 :  4 5  deg Tapered Wing." 

M = 0:  126-  Vortex, 9-Point Standard Solution for Incidence: 

~ = 0 . 2 ,  0 - 6 ,  0 - 8  

ao 0 . 0 6 1 0 4  Co - - 0 . 0 1 5 0 8  eo 0 . 0 6 0 1 7  

a l  0 . 0 0 5 3 6  cl 0 . 0 1 4 0 3  el - - 0 . 0 7 5 0 8  

a2 - - 0 . 0 0 1 3 5  c2 0 . 0 1 7 2 4  e2 - - 0 . 0 3 8 6 6  

dCL/d~ = 3 . 6 9 4  a . c .  1 . 6 5 9 g  b e h i n d  a p e x .  

"1] CLL/C z CLLC/CL ~ Loca l  a.c. 

0 
0"05 
0.10 
0.15 
0-20 
0-25 
0.30 
0.35 
0.40 
0-45 
0-50 
0.55 
0.60 
0.65 
0.7O 
0.75 
0.80 
0.85 
0-90 
0-95 
1 . 0 0  

0-786 
0.815 
0.844 
0.873 
0.902 
0.930 
0.959 
0-988 
1-017 
1 • 047 
1 • 078 
1.110 
1 • 144 
1 • 176 
1 • 209 
1 • 237 
1 -255 
1 - 249 
1 • 192 
1 • 002 

0 

1 • 157 
1 - 255 
1-249 
1 • 240 
1 • 226 
1 • 209 
1 - 189 
1 • 166 
1. 139 
1-110 
1 - 078 
1 - 044 
1 • 006 
0"965 
0-919 
0-866 
0.803 
O. 724 
0.620 
0-461 

0 

O- 263 
O" 263 
O" 263 
O" 263 
O" 263 
O" 263 
O" 262 
O" 261 
0-260 
0-259 
O" 257 
0.255 
O. 252 
O" 248 
0-243 
0.238 
0-231 
0-224 
0-216 
0.207 
O- 197 
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Solution 32:  45  deg Tapered Wing: 

M = 0: 126-Vortex, 6-Point Standard Solution for Incidence: 

Modified by Auxiliary Solution: ~ = O, 0 . 2  

ao' 0 . 0 2 3 0 3  Po - -  0 - 2 6 7 2 3  

a~' - -  0 . 0 4 0 4 0  p~ 0 " 4 3 7 5 4  

dCL/dC~ = 3 .  5 9 6  a .c .  = 1 . 6 9 2 ~  b e h i n d  a p e x .  

~] CLL/CL CLL6/CL6 L o c a l  a . c .  

0 
0 .05  
0 .10  
0 .15  
0 .20  
0 .25 
0 .30  
0 .35  
0 .40  
0 .45  
0 .50  
0-55 
0-60 
0 .65  
0 .70  
0 .75  
0 .80  
0 .85  
0 .90  
0 .95  
1 -00 

0.731 
0-768 
0-812 
0 .853 
0 .892  

1-169 
1.182 
1.202 
1-211 
1-213 

0-346 
0"330 
0"306 
0-287 
0.273 
0.262 
0-262 
0"261 
0.260 
0.259 
0"257 
0-254 
0-252 
0.248 
0.244 
0-239 
0.234 
0.227 
0.220 
0.213 
0-204 

0 .928  
• 0"963 

0"997 
1.031 
1-066 
1"100 
1-135 
1"171 
1"205 
1"237 
1"263 
1-278 
1"266 
1.202 
1-004 

0 

1"206 
1 . t 9 4  
1"177 
1"155 
1-130 
1"100 
1.067 
1"030 
0"988 
0-940 
0"884 
0 .818 
0-735 
0"625 
0"462 

0 

M =  0:  

a o  

a l  

0¢ o 

T A B L E  20  

Solution 33:  45  deg Tapered Wing." 

126-Vortex, 6-Point Standard Solution for Twist, 

0 Linear. ~ ----- 0"2, 0.6, 0.8 

- -  0 . 0 1 2 4 9  Co 0 . 0 4 8 0 1  eo - -  0 " 0 0 5 3 9  

0 - 0 0 3 1 1  c~ 0 . 0 0 8 6 1  el - -  0 . 0 2 3 4 8  

- -  0" 38201  Cmo - -  0 .  4 5 0 0  

0 
0-05 
0-10 
0 .15  
0-20 
0 .25  
0-30 
0 .35  
0 .40  
0 .45  
0 .50  
0-55 
0-60 
0 .65  
0 .70  
0-75 
0 .80  
0 .85  
0 .90  
0 .95  
1 "00 

CLL for 
C,,,o 1 

- -  1 . 1 0 7  

- -  1 - 1 3 5  

- -  1 " 1 3 5  

- -  1-102 
- -  1"036 
- - 0 . 9 3 3  
- - 0 " 7 9 3  
- - 0 " 6 1 5  
- - 0 " 3 9 9  
- - 0 " 1 4 4  
+ 0 . 1 5 1  

0-477 
0"836 
1-216 
1"611 
2.001 
2"357 
2-636 
2-742 
2-454 

0 

K/4sV for 
Cmo 1 

Local  a.c. 

- - 0 - 0 7 6 4  
- - 0 " 0 7 5 3  
- - 0 . 0 7 2 4  
- - 0 " 0 6 7 4  
- - 0 " 0 6 0 7  
- - 0 - 0 5 2 3  
- - 0 . 0 4 2 4  
- - 0 . 0 3 1 3  
- - 0 - 0 1 9 3  
- - 0 " 0 0 6 6  
+ 0 - 0 0 6 5  

0.0193 
0.0317 
0-0430 
0-0528 
0.0604 
0.0650 
0.0659 
0-0614 
0"0487 

0 

+ 

+ 

0 "214 
0-214 
0-212 
O" 208 
O" 202 
6" 193 
O" 178 
O- 150 
0"088 
0-213 
0-691 
0-384 
O" 320 
O" 289 
O- 270 
O- 255 
O. 242 
O. 230 
0.217 
O- 204 
O" 189 



b~ 
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Solution 3 4 : 4 5  deg Tapered Wing." 

M : 0: 126-Vortex, 6-Point Standard Solution for Twist, 

0 Linear, Corrected by Auxiliary Solution, ~7 = O, O. 1, and O. 2 

ao' - -  0 .00034 Poo 0 .03725  pb0 - -  0"01774 

al '  0"00448 p~l --  0"07762 Pbl 0"00705 

~o - -  0"3680 C,.o - -  0"4751 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0-45 
0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85  
0.90 
0"95 
1.00 

eLL for 
Cmo = - -  1 

m 

+ 

1.218 
1.231 
1.200 
1-130 
1"030 
0.906 
0.752 
0.567 
0"347 
0-091 
0.201 
0.522 
0"872 
1"244 
1.627 
2-003 
2-348 
2"613 
2.710 
2.418 

0 

K / 4 s V f o r  
Cmo = - -  1 

+ 

+ 

- - 0 . 0 8 4 0  
- - 0 . 0 8 1 7  
- - 0 . 0 7 6 6  
- - 0 . 0 6 9 2  
- - 0 . 0 6 0 4  
- -0 .O508 
- - 0 - 0 4 0 2  
- - 0 . 0 2 8 8  
- - 0 . 0 1 6 7  
- - 0 . 0 0 4 2  
+ 0 " 0 0 8 7  

0.0212 
0.0331 
0.0440 
0-0533 
0"0604 
0.0647 
0-0653 
0.0607 
0-0479 

0 

Local a.c. 

0.268 
0.256 
0-235 
0.221 
0.207 
0.193 
0-178 
0.150 
0.088 
0.213 
0.691 
0-384 
0.320 
0.289 
0-270 
0.255 
0-242 
0.230 
0.217 
0.024 
0.189 

a o  

al O. 0 1 5 9 3  

dCz/d~ = 4. 475 

T A B L E  22 

Solution 3 5 : 4 5  deg Tapered Wing." 

M = 0 .8 :  126-Vortex, 6-Point Standard Solution for 

v = 0 .2 ,  0-6,  0 . 8  

O' 00805 eo 

cl - -  0"00795 el 

a.c. 1 .687~ b e h i n d  apex.  

Incidence: 

O. 06705 Co 0 .04228  

0 .05046  

CLL/CL CLLC/CL-5 Local a.c. 

0 
0.05 
0-10 
0-15 
0.20 
0.25 
0-30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0-70 
0"75 
0"80 
0"85 
0"90 
0-95 
1 "00 

0.764 
0.793 
0-822 
0.852 
0.882 
0.914 
0-946 
0-980 
1.014 
1.050 
1.088 
1-126 
1.166 
1.204 
1.242 
1.273 
1.293 
1.285 
1.223 
1-023 

0 

1-222 
1.220 
1.217 
1-210 
1-200 
1.188 
1.173 
1-156 
1.136 
1"113 
1.088 
1-059 
1-026 
0-988 
0.943 
0.891 
0.827 
0.745 
0"636 
0.471 

0 

0"277 
0"276 
0.276 
0.276 
0"276 
0-275 
0.274 
0.273 
O- 272 
0"270 
O" 268 
0.264 
0"260 
0"256 
0-250 
0.243 
0.236 
0.227 
0-217 
0.206 
0-195 



b~ 

ao 

a l  

a~ - -  0 " 0 0 2 6 4  

dCL/d~ = 4 " 4 8 9  

T A B L E  23  

Solution 3 6 : 4 5  deg Tapered Wing: 

M = 0 . 8 :  126-Vortex, 9-Point Standard Solution for 

Incidence: ~ = 0.2, 0"6, 0.8 

0 " 0 6 8 3 8  Co - -  O" 0 2 8 6 5  eo O" 1 1 1 9 2  

0 " 0 1 3 9 8  c~ 0 " 0 5 3 8 0  e~ - -  0 -  1 6 8 2 6  

c,, O" 0 5 6 0 8  e~ - -  0" 1 0 2 8 9  

a . c .  1 . 6 9 1 ~  b e h i n d  a p e x .  

7"] eLL/eL CLLC/CL'c L o c a l  a.c.  

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0-30 
0.35 
0-40 
0 .45  
0.50 
0.55 
0"60 
0"65 
0-70 
0"75 
0.80 
0"85 
0-90 
0"95 
1 . 0 0  

0.765 
0-794 
0.823 
0.852 
0.881 
0.912 

1.224 
1.222 
1-218 
1-210 
1.199 
1.185 

0-278 
0-278 
0.278 
0.277 
0.277 
0.277 

0 - 9 4 2  
0-974 
1.007 
1.042 
1-078 
1.116 
1-157 
1.198 
1.239 
1.276 
1.304 
1.307 
1.256 
1.063 

0 

1.169 0-276 
1-150 0.275 
1-128 0.274 
1.104 0-272 
1 • 078 O" 270 
1.050 0.266 
1 • O18 O. 262 
0.982 0-256 
0.941 0"250 
0.893 0.242 
0-834 0-233 
0"758 0-223 
0.653 0-212 
0.489 0.200 

0 0.187 

T A B L E  24  

Solution 37 :  45  deg Tapered Wing." 

M = 0 - 8 :  126-Vortex, 6-Point StandardSolutionfor 

Incidence." Modified by Auxiliary Solution." ~ = - 0 ,  0 . 2  

ao' 0 . 0 3 1 4 2  Po - - 0 . 3 8 0 0 3  

a l '  - - 0 . 0 5 5 1 7  p l  0 . 6 2 8 5 0  

dCr/d~ = 4 . 3 7 2  a . c .  1 - 7 3 1 ~  b e h i n d  a p e x .  

~7 CLL/CL CLLd/CL-c Local a.c.  

0 
0.05 
0-10 
0.15 
0 .20 
0-25 
0 .30 
0.35 
0 .40 
0-45 
0.50 
0.55 
0.60 
0-65 
0-70 
0"75 
0 .80 
0-85 
0"90 
0.95 
1 . 0 0  

O'7O0 
0.737 
0.783 
0-826 
0"868 
O. 907 
0.946 
0.985 
1 • 024 
1 • 064 
1 • 106 
1.149 
1 - 192 
1 • 234 
1 • 275 
1-309 
1.332 
1 • 326 
1 • 263 
1 • 058 

0 

1-120 
1 • 135 
1 • 159 
1.173 
1.180 
1 • 179 
1 • 173 
1 • 162 
1-147 
1 • 129 
1-106 
1 • 080 
1 • 049 
1.012 
0-969 
0.917 
0.852 
0.769 
0-656 
O. 486 

0 

0.385 
0.366 
O- 334 
0.312 
O. 294 
O. 282 
0-274 
O. 273 
0-272 
0.270 
O. 268 
0-264 
O. 260 
O. 256 
O- 250 
O. 243 
0-236 
O. 227 
0-217 
0-206 
O" 195 



t,O 

a o  

al 

0 %  

T A B L E  2 5  

Solution 38:!  45  deg Tapered Wing." 

M = - 0 . 8 :  126-Vortex, 6-Point Standard Solution 

for Wing Twist ,  0 Lineari v = 0 . 2 ,  0"6 ,  0 " 8  

- -  0" 01451 Co 0" 0 4 7 5 3  ee 0" 00340  

0 . 0 0 4 5 2  cl 0 " 0 1 8 4 1  el - -  0 "03781  

- -  0" 3754 C~,o - -  0" 5 2 3 2  

0. i ' 
0.05 
0.10 
0-15 
0.20 
0.25 
0.30 
0.35 
0;40~ 
0.45 
0:50 
0.55 . 
0 -60 
0.65 
0.70 
0.75 
0.80 
0.85 

: 0 . 9 0  
0.95 
1.00 

C:L~ fo~ 
Cmo .. 

- - i ' 0 6 6  
- -  1.093 
-- 1-094 
- -  1"065 
- -  1.004 
- - 0 . 9 1 0  
- - 0 - 7 7 8  
- -0 "612  
- - 0 . 4 0 7  
- - 0 - 1 6 4  
+ 0 - 1 1 6  

0~431 
0.780 
1 . 1 5 5  
1-547 
1.942 

~"2 .312  
2-613  
2-750 
2-490 

0 

K/4sV for 
Cmo---- -- 1 

- - 0 - 0 7 3 6  
- - 0 . 0 7 2 6  
- - 0 . 0 6 9 8  
- - 0 . 0 6 5 2  
- - 0 - 0 5 8 8  
- - 0 . 0 5 1 0  
- - 0 . 0 4 1 6  
- -0 -0311  
- - 0 . 0 1 9 6  
- - 0 - 0 0 7 5  
+ 0 . 0 0 5 0  

0-0175 
0-0296 
0-0408 
0.0507 
0.0586 

• 0-0638 
0-0653 
0.0616 
0-0494 

0 

+ 

+ 

Local a.c. 

O. 204 
O. 203 
0.200 
O- 194 
O- 185 
0.171 
O. 149 
0.110 
0.023 
0.348 
1.132 
0.488 
0.377 
0.328 
O. 297 
0.275 
0'256 
0.238 
0.222 
O. 204 
O" 186 

T A B L E  26  

Solution 3 9 : 4 5  deg Tapered Wing." 

M = 0 : 8 :  126-Vortex, 6-Point Standard Solution for 

Wing Twist, 0 Linear, Modified by Auxiliary Solution." 

V = 0 ,  0 . 1 ,  0 . 2  

ao t 

a l '  

(z o 

- - 0 " 0 0 1 4 9  P.o 0 " 0 4 7 2 1  Pbo - - 0 " 0 1 3 6 8  

0 " 0 0 6 7 3  p ~  - - 0 . 0 9 6 7 3  Pb~ - - 0 . 0 0 0 9 5  

- - 0 . 3 5 8 5 7  Cmo - - 0 . 5 4 5 4  

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0-35 
0-40 
0 . 4 5  

0-50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0 . 8 5  

0.90 
0.95 
1 "00 

CLL for 
C,,o : -- 1 

m 

F 

+ 

1.167 
1-183 
1"157 
1.096 
1"004 
0-891 
0"748 
0.573 
0"363 
0-118 
0"160 
0.473 
0-819 
1-186 
1"570 
1.956 
2.316 
2"606 
2"736 
2"470 

0 

K/4sV for 
Cmo 1 Local a.c. 

- - 0 . 0 8 0 5  
- - 0 . 0 7 8 5  
- -0 -0738  
- -0 .0671  
- -0 -0589  
- - 0 . 0 4 9 9  
- -0 -0400  
- -0-0291 
- -0 -0175  
- - 0 . 0 0 5 4  
+ 0 . 0 0 6 9  

0-0192 
0.0310 
0.0419 
0-0514 
0.0590 
0.0639 
0.0651 
0-0613 
0.0490 

0 

0.275 
0-260 
0"234 
0.215 
0"196 
0-173 
0"149 
0.110 

+ 0 - 0 2 3  
- - 0 - 3 4 8  
+ 1"132 

0.488 
0"377 
0"328 
0"297 
0.275 
0.256 
0.238 
0.222 
0-204 
0.186 
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M = I :  

Solution 4 0 : 4 5  deg Tapered Wing: 

126-Vortex, 6-Point Standard Solutio~¢ for Wing Twist; 0 

~ ---- 0"2, 0"6, ~0"8 

Linear.' 

ao  

a l  

O~ o 

- - 0 " 0 2 0 2 8  Co 0"03849 eo 0 .03103 

0 .00994 cl 0 .05523 el - - 0 . 0 8 1 5 1  

- - 0 . 3 6 0 7 4  Cmo--0"7339 

0 
0.05 
0 .10  
0 .15  
0 .20  
0-25 
0 .30  
0-35 
0 .40  
0 .45 
0 .50  
0 .55 
0-60 
0-65 
0 .70  
0 .75 
0 .80 
0.85 
0.90  
0 .95 
1-00 

CLL for 
C,,o = - -  1 

- - 0 . 9 5 0  
- - 0 . 9 7 5  
- - 0 . 9 7 8  
- - 0 . 9 5 6  
- - 0 . 9 0 7  
- - 0 . 8 3 0  
- - 0 . 7 2 1  
- - 0 - 5 8 0  
- - 0 . 4 0 5  
- - 0 . 1 9 5  
+ 0 . 0 5 3  

0 . 3 3 5  
0.652 
1.001 
1.376 
1.765 
2.144 
2.469 
2 . 6 5 4  
2"457 

0 

K / 4 s V  for 
Cmo = - -  1 

- - 0 . 0 6 5 5  
- - 0 . 0 6 4 7  
- - 0 . 0 6 2 4  
- - 0 - 0 5 8 5  
- - 0 . 0 5 3 2  
- - 0 . 0 4 6 5  
- - 0 . 0 3 8 5  
- - 0 - 0 2 9 5  
- - 0 - 0 1 9 6  
- - 0 - 0 0 8 9  
+ 0.0023 

0-0136 
0.0247 
0.0354 
0.0451 
0.0532 
0-0591 
0.0617 
0.0595 
0.0487 

Local  a.c. 

+ 

+ 

O- 169 
O. 167 
0.161 
O. 149 
0 .132 
O. 104 
0.061 
0.013 
O. 168 
0.706 
4" 061 
0 '882  
O" 584 
O" 465 
O" 398 
0"351 
0"315 
0 .283 !' 
0 .255 
0.227 
0.200 

2~  



TABLE 28 

Rdsults for 45 deg Tapered Wing at M = O. 8 

by Two Methods Based on the Prandtl-Glauert Factor 

Wing 

45 deg : M = 0 

4 5 d e g : M  = 0 . 8  
first method 

59 deg : M = 0 
equivalent to 
4 5 d e g : M  = 0 . 8  
second method 

Soln. 

32 

34 

37 

39 

27 

29 

dC L/ do: 

Incidence 

dCz/de for 
45°wing 

3.596 

4.372 

a . c .  

1.692 

1-731 

C..o 

Wing twist: 0 linear 

Cmo for 
45 ° wing 

- - 0 . 4 7 5  

~X 0 

-- O. 368 

- -0"545  - - 0 . 3 5 9  

2.582 4.303 1.736 

O. 326 -- 0.544 - - 0 . 3 5 7  

TABLE 29 

Variation of Aerodynamic Centre with Mach Number for Four Wings 

The Aerodynamic Centre is given in Terms of -d behind the Apex at the Centre Section 

M 

0 

0.6 

0-8 

0.9 

Straight 
tapered wing 

0.479 

0.469 

0.460 

Tapered wing 
28-4 deg sweepback 

1.068 

1.076 

1.086 

1.095 

Triangular 
wing 

1"185 

1"193 

1"204 

45 deg tapered 
wing 

1.692 

1-736 

26 
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I n d u c e d  D o w n w a s h  Facfo~,s. y = 0 

0 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0-45 
0.50 
0.55 
0.60  
0.65 
O.70 
0.75 
0.80 
0.85 
0.90 
0.95  
1.00 
1.05 
1.10 
1.15 
1.20 
1.25 
1 "30 
1.35 
1.40 
1.5 
1.6 
1-7 

x + r e  

2-0000 
1.9001 
1-8010 
1.7033 
1"6078 
1.5149 
1.4253 
1"3393 
1.2572 
1.1793 
1-1056 
1.0362 
0.9710 
0-9100 
0.8531 
0.8000 
0-7506 
0.7047 
0.6621 
0.6225 
0.5858 
0-5517 
0.5201 
0.4908 
0.4636 
0.4383 
0.4148 
0.3929 
0.3725 
0.3359 
0.3040 
0.2761 

F 

X - - V e  

2.0000 
2.0999 
2.1990 
2.2967 
2.3922 
2.4851 
2.5747 
2.6607 
2.7428 
2.8207 
2.8944 
2.9638 
3.0290 
3.0900 
3.1469 
3.2000 
3.2494 
3.2953 
3.3379 
3.3775 
3.4142 
3.4483 
3"4799 
3"5092 
3"5364 
3"5617 
3.5852 
3"6071 
3"6275 
3'6641 
3'6960 
3.7239 

999 
991 
977 
955 
929 
896 
860 
821 
779 
737 
694 
652 
610 
569 
531 
494 
459 
426 
396 
367 
341 
316 
293 
272 
253 
235 
219 
204 
366 
319 
279 
244 

1.8 
1.9 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3-8 
4 .0  
4.5 
5.0 
5.5 
6 
7 
8 
9 

10 
15 
2O 
25 
30 
35 
40 
45 
50 
60 
80 

100 

x + v e  

0.2517 
0.2302 
0-2111 
0-1793 
0-1538 
0-1333 
0-1165 
0-1026 
0-0910 
0-0813 
0.0730 
0-0659 
0.0597 
0.0476 
0.0388 
0.0323 
0.0272 
0.0201 
0.0154 
0-0122 
0.0099 
0-0044 
0.0025 
0.0016 
0.0011 
0.OO08 
0.0006 
0.0005 
0.0004 
0.0003 
0-0002 

0 

F 

m v e  

.7483 
-7698 
-7889 
-8207 
-8462 
-8667 
"8835 
-8974 
.9090 
.9187 
.9270 
-9341 
.9403 
.9524 
.9612 
.9677 
.9728 
.9799 
.9846 
"9878 
.9901 
-9956 
-9975 
.9984 
.9989 
.9992 
.9994 
.9995 
.9996 
.9997 
"9998 
-0000 

215 
191 
318 
255 
205 
168 
139 
116 
97 
83 
71 
62 

121 
88 
65 
51 
71 
47 
32 
23 
55 
19 
9 
5 
3 
2 
1 
1 
1 
1 
2 

2 7  



TABLE 31 

I nduced  D o w n w a s h  Factors.  y = 2 

0 
0 . 1  
0 - 2  
0 - 3  
0 . 4  
0 - 5  
0 - 6  
0 . 7  
0 . 8  
0 . 9  
1 . 0  
1 .1  
1 . 2  
1 . 3  
1 . 4  
1 . 5  
1 . 6  
1 . 7  
1 . 8  
2 . 0  
2 . 2  
2 . 4  
2 . 6  
2 . 8  
3 . 0  
3 . 2  

x +re 

- -  0 . 6 6 6 6  
- - 0 . 5 7 8 2  
- - 0 . 4 9 2 7  
- - 0 . 4 1 2 5  

F 

x - - r e  

- - 0 . 6 6 6 7  
- - 0 " 7 5 5 1  
- - 0 . 8 4 0 6  
- - 0 . 9 2 0 8  

A 

884 
855 
802 
732  

- - 0 " 3 3 9 3  - - 0  
- - 0 " 2 7 4 2  - -  1 
- - 0 . 2 1 7 5  - -  1 
- - 0 . 1 6 8 9  - -  1 
- - 0 . 1 2 7 8  - -  1 
- - 0 " 0 9 3 5  -- 1 

--0.0649 -- 1 

--0-0414 -- I 

--,0.0222 -- I 

- - 0 - 0 0 6 5  -- 1 
0 . 0 0 6 1  - -  1 
0 - 0 1 6 3  - -  1 
0 - 0 2 4 5  - -  1 

0 - 0 3 1 0  - -  1 
0 - 0 3 6 0  - -  1 
0 - 0 4 2 9  - -  1 
0 . 0 4 6 6  - -  1 
0 " 0 4 8 2  - -  1 
0 " 0 4 8 4  - -  1 
0 . 0 4 7 7  - -  1 
0 . 0 4 6 3  - -  1 
0 . 0 4 4 7  -- 1 

• 9940 651 
• 0591 567 
• 1158 486 

• 1644 411 
• 2055 343 
• 2398 286  
• 2684 235 
• 2919 192 
• 3111 157 
• 3268 126 
• 3394 102 
• 3496 82 
• 3578  65 
• 3643 50 
• 3693 69 
• 3762 37 
• 3799 16 
• 3815 2 
• 3817 7 
• 3810 14 
• 3796 16 
• 3780  19 

27 

3 - 4  
3 . 6  
3 . 8  
4 . 0  
4 . 2  
4 . 5  
5 . 0  
5 . 5  
6 . 0  
6 . 5  
7 
8 
9 

10 
11 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

x + v e  

0 . 0 4 2 8  
0 . 0 4 0 8  
0 . 0 3 8 8  
0 . 0 3 6 8  
0 . 0 3 4 9  
0 . 0 3 2 2  
0 . 0 2 8 1  
0 . 0 2 4 6  
0 . 0 2 1 6  
0 . 0 1 9 1  
0 . 0 1 6 9  
0 . 0 1 3 5  
0 . 0 1 1 0  
0 - 0091  
0 . 0 0 7 7  
0 - 0 0 4 3  
0 - 0 0 2 5  
0 - 0 0 1 6  
0"0011  
0 " 0 0 0 8  
0 " 0 0 0 6  
0 . 0 0 0 5  
0 . 0 0 0 4  
0 . 0 0 0 3  
O.O002 
0 . 0 0 0 1  

F 

X - - V e  

- -  1 . 3761  
- -  1 -3741  
- -  1 . 3721  
- -  1 . 3701  
- -  1 . 3 6 8 2  
- -  1 . 3 6 5 5  
- -  1 . 3 6 1 4  
- -  1 . 3 5 7 9  
- -  1 . 3 5 4 9  
- -  1 . 3 5 2 4  
- -  1 . 3 5 0 2  
- -  1 . 3 4 6 8  
- -  1 . 3 4 4 3  
- - 1 . 3 4 2 4  
- -  1 . 3 4 1 0  
- -  1 "3376  
- -  1 ' 3 3 5 8  
- -  1 ' 3 3 4 9  
- -  1"3344  
- -  1"3341 
- -  1 - 3 3 3 9  
- -  1 - 3 3 3 8  
- -  1 - 3337  
- -  1"3336  
- -  1"3335 
- -  1"3334  

A 

2O 
20 
20 
19 
27 
41 
35 
3O 
25 
2 2  
34 
25 
19 
14 
34 

1 8  
9 
5 
3 
2 
1 
1 
1 
1 
1 

28 



T A B L E  32 

Induced  Downwash  Factors. y = 4 and 6 

0.0  
0 .2  
0 .4  
0 .6  
0-8 
1-0 
1.2 
1.4 
1.6 
1-8 
2-0 
2-2 
2-4 
2 .6  
2 .8  
3 .0  
3 .2  
3 .4  
3 .6  
3 .8  
4 .0  
4 .5  
5 .0  
5 .5  
6 

7 
8 
9 

10 
15 
20 
25 
30 
35 
40 
45 
50 
6O 
80 

100 

m 

m 

F for y = 4 

+ v e  x - - v e  

0.1334 --  
0.1192 --  
0.1053 
0.0918 
0-0791 
0-0672 
0"0562 
0.0463 
0.0375 
0.0296 
0.0227 
0"0168 
0"0117 
0"0073 
0.0036 
0.0006 
0.0020 
0.0041 
0-0058 
0.0072 
0.0084 
0.0102 
0.0110 
0.0113 
0.0111 
0.0103 
0-0091 
0.0080 
0.0070 
0.0038 
0.0023 
0-0015 
0.0011 
0-0008 
0-0006 
0-0005 
0.0004 
0-0002 
0-0001 
0.0001 

A 

0.1333 
0.1475 
0.1614 
0.1749 
0.1876 
0.1995 
0.2105 
0.2204 
0-2292 
0-2371 
0-2440 
0.2499 
0.2550 
0-2594 
0.2631 
0.2661 
0.2687 
0.2708 
0.2725 
0.2739 
0.2751 
0-2769 
0-2777 
0.2780 
0.2778 
0.2770 
0.2758 
0.2747 
0.2737 
0.2705 
0.2690 
0.2682 
0.2678 
0.2675 
0.2673 
0.2672 
0.2671 
0.2669 
0.2668 
0.2668 

142 
139 
135 
127 
119 
110 

99 
88 
79 
69 
59 
51 
44 
37 
30 
26 
21 
17 
14 
12 
18 
8 
3 
2 
8 

12 
11 
10 
32 
15 
8 
4 
3 
2 
1 
1 

2 
1 

0 

X 

0.0  
0 .5  
1.0 
1.5 
2 .0  
2 .5  
3 .0  
3.5 
4 .0  
4-5 
5 .0  
5 .5  
6 .0  

7 . 0  
8 .0  

10.0 
15.0 
2O 
25 
30 
35 
40 
45 
50 
60 
80 

100 

F for y - -  6 

E 

m 

+ve 

0-0572 
0-0474 
0.0381 
0-0296 
0.0221 
0.0158 
0.0105 
0.0064 
0.0031 

X - - v e  

- - 0 - 0 5 7 1  
- - 0 - 0 6 6 9  
- - 0 - 0 7 6 2  
- - 0 - 0 8 4 7  
- - 0 . 0 9 2 2  
- - 0 . 0 9 8 5  
- - 0 . 1 0 3 8  
--  0 '1079 
- - 0 . 1 1 1 2  

0.0006 
0.0012 
0.0026 
0.0035 
0-0046 
0-0049 
0-0047 
0-0031 
0.0020 
0"0014 
0.0010 
0.0007 
0.0006 
0.0005 
0.0004 
0.0003 
0.0002 
0.0001 

- - 0 . 1 1 3 7  
- - 0 . 1 1 5 5  
- -  0.1169 
--  0.1178 
- - 0 - 1 1 8 9  
- - 0 - 1 1 9 2  
- - 0 - 1 1 9 0  
- - 0 - 1 1 7 4  
- - 0 - 1 1 6 3  
- - 0 - 1 1 5 7  
- - 0 . 1 1 5 3  
- - 0 . 1 1 5 0  
- - 0 . 1 1 4 9  
- - 0 . 1 1 4 8  
- - 0 - 1 1 4 7  
- -  0.1146 
- -  0.1145 
- - 0 . 1 1 4 4  

98 
93 
85 
75 
63 
53 
41 
33 
25 
18 
14 
9 

11 
3 
2 

16 
11 

6 
4 
3 
1 
1 

1 
1 
1 

1 

29 



T A B L E  33 

Induced Downwash Factors. y = 8(2)14 

0 
1 
2 
3 
4 
5 
6 
7 
8 

10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

F for y = 8 

x + r e  X - - v e  

0.0318 
0.0238 
0-0166 
0.0106 
0-0060 
0.0027 
0-0004 
0.0010 
0.0019 
0.0027 
0.0024 
0.0018 
0.0013 
0.0009 
0.0007 
0.0006 
0.0005 
0.0004 
0.0003 
0.0001 
0.0001 

m 

0.0317 
0.0397 
0.0469 
0.0529 
0.0575 
0.0608 
0.0631 
0.0645 
0.0654 
0.0662 
0"0659 
0.0653 
0.0648 
0.0644 
0.0642 
0.0641 
0.0640 
0.0639 
0.0638 
0.0636 
0.0636 

80 
72 
60 
46 
33 
23 
14 

9 
8 
3 
6 
5 
4 
2 
1 
1 
1 
1 

,2 
0 

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

F f o r y  = 12 

x + v e  

0 '0140 
0.0094 
0.0056 
0.0027 
0.0008 
0.0003 
0.0012 
0.0012 
0.0009 
0-0008 
0.0006 
0.0005 
0.0004 
0 '0004 
0.0002 
0-0001 
0-0001 

.% - - V O  

- - 0 " 0 1 4 0  
--  0.0186 
- - 0 . 0 2 2 4  
- - 0 . 0 2 5 3  
- - 0 . 0 2 7 2  
- - 0 . 0 2 8 3  
- - 0 " 0 2 9 2  
- - 0 . 0 2 9 2  
- - 0 " 0 2 8 9  
- - 0 . 0 2 8 8  
- -  0.0286 
- - O . 0 2 8 5  
- - 0 . 0 2 8 4  
- - 0 " 0 2 8 4  
- - 0 " 0 2 8 2  
--  0.0281 
- - 0 . 0 2 8 1  

F for y = 10 

0-0202 - - 0 . 0 2 0 2  
0.0124 - - 0 . 0 2 8 0  
0.0061 - - 0 . 0 3 4 3  
0.0021 
0.0002 
0.0012 
0.0018 
0.0015 
0.0011 
0.0009 
0.0007 
0.0005 
0.0004 
0.0004 
0.0003 
O.O002 
0-0001 

- - 0 . 0 3 8 3  
- - 0 . 0 4 0 6  
- - 0 . 0 4 1 6  
- - 0 . 0 4 2 2  
- - 0 . 0 4 1 9  
- - 0 . 0 4 1 5  
- - 0 . 0 4 1 3  
- - 0 . 0 4 1 1  
- - 0 . 0 4 0 9  
- - 0 . 0 4 0 8  
- - 0 . 0 4 0 8  
- - 0 " 0 4 0 7  
- - 0 - 0 4 0 6  
- -  0-0405 

78 
63 
40 
23 
10 
6 
3 
4 
2 
2 
2 
1 
0 
1 
1 
1 

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

F f o r y  = 14 

- - 0 - 0 1 0 3  
- -  0.0074 
- - 0 . 0 0 4 8  
- - 0 - 0 0 2 8  
- - 0 . 0 0 1 3  
- -  0 . 0 0 0 4  

O.OO07 
0.0010 
0-0008 
0.0007 
0-0006 
0.0005 
0-0004 
0.0003 
0.0003 
0.0002 
0-0001 

- - 0 . 0 1 0 2  
- - 0 . 0 1 3 1  
- - 0 " 0 1 5 7  
- - 0 . 0 1 7 7  
- - 0 . 0 1 9 2  
--  0.0201 
--  0 '0212 
--  0.0215 
--  0.0213 
--  0"0212 
- - 0 . 0 2 1 1  
--  0.0210 
--  0.0209 
- - 0 . 0 2 0 8  
--  0.0208 
--  0.0207 
- - 0 . 0 2 0 6  

46 
38 
29 
19 
11 

9 
0 
3 
1 
2 
1 

1 
0 
2 
1 

0 

29 
26 
20 
15 
9 

11 
3 
2 
1 
1 
1 
1 
1 

0 
1 
1 

30 



T A B L E  3 4  

Induced Downwash Factors. y = 1 6 ( 2 ) 2 2  

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 
4 0  
45 
50 
60 
80 

100 

0 
2 
4 
6 
8 

10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
80 

100 

F for y = 16 

x + v e  X - - v e  

0.0078 
0.0058 
0.0041 
0.0027 
0.0015 
010007 
0.0003 
0.0007 
0.0007 
0.0006 
0.0005 
0.0004 
0.0004 
0.0003 
O.O0O2 
0.0001 
0.0001 

- - 0 . 0 0 7 9  
- - 0 - 0 0 9 9  
- - 0 - 0 1 1 6  
- - 0 - 0 1 3 0  
- - 0 . 0 1 4 2  
- - 0 . 0 1 5 0  
- - 0 - 0 1 6 0  
- - 0 - 0 1 6 4  
- - 0 - 0 1 6 4  
- - 0 - 0 1 6 3  
- - 0 . 0 1 6 2  
- - 0 . D 1 6 1  
- - 0 . 0 1 6 1  
- - 0 . 0 1 6 0  
- - 0 . 0 1 5 9  
- - 0 . 0 1 5 8  
- - 0 . 0 1 5 8  

F for y = 18 

0-0062 
0.0048 
0.0035 
0.0024 
0.0016 
0-0009 
0.0001 
0-0005 
0-0005 
0.0005 
0.0004 
0.0004 
0-0003 
0.0003 
0.0002 
0.0001 
0.0001 

0.0062 
0.0076 
0.0089 
0.0100 
0.0108 
0.0115 
0.0125 
0.0129 
0.0129 
0.0129 
0.0128 
0.0128 
0.0127 
0.0127 
0.0126 
0.0125 
0.0125 

20 
17 
14 
12 

8 
10 

4 
0 
1 
1 
1 
0 
1 
1 
1 
0 

14 
13 
11 
8 
7 

10 
4 
0 
0 
1 
0 
1 
0 
1 
1 
0 

10 
15 
20 
25 
30 
40 
50 
60 
80 

100 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

F for y = 20 

x + v e  

- -  0 .0050 
- -  0 .0040 
- - 0 . 0 0 3 1  
- -  0-0023 
- - 0 ; 0 0 1 6  
- - 0 - 0 0 1 0  
- - 0 . 0 0 0 1  

0.0003 
0.0005 
0.0005 
0.0004 
0.0003 
0.0002 
O.0002 
0 .000I  

x - - v e  

- - 0 . 0 0 5 0  
- - 0 . 0 0 6 0  
- - 0 . 0 0 6 9  
- - 0 - 0 0 7 7  
- - 0 . 0 0 8 4  
- - 0 . 0 0 9 0  
- - 0 - 0 0 9 9  
- - 0 . 0 1 0 3  
- - 0 - 0 1 0 5  
- - 0 . 0 1 0 5  
- - 0 - 0 1 0 4  
- - 0 . 0 1 0 3  
- - 0 . 0 1 0 2  
- - 0 . 0 1 0 2  
- - 0 . 0 1 0 1  

F for y = 22 

- - 0 . 0 0 4 1  
- - 0 . 0 0 2 4  
- - 0 . 0 0 1 0  
- - 0 . 0 0 0 2  

0.0001 
0.0003 
0-0003 
0 -0003  
0.0002 
O.OO01 

- - 0 . 0 0 4 2  
- - 0 . 0 0 5 9  
- - 0 - 0 0 7 3  
- - 0 . 0 0 8 1  
- - 0 . 0 0 8 4  
- - 0 . 0 0 8 6  
- - 0 . 0 0 8 6  
- - 0 . 0 0 8 6  
- - 0 . 0 0 8 5  
- -  0.0084 

10 
9 
8 
7 
6 
9 
4 
2 
0 
1 
1 
1 
0 
1 

17 
14 

8 
3 
2 
0 
0 
1 
1 

31 



T A B L E  3 5  

Induced Downwash Factors. y : 2 4 ( 2 ) 3 8  

X 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

w 

F for y = 24 

2 - - W e  + r e  

0.0035 
0.0021 
0.0011 
0.0003 
0.0000 
0.0002 
0.0003 
0.0003 
0.00O2 
0.0001 

- - 0 . 0 0 3 5  
- -  0.0049 
- -  0-0059 
- - 0 . 0 0 6 7  
- - 0 - 0 0 7 0  
- - 0 . 0 0 7 2  
- - 0 . 0 0 7 3  
- - 0 - 0 0 7 3  
- - 0 - 0 0 7 2  
- - 0 - 0 0 7 1  

14 
10 
8 
3 
2 
1 

0 
1 
1 

X 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

F for y = 32 

x -+-ve 

-- 0.0020 

-- 0"0013 

-- 0'0009 

--0"0005 

--0"0002 

0"0000 

0.0001 
0.0002 
O.0002 
0.0001 

K - - v e  

-- 0-0019 

--0.0026 

--0.0030 

-~. 0.0034 
--0.0037 

-- 0"0039 

--0"0040 

--0.0041 

--0"0041 

--0-0040 

F f o r y  = 2 6  F f o r y  = 3 4  

0.0030 
0.0019 
0.0010 
0.0004 
0.0000 
0.0002 
0.0003 
0"OOO3 
0 '0002 
0.0001 

- - 0 " 0 0 2 9  
- - 0 . 0 0 4 0  

- - 0 . 0 0 4 9  
- - 0 . 0 0 5 5  
- - 0 - 0 0 5 9  

: - -  0"0061 
- - 0 " 0 0 6 2  

0"0062 
- - 0 " 0 0 6 1  
--  0.0060 

11 
9 
6 
4 
2 
1 

0 
1 

1 

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

--  0"0017 
- - 0 . 0 0 1 3  
- - 0 . 0 0 0 9  
- - 0 . 0 0 0 5  
- - 0 " 0 0 0 2  
- -  0.0001 

0.0000 
0.0001 

: 0.0001 
0.0001 

--  0.0018 
- - 0 . 0 0 2 2  
- - 0 . 0 0 2 6  
- - 0 . 0 0 3 0  

, - - 0 . 0 0 3 3  
~ - - 0 . 0 0 3 4  
- - 0 . 0 0 3 5  

-~-0 .0036  
- - 0 . 0 0 3 6  
- - 0 . 0 0 3 6  

F f o r y  = 2 8  F f o r y  = 3 6  

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

0:0026 
0.0017 
0.0009 
0-0004 
0.0001 
0.0001 
0.0002 
0.OOO2 
0.0002 

0 . 0 0 0 1  

- - 0 - 0 0 2 5  
- - 0 . 0 0 3 4  

~ - -0 .0042  
- -  0..,0047 L 
- - 0 . 0 0 5 0  

~-- 0.0052 
--  0.0053 
--  0.0053 
--  0.0053 
- - 0 . 0 0 5 2  

0-0015 
0-0011 
0-0007 
o.ooo5 
0.0002 
0.0001 - -  

0 . 0 0 0 0  

0 . 0 0 0 1  

0.0001 - -  

0 . 0 0 0 1  

9 
8 
5 
3 
2 
1 
0 
0 
1 

- -  0"0016 
- - 0 " 0 0 2 0  
- - 0 " 0 0 2 4  
- - 0 " 0 0 2 6  
- - 0 " 0 0 2 9  

0.0030 
0.0031 
0.0032 
0.0032 
0.0032 

F f o r y  = 3 0  F f o r y  = 3 8  

- - 0 . 0 0 2 2  
- - 0 - 0 0 3 0  
- - 0 . 0 0 3 5  
- - 0 - 0 0 4 0  
- - 0 - 0 0 4 3  
- - 0 . 0 0 4 5  
- - 0 . 0 0 4 6  
- - 0 . 0 0 4 6  
- - 0 . 0 0 4 6  
- - 0 . 0 0 4 5  

0 
5 

10 
15 
20 
25 
30 
40 
50 

100 

--  0,0014 
- -  0.'0010 
- - 0 . 0 0 0 7  
- - 0 . 0 0 0 5  
- - 0 . 0 0 0 3  
- - 0 . 0 0 0 1  

0.0000 
0.0001 
0.0001 
0.0001 

m 

0-0014 
o.oo18 
0-0021 
0.0023 
0.0025 
0-0027 
0-0028 
0.0029 
0-0029 
0.0029 

0.0022 
o.oo14 • 
0.0009 
0.0004 
o .oool  
o .oool  
0.0002 
o.oo02 
o.ooo2 
o.oo01 

4 
4 
2 
3 
1 
1 
1 
o 
o 

4 
3 
2 
2 
2 
1 
1 
o 
o 

3 2  



TABLE 36 

Induced Downwash Factors. y--= 40(2)58..  

X 

0 
10 
20 
30 
40 
50 

100 

F for  y = 40 

x +ve 

- - 0 . 0 0 1 3  
- - 0 . 0 0 0 7  
- - 0 . 0 0 0 2  

0 . 0 0 0 0  
0 . 0 0 0 1  
0 -0001  
0 . 0 0 0 1  

x --re 

- - 0 . 0 0 1 2  
- - 0 - 0 0 1 8  
- - 0 . 0 0 2 3  
- - 0 . 0 0 2 5  
- - 0 . 0 0 2 6  
- - 0 . 0 0 2 6  
- - 0 . 0 0 2 6  

X 

10 
20 
30 
40 
50 

100 

F f o r  y = 50 

x + r e  

- - 0 - 0 0 0 8  
- - 0 - 0 0 0 6  
- -  0 - 0 0 0 2  
- - 0 - 0 0 0 1  

0 - 0 0 0 0  
0 - 0 0 0 0  
0 -0001  

X - - v e  

- - 0 - 0 0 0 8  
- - 0 . 0 0 1 0  
- - 0 . 0 0 1 4  
- - 0 . 0 0 1 5  
- - 0 . 0 0 1 6  
- - 0 . 0 0 1 6  
- - 0 . 0 0 1 7  

F f o r y  = 4 2  F f o r y  = 5 2  

0 " - - 0 . 0 0 1 2  
10 - - 0 . 0 0 0 7  
20 - - 0 . 0 0 0 2  
30 - - 0 . 0 0 0 1  
40 0 . 0 0 0 0  
50 0 . 0 0 0 1  

100 0 . 0 0 0 1  

0 
10 
20 
30 

- - 0 . 0 0 1 1  
- - 0 . 0 0 1 6  
- - 0 - 0 0 2 1  
- - 0 - 0 0 2 2  
- - 0 - 0 0 2 3  
- - 0 . 0 0 2 4  
- - 0 - 0 0 2 4  

F / o r  y = 44 • 

- - 0 " 0 0 1 1  
- - 0 . 0 0 0 6  
- - 0 . 0 0 0 2  
- - 0 . 0 0 0 1  

0 - -  0 . 0 0 0 8  
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- -  0 . 0 0 1 6  

_F for  y = 54 
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F for  y = 58 
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Induced Downwash Factors. y = 60(2)74 
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- - 0 . 0 0 0 8  
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- - 0 . 0 0 0 8  

F f o r y  = 6 2  F f o r y  = 7 2  

0 --0.0005 
10 --0.0004 
20 --0.0003 
30 --0.0001 
40 0 
50 0 
I00 0 

- -  0.0005 
- - 0 . 0 0 0 6  
- - 0 . 0 0 0 7  
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- - 0 . 0 0 0 4  
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- - 0 . 0 0 0 6  
- - 0 " 0 0 0 7  
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Induced Downwash Factors. y = 13(8)45 
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0.0068 
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0 
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- - 0 . 0 7 8 8  
- - 0 . 0 8 2 5  
- - 0 . 0 8 5 7  
- - 0 . 0 8 8 4  
-- 0.0908 
--0.0974 

--0-0993 

--0.0994 
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--  0.0956 
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27 
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0.0366 
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25 
37 
22 
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Induced Downwash Factors. y = 53(8)125 

~x 

10 
20 
30 
50 

100 

0 
10 
20 
25 
30 
50 

100 

0 
10 
20 
30 
50 

100 

0 
10 
20 
2 5  
30 
50 

100 

0 
10 
20 
30 
50 

100 

4 F  f o r y  = 53 

x + r e  

- - 0 - 0 0 2 8  
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0 
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--0"0029 
- - 0 . 0 0 5 7  
- - 0 . 0 0 6 0  
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- - 0 . 0 0 5 7  

4 F  for y = 61 

- -0"0021  
- -  0.0001 

0.0002 
0.0002 
0.0002 
0.0001 

0 

--0-0022 
--0.0042 
--0.0045 
--0.0045 
--0"0045 
-- 0.0044 
--0"0043 

4 F  for y = 69 

- -  0.0017 
--  0.0002 

0.0001 
0-0001 
0.0001 
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--0.0035 
--0-0035 
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0 

X - - v e  

-- 0"0009 
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-- 0.0019 
-- 0.0020 
--0.0020 
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--0.0008 
-- 0"0003 

0.0000 
0.0001 
0.0001 

0 
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- - 0 . 0 0 1 3  
- - 0 . 0 0 1 6  
- - 0 . 0 0 1 7  
- - 0 . 0 0 1 7  
- - 0 . 0 0 1 6  

4 F f o r y  = 109 
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- - 0 . 0 0 1 4  0 
- -  0.0014 1 
- - 0 . 0 0 1 3  
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- - 0 . 0 0 0 2  

0.0000 
0.0001 
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0 

4 F f o r y  = 7 7  4 F f o r y  = 117 
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0 
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-- O. 0025 
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0.0001 
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Induced Downwash Factors. y = 1 3 3 ( 8 ) 1 4 1 ( 1 6 ) 1 7 3  
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A P P E N D I X  

Note on Falkner's Method 
for Calculating Compressibility Effects on Wing Loading 

By 
W. P. JONES, M.A., 

of the Aerodynamics Division, N.P.L. 

Summary. - -The vortex-lattice method, as applied by Falkner 1 to estimate the effect of compressibility on wing 
loading, involves the use of an approximate formula for the downwash due to a ' rectangular vortex ' in compressible 
flow. The exact expression for the downwash on the basis of linearised theory is given in this note, and a numerical 
comparison is made with the downwash values given by Falkner's formula. For Mach numbers up to M = 0-8, 
and possibly higher values, the approximate formula appears to be quite satisfactory. 

1. Introduction.--In Ref. 1, the vortex-lattice method of dealing with problems in incom- 
pressible flow s is adapted to the calculation of compressibility effects. As in the incompressible 
case, the downwash due to a continuous distribution of vorticity is represented as being due 
to a discontinouus system of rectangular vortices. The downwash field due~to a unit rectangular 
vortex is first determined, and, by the use of the lattice method, solutions are then readily 
derived without the need for changing the dimensions of the wing for each Mach numbeP. 
In order to calculate the downwash distribution for a unit rectangular vortex* in compressible 
flow, Falkner makes the following basic assumptions : - -  

(i) that  the downwash due to the transverse element of the vortex is ~/(1 -- M s) times 
that  given by incompressible flow theory, 

(ii) that  the downwash induced by the trailing elements is unaffected by compressibility. 
On the basis of these assumptions he derives an approximate formula for the downwash which 
involves/~ (-----~/(1 -- Ms)) as a factor only. (See equation (10).) 

I t  is well known that  (i) is true for an infinitely long vortex, and that  (ii) is true in the lifting- 
line case when the downwash points are on the line, which is itself assumed to be at right-angles 
to the direction of flow. tn  general, however, the assumptions made are not strictly valid, 
and this note investigates the extent to which they are approximately true in practice. The 
exact formula for the downwash due to a rectangular vortex is derived and a numerical comparison 
is made in Table 1 with tile results given by the approximate formula used by Falkner. 

2. Theory.--Let Ox, Oy, Oz be the axes of co-ordinates as indicated in Fig. 13, and let the 
wing lie in the plane z = 0 as shown 

FIG. 13. 

* See section 3c. 
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Then, if 4' is the  veloci ty  potent ia l  of the  dis turbed flow produced by  a small change of 
incidence, i t  will sat isfy the  equat ion 

5-~ + --ay ~ + az ~ --  0 .  . . . . . . . . . .  (]) 

The lift at  any  point  is given s imply by  

pb - po = p v ~ ( ¢ °  - ~ + ) ,  . . . . . . . . . .  (2) 

where p represents  the  pressure and  the suffices a and b refer to the  upper  and lower sides of 
the  plane z = 0 respectively.  In  the  wake, there is no d iscont inui ty  in pressure, and, by  equat ion 
(2), the  d iscont inui ty  in $ mus t  be a funct ion of y only. Over the  surface of the  wing the 
downwash w ( ----- a¢/az) is known. 

Let  K represent  the  d iscont inui ty  4,a --  Sb in the  veloci ty  potent ia l  at points  on the surface 
of the  wing and the wake. The solution of equat ion (1) is then  given by  

4~¢(x0, yo, Zo) = n(x ,  y) -~o dx dy, . . . . . .  . . .  (3) 

where r 2 ~-  (x0 --  x) ~ +/~(Y0 --  y)~ +/~2z0~- Formula  (3) gives 4, as the  veloci ty  potent ia l  due 
to a dis t r ibut ion of compressibi l i ty  doublets  of s t reng th  K over the  wing and the wake. W h e n  
M = 0, ~ = 1, and formula (3) reduces to the  usual  form of the  incompressible flow solution 4. 
Since w is known over the  wing, K can be determined from the integral  equat ion 

4z~W(Xo, yo, Zo) = -- K(x,  y) -~o \--~-/ dx dy, . . . . . . . .  (4) 

where Zo---~0. 

In  general, K is a funct ion of x and y over the  wing, and, b y  equat ion (2), it is a funct ion 
of y only in the  wake. This  note, however, is Concerned wi th  the  following par t icular  cases 
only:  (a) the  two-dimensional  problem where K is a funct ion of x only; (b) the  l if t ing-line 
problem where K is a funct ion of y ;  and (c) K = cons tan t  over a rec tangular  strip. Case (c) 
corresponds to t ha t  of the  rec tangular  vor tex  in incompressible flow. 

. AjopIications of Theory. (a) Two-dimemional Problem.--In this  case, equat ion (4) yields 

fl ) a /~zo 
= - 2  (x) ~7o X o -  X) ~ + ~zo ~ dx 

. I lK(x)  a ( ~ ( X o - X )  ~ dx . . . . . .  (5) = - 2  g~ (x0-x)  ~+~%V . . . . .  

Since K(o) = 0 at  the  leading edge, in tegra t ion  b y  par ts  gives in the l imit  when z0 = 0, 

j i+ (  , >,x ,°, 2~w = ~ --~ xo -- x . . . . . . . . . .  
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The integral  extends  over the  aerofoil chord only, as OK/ax=0 
in the  wake. Equa t ion  (6) implies tha t  the downwash at a point  
on the  aerofoil due to an infinite vor tex of s t rength  8K/ax 
in compressible flow is the  same as tha t  due to one of s t rength  
~(8K/Ox) in incompressible flow. I t  is shown in section 3(c) 
tha t  this conclusion does not  apply when the  t ransverse 
vor tex  is of finite length. 

(b) Lifting Line Problem.--The doublet  distr ibution K is 
in this case a function of y only, and extends,  as shown in 
Fig. 14, from the  lifting line x = 0 to x = oo between the  lines 
y = + s .  

f F  

3 

FIG. 14. 

The downwash at  a point  Xo, Yo not  on the  lifting line is given by equat ion (4) and can be 
expressed in the following form after in tegrat ion with respect ot x, namely,  

$ 

Since K(s) = K ( - -  s) = 0, this gives by  integrat ion by parts, 

E ( ) Xo O "(Yo dy 4z~w = -- K(y)  1 + [xo~ + /~ (yo  _ y),],/~ ~-~ _ y)~ + Zo ~ 

(7) ( y o -  y) oy E o"+ 

For points on the  lifting line, x0 ----- 0, and equat ion  (7) yields 

4~W(yo) = - 3~,,~ dy . . . . . . . . .  (8) 

Hence, as far as the  value of the  downwash along the  lifting line is concerned, there is no c.om- 
pressibility effect. When  x0 =/= 0, however,  the  downwash is given by equat ion (7) and is 
influenced by  the  value of ¢~. 

(c) Rectangular Doublet S tr ip . - - In  incom- ,u 
pressible flow, the  downwash induced by  a 
rectangular  strip covered with a layer of .P(.~o,Vo) °P(~o/~, v) 
doublets  of constant  s t rength  K is the  same ,,, 
as tha t  induced by  a rectangular  vor tex of 
s t rength  K round  the  boundary.  Let  us v ~ . . . . . .  ~ = ~ons~ _~ 
next  consider the downwash due to a doub- 
let layer of this type in compressible flow. o,-r 

FIG. 15. 

At any general point  P the  downwash induced by a doublet  layer of uni t  s t rength* can, by 
the use of equat ion (7), be expressed in the form 

a Zo a X o - X  d x d y  
4z~w = -~o (yo --y)~ + Zo ~ ax r 

1 ¢  0 

* By analogy with incompressible-flow theory, the effect of the layer is assumed to correspond to that of the so-called 
rectangular vortex in compressible flow. 
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= - -  [1 + [Xo2 + 8=(yo__Y)211/2] -@ ((yo__ y)2 + 
J. 

Integration with respect to y then yields 

[ xo ] 
4~W(Xo,yo) -- (yo + 1) 1 + [Xo~ + 8~(y ° + 1)~]~/o " 

( y o -  1) 1 + [ x d +  8 2 ( y o -  1)2] 1/~ 

8~[ y o + l  y o - 1  ] 
+ Xo iXo '~ + 8~(yo + 1)2] 1/~ - Ix0 ~ + 8~(y0 - 1)~] 1/~ " 

(9) 

When 8 = 1, equation (9) reduces to the well-known formula for the downwash due to a 
rectangular vortex in incompressible flow. The first two terms give the downwash contribution 
of the trailing vortices, and the third term corresponds to the transverse vortex. It should 
be noted that  the downwash at P(xo, Y0) in compressible flow due to a unit doublet strip is the 
same as that  at P'(xo/8, y) in incompressible flow ~. (See Fig. 15.) 

4. Falkner's Formula.--To obtain a solution of equation (4) for a particular wing, Falkner 
employs the vortex-lattice method. The doublet or circulation distribution K is first represented 
by a finite number of superimposed rectangular doublet layers (equivalent to rectangular 
vortices in the incompressible case). The downwash at a pivotal point is then given in terms 
of the contributions due to each rectangular layer. Instead of using equation (9), however, 
Falkner makes use of the results of section 3(a) and (b) and assumes that  the downwash in 
compressible flow is given to sufficient accuracy by the formula 

1 [  Xo ] 
4xw~= (Yo+ 1) 1 + [xo~+ (Yo+ 1)~] ~/~ 

1 [1  -+- Xo 
( y o -  1) [Xo2+ ( y o -  1)~] ~/2] 

_1_8 [ y o + l  y o - - 1  : ] 
Xo [.o = + (yo + 1)2] 1/~ - [Xo ~ + (yo - 1)~i 1/~ . . . . . . .  (lO) 

This corresponds to the incompressible-flow formula except that  the effect of the transverse 
vortex is multiplied by/3. 

When x0 is small compared to 8[(y0 -- 1)1 

4=wu _+>A (1 y o - - 1 )  1 1 
~o fyo-  1-[ + (yo + 1) (yo -  1) 

1 1 

and 
4~w~_+ 8 (1 y o - 1 )  1 1 

x7 l (Yo-  1)l + Yo -I- 1 --~yo--~l 

(11) 

Xo [ 1, 
+ 9  iyo + 1) 2 

1 ] 
( y o -  1 ) l ( y o -  1)t " 

(12) 
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Hence the difference 

- - 1 - -  1 1 
4 ~ ( W ~ -  We)-->-xo (2fl 2~ ~)V(yo-+- 1) ~ ( Y o -  1 ) ] ( y o -  1)]1 . . . . .  (13) 

In applications of the lattice theory, Y0 v ~ 1 and usually has the values 0, 2, 4, 6 . . . etc. 

A comparison between values of WF and the exact downwash WE given by equation (9) is 
made in Table 1 for different values of M at a number of points in the field of flow. 

Concluding Remarks.--The formula for WE and W~ show good agreement up to M = 0.8, 
but  for M = 0.9 the differences are appreciable and they get larger as M tends to unity. The 
effect of these errors on the final solution for K and Pb -- Pa may tend to cancel, but  until a 
check on the accuracy is made, results obtained by the use of equation (10) for values of M > 0 . 8  
should not be accepted without some element of doubt, particularly as the linearised thin-wing 
theory may then also be inadequate. For lower values of M, the use of equation (10) instead 
of (9) appears to be justified, and any results obtained would be subject mainly to possible 
errors inherent in the lattice method. Since the terms independent of fl in formula (10) can be 
tabulated once and for all, it has great advantages from the computational point of view. 

6. A cknowledgement.---The tabulated values given in this note were calculated by Miss Sylvia 
W. Skan. 
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M = 0 . 6  

T A B L E  1 

Values ~ 4~wEaud 4=wF 

yo 0 
Xo 

10 4"0064  

4 , 0 0 5 9  

5 4 . 0 2 5 4  

4 . 0 2 3 8  

2 4 . 1 5 4 1  

4 . 1 4 6 6  

1 4 . 5 6 1 4  

4 . 5 4 5 6  

5 . 7 7 3 6  

5 . 7 5 6 6  

0 2 

2 

- -  1"7736  

- -  1 - 7 5 6 6  

- - 0 . 5 6 1 4  

- - 0 . 5 4 5 6  

- - 0 - 1 5 4 1  

- - 0 . 1 4 6 6  

- - 0 . 0 2 5 4  

- - 0 . 0 2 3 8  

- - 0 . 0 0 6 4  

- - 0 . 0 0 5 9  

0 - 5  

- 0 " 5  

- - 1  

- - 2  

- - 5  

- - 1 0  

2 

- -  1 .3271 

- -  1 . 3 2 7 4  

- -  1 . 3 0 9 7  

- -  1 . 3 1 0 5  

- -  1 .2231  

- -  1 . 2 2 2 3  

- -  1 . 0 8 0 7  

--  1 .0751  

- - 0 . 9 1 9 2  

- -  0 . 9 1 1 9  

- - 0 . 6 6 6 7  

- -  0 . 6 6 6 7  

- - 0 . 4 1 4 2  

- - 0 . 4 2 1 5  

- - 0 . 2 5 2 7  

- - 0 . 2 5 8 3  

- - 0 . 1 1 0 3  

- - 0 . 1 1 1 1  

- -  0 . 0 2 3 7  

- -  0 . 0 2 2 9  

- - 0 . 0 0 6 3  

- -  0 . 0 0 6 0  

4 

- -  0 . 2 6 0 7  

- - 0 . 2 6 0 9  

- - 0 . 2 4 6 9  

- - 0 . 2 4 6 9  

- -  0 . 2 0 6 7  

- - 0 . 2 0 5 3  

- - 0 " 1 7 5 4  

- - 0 " 1 7 3 9  

- - 0 . 1 5 5 2  

- -0 -1544  

- - 0 . 1 3 3 3  

- - 0 . t 3 3 3  

- - 0 . 1 1 1 4  

- - 0 . 1 1 2 2  

- - 0 . 0 9 1 2  

- - 0 . 0 9 2 7  

- - 0 - 0 5 9 9  

- - 0 . 0 6 1 3  

- - 0 . 0 1 9 7  

- - 0 . 0 1 9 7  

- - 0 0 . 0 5 9  

- - 0 . 0 0 5 7  

- - 0 . 1 0 8 7  

- - 0 . 1 0 8 8  

- -  0 . 0 9 8 7  

- -  0 . 0 9 8 5  

- -  0 . 0 7 9 6  

- - 0 . 0 7 8 9  

- - 0 . 0 6 9 1  

- -  0 . 0 6 8 7  

- - 0 . 0 6 3 2  

- - 0 . 0 6 3 0  

- -  0 . 0 5 7 1  

- -  0 . 0 5 7 1  

- -  0 . 0 5 1 0  

- - 0 . 0 5 1 2  

- - 0 - 0 4 5 1  

- - 0 - 0 4 5 5  

- - 0 . 0 3 4 6  

- - 0 . 0 3 5 3  

- - 0 . 0 1 5 5  

- - 0 . 0 1 5 7  

- -0 .0055  

- - 0 . 0 0 5 4  

10 

- -  0 . 0 3 6 0  

- - 0 . 0 3 6 0  

- - 0 . 0 3 1 0  

- - 0 . 0 3 0 7  

- -  0.0251 

- - 0 . 0 2 5 0  

- - 0 " 0 2 2 7  

- - 0 - 0 2 2 6  

- - 0 - 0 2 1 6  

- - 0 " 0 2 1 6  

- - 0 . 0 2 0 2  

- -  0 . 0 2 0 2  

- -  0 . 0 1 8 8  

- - 0 . 0 1 8 8  

- - 0 . 0 1 7 7  

- - 0 . 0 1 7 8  

- - 0 . 0 1 5 3  

- - 0 . 0 1 5 4  

-- 0.0094 

- - 0 . 0 0 9 7  

- - 0 . 0 0 4 4  

- - 0 . 0 0 4 4  

20 

- -  0 . 0 0 7 6  

- -  0 . 0 0 7 6  

-- 0 . 0 0 6 5  

- - 0 . 0 0 6 5  

- - 0 . 0 0 5 6  

- - 0 . 0 0 5 6  

- - 0 . 0 0 5 3  

- - 0 . 0 0 5 3  

- -0-0051 

- -0 -0049  

- - 0 . 0 0 5 0  

- - 0 . 0 0 5 0  

- - 0 . 0 0 4 9  

-- 0'0051 

- - 0 . 0 0 4 7  

- - 0 - 0 0 4 7  

- - 0 . 0 0 4 4  

- -  0 . 0 0 4 4  

- -  0 . 0 0 3 5  

- -  0 . 0 0 3 5  

-- 0.0024 

- - 0 . 0 0 2 4  

40 

- - 0 . 0 0 1 6  

- - 0 . 0 0 1 5  

-- 0 . 0 0 1 4  

- - 0 . 0 0 1 4  

- -  0 , 0 0 1 4  

- -  0 . 0 0 1 3  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 6  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 2  

-- 0 . 0 0 1 2  

- - 0 . 0 0 0 8  

- -  0 . 0 0 1 2  

- - 0 . 0 0 1 2  

- - 0 - 0 0 1 2  

- - 0 . 0 0 1 0  

- -  0 . 0 0 1 1  

- -  0 . 0 0 1 0  

- - 0 . 0 0 1 0  

- - 0 . 0 0 0 8  

- - 0 . 0 0 0 9  

D o w n -  
w a s h  

4uwg 

4nwF 

4uw~ 

4~W F 

4 z w  E 

4zwp 

4 ~ w  E 

4zwF 

4~w E 

4~w~ 

4 ~ w  E 

4~WF 

4~w E 

4~WF 

4~w E 

4~W F 

4nwz 

4 ~ w  F 

4 ~ w  E 

4~wF 

4 ~  E 

4nwF 

4 9  



M = 0 . 8  

T A B L E  1--continued 

Values of 4~wE and 4~w~ 

yo 

20 

10 

0 -5  

0 

- - 0 . 5  

- - 1  

- - 2  

4 .0036  

4-0019  

4 .0146  

4 .0081 

4 .0880  

4-057'1 

4 .3324  

4 .2627  

5 .1242  

5.0411 

2 

2 

- -  1.1242  

- -  1.0411 

- - 0 . 3 3 2 4  

- - 0 - 2 6 2 7  

- -  0 .0880  

- - 0 . 0 5 7 1  

- -  1"3298 

- -  1-3312 

- -  1"3197 

- -  1.3232  

- -  1 .2623 

- -  1"2608 

- -  1.1465 

- -  1.1235 

--0"9834 

--0.9487 

- - 0 - 6 6 6 7  

- - 0 . 6 6 6 7  

- - 0 . 3 5 0 0  

- - 0 . 3 8 4 7  

- - 0 - 1 8 6 9  

- - 0 - 2 0 9 9  

- - 0 . 0 7 1 1  

- -  0 .0726  

- - 5  - - 0 - 0 1 4 6  

- - 0 . 0 0 8 1  

- - 1 0  - - 0 . 0 0 3 6  

- - 0 - 0 0 1 9  

- - 0 " 0 1 3 7  

- -  0"0102 

- - 0 . 0 0 3 6  

- - 0 . 0 0 2 2  

--0-2632 

- - 0 . 2 6 4 1  

- - 0 . 2 5 4 3  

- - 0 . 2 5 4 6  

- - 0 - 2 2 1 2  

- - 0 - 2 1 5 0  

- - 0 . 1 8 7 2  

- - 0 . 1 8 0 3  

- -  0 .1621 

- -  0-1579 

- - 0 . 1 3 3 3  

--0"1333 

- - 0 " 1 0 4 5  

- -  0 .1087  

- - 0 - 0 7 9 4  

-- 0 .0863  

-- 0 .0454  

- - 0 . 0 5 1 6  

- - 0 . 0 1 2 3  

- -  0 .0120  

- - 0 - 0 0 3 4  

- - 0 . 0 0 2 5  

- - 0 . 1 1 0 9  

- - 0 . 1 1 1 3  

- - 0 . 1 0 3 9  

- -  0 . 1 0 2 8  

- - 0 - 0 8 5 4  

- - 0 . 0 8 2 2  

- -  0 .0728  

- - 0 " 0 7 0 5  

- - 0 . 0 6 5 2  

- - 0 . 0 6 3 9  

- - 0 - 0 5 7 1  

- - 0 . 0 5 7 1  

- -  0 .0490  

- -  0.0503  

- - 0 - 0 4 1 4  

-- 0-0437 

- - 0 . 0 2 8 8  

- - 0 - 0 3 2 0  

- -  0 .0103  

- - 0 . 0 1 1 4  

- - 0 . 0 0 3 3  

- -  0 .0029  

10 

- - 0 . 0 3 7 5  

- - 0 . 0 3 7 4  

- -  0 .0332  

- -  0 .0322  

--0.0266 

--0.0258 

--0.0235 

-- 0.0230 

- -  0 .0219  

- - 0 " 0 2 1 8  

- -  0 - 0 2 0 2  

- - 0 . 0 2 0 2  

20 

- - 0 . 0 0 8 2  

- - 0 . 0 0 8 0  

- - 0 . 0 0 6 9  

- - 0 . 0 0 6 7  

- - 0 . 0 0 5 8  

- - 0 . 0 0 5 7  

- - 0 . 0 0 5 4  

- - 0 . 0 0 5 3  

- - 0 . 0 0 5 2  

- -  0 .0050  

- - 0 . 0 0 5 0  

- - 0 . 0 0 5 0  

40 

- -  0"0017 

- - 0 - 0 0 1 6  

- - 0 . 0 0 1 4  

- - 0 . 0 0 1 4  

- -  0 - 0 0 1 3  

- - 0 - 1 0 0 3  

- -  0 .0013  

- - 0 . 0 0 1 3  

- -  0 .0014  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 2  

- - 0 - 0 0 1 2  

- - 0 . 0 1 8 5  

- - 0 . 0 1 8 6  

- - 0 . 0 1 6 9  

- - 0 " 0 1 7 4  

--0.0138 

- - 0 - 0 1 4 6  

- -  0 .0072  

-- 0 .0082  

- - 0 . 0 0 2 9  

- -  0 .0030  

- - 0 . 0 0 4 8  

- -  0 .0050  

- - 0 . 0 0 4 6  

- -  0 .0047  

- -  0.0042 

--0-0043 

- -  0 .0031 

- -  0"0033 

- - 0 . 0 0 1 8  

- - 0 . 0 0 2 0  

- -  0 .0010  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 1  

- - 0 . 0 0 1 1  

- -  0.0011 

- - 0 - 0 0 1 1  

- - 0 . 0 0 1 0  

- -  0 .0010  

- - 0 . 0 0 0 7  

- - 0 . 0 0 0 8  

Dowi1-  
w a s h  

4~w E 

4~wF 

4~wE 

4~wF 

4=WE 

4zWF 

4~w E 

4uwF 

4~WE 

4uwF 

4=WE 

4nWp 

4~wE 

4~wF 

4nWE 

4~W F 

4~w E 

4~w F 

4~w E 

4~wr 

4 ~TAP E 

4~wF 

5 0  



M = 0 . 9  

TABLE 1--continued 

Values of 4z~wz and 4~WF 

yo 

-%'0 

10 

5 

2 

0-5 

- - 0 . 5  

- - 1  

- - 2  

- - 5  

- - 1 0  

4.0018 

3"9987 

4.0075 

3.9952 

4.0470 

3"9837 

4-1817 

4-0306 

4.6534 

4.4539 

- - 0 . 6 5 3 4  

- - 0 . 4 5 3 9  

- -  0.1817 

- - 0 . 0 3 0 6  

- - 0 . 0 4 7 0  

+ 0 " 0 1 6 3  

- - 0 - 0 0 7 5  

+ 0 . 0 0 4 8  

- - 0 . 0 0 1 8  

+ 0 . 0 0 1 3  

- -  1"3314 

- -  1"3343 

- -  1.3260 

- -  1.3336 

- -  1"2920 

- -  1-2924 

- -  1 ,2088  

- -  1.1631 

- -  1.0600 

- - 0 . 9 7 8 9  

- - 0 . 6 6 6 7  

- - 0 . 6 6 6 7  

- -  0.2734 

- - 0 " 3 5 4 5  

- -  0 . t246  

- -  0.1703 

- - 0 - 0 4 1 4  

- - 0 - 0 4 1 0  

- - 0 . 0 0 7 4  

+ 0 . 0 0 0 2  

- - 0 . 0 0 2 0  

+ 0.0009 

- - 0 . 2 6 4 7  

- -  0.2667 

- - 0 . 2 5 9 6  

- - 0 . 2 6 0 9  

- - 0 . 2 3 5 7  

- -  0.2229 

- - 0 . 2 0 2 4  

- - 0 - 1 8 5 6  

- - 0 . 1 7 2 3  

- -  0.1607 

- - 0 . 1 3 3 3  

- - 0 . 1 3 3 3  

- - 0 . 0 9 4 3  

- -  0.1059 

- -  0.0642 

- - 0 " 0 8 1 0  

- - 0 - 0 3 0 9  

- - 0 . 0 4 3 7  

- - 0 . 0 0 7 0  

- - 0 . 0 0 5 7  

- -  0.0019 

+ 0-0001 

- - 0 . 1 1 2 4  

- -  0.1134 

- - 0 . 1 0 7 9  

- - 0 . 1 0 6 2  

- - 0 - 0 9 2 3  

- - 0 . 0 8 4 9  

- - 0 . 0 7 8 0  

- - 0 - 0 7 2 1  

- - 0 . 0 6 8 1  

- -  0 .0647  

- -  0.0571 

- - 0 . 0 5 7 1  

- - 0 . 0 4 6 1  

- -  0.0495 

- - 0 . 0 3 6 2  

- - 0 . 0 4 2 1  

- - 0 - 0 2 1 9  

- - 0 . 0 2 9 3  

- -  0.0063 

- - 0 . 0 0 8 0  

- - 0 . 0 0 1 8  

- - 0 . 0 0 0 8  

10 

- - 0 . 0 3 8 7  

- -  0.0385 

- - 0 . 0 3 5 5  

- -  0.0334 

- - 0 , 0 2 8 7  

- - 0 . 0 2 6 4  

- - 0 - 0 2 4 7  

- - 0 . 0 2 3 3  

- - 0 . 0 2 2 5  

- -  0 . 0 2 1 9  

- - 0 . 0 2 0 2  

- - 0 . 0 2 0 2  

- - 0 . 0 1 7 9  

- -  0.0185 

- - 0 ~ 0 1 5 7  

- - 0 - 0 1 7 1  

- - 0 " 0 1 1 7  

- - 0 . 0 1 4 0  

- -  0.0049 

- -  0.0070 

- - 0 . 0 0 1 7  

- - 0 - 0 0 1 9  

20 

- - 0 - 0 0 8 8  

- -  0-0082 

- -  0.0075 

- -  0.0069 

- - 0 . 0 0 6 1  

- - 0 . 0 0 5 8  

- - 0 - 0 0 5 5  

- - 0 . 0 0 5 4  

- - 0 . 0 0 5 3  

- - 0 - 0 0 5 1  

- - 0 : 0 0 5 0  

- - 0 . 0 0 5 0  

- -  0 .0047  

- - 0 - 0 0 4 9  

- - 0 . 0 0 4 5  

- - 0 . 0 0 4 6  

- -  0-0039 

- ~ 0 . 0 0 4 2  

- -  0 .0025  

- -  0-0031 

- - 0 - 0 0 1 2  

- - 0 - 0 0 1 8  

40 

- - 0 . 0 0 1 8  

- - 0 : 0 0 1 6  

- -  0.0015 

- -  0.0014 

- - 0 2 0 0 1 3  

- - 0 . 0 0 1 3  

--0.0012 

- - 0 . 0 0 1 3  

- - 0 - 0 0 1 3  

-- 0.0012 

--0.0012 

--0.0012 

--0.0011 

--0-0012 

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 1  

- - 0 . 0 0 1 1  

- -  0.0011 

- - 0 , 0 0 0 9  

- - 0 . 0 0 1 0  

- - 0 - 0 0 0 6  

- - 0 . 0 0 0 8  

D o w n -  
wash 

4zwE 

4~WF 

4~wE 

4nWF 

4 g w  E 

4nWF 

4~WE 

4nWF 

4~WE 

4~WF 

4~wE 

4~WF 

4~WE 

4nWF 

4~WE 

4~WF 

4~wE 

4~WF 

4zwE 

4~wF 

4awe 

; 4~WF 
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M = 0 . 9 5  

T A B L E  1--continued 

Values of 4~wE and 4nwF 

yo 

Xo 

10 

0 . 5  

- - 0 . 5  

- - 2  

- - 5  

10 

4 . 0 0 0 9  

3 . 9 9 6 2  

4 " 0 0 3 8  

3 " 9 8 5 5  

4 " 0 2 4 2  

3 . 9 2 8 4  

4 " 0 9 5 3  

3 " 8 5 5 8  

:~ 4 - 3 5 8 0  

. 4 . 0 1 1 6  

2 

: 2 

0 . 3 5 8 0  

- -  0 . 0 1 1 6  

' 0 . 0 9 5 3  

4 - 0 " 1 4 4 2  

- - 0 . 0 2 4 2  

+ 0 . 0 7 1 6  

- - " 0 - 0 0 3 8  

+ 0 . 0 1 4 5  

- - 0 . 0 0 0 9  

+ 0 . 0 0 3 8  

- -  1 . 3 3 2 4  

- -  1 . 3 3 6 6  

- - - 1 . 3 2 9 5  

- -  1 . 3 4 1 5  

- -  1"3107 

- -  1 .3161  

- -  1 . 2 5 7 7  

- -  1 . 1 9 3 0  

- -  1-1378  

- -  1 . 0 0 1 7  

- - 0 . 6 6 6 7  

- - 0 . 6 6 6 7  

- - 0 . 1 9 5 6  

- - 0 . 3 3 1 7  

- -  0 "0757  

- - 0 . 1 4 0 4 . .  

- -  0 . 0 2 2 7  

- - 0 - 0 1 7 3  

- -  0 - 0 0 3 9  

+ 0 - 0 0 8 1  

- - 0 " 0 0 1 0  

+ 0 . 0 0 3 2  

- - 0 . 2 6 5 6  

- -  0 . 2 6 8 7  

- -  0 . 2 6 2 9  

- - 0 " 2 6 5 7  

- - 0 . 2 4 7 6  

- - 0 . 2 2 8 9  

- - 0 . 2 1 9 2  

- - 0 " 1 8 9 5  

- - 0 " 1 8 5 5  

- - 0 . 1 6 2 8  

- - 0 . 1 3 3 3  

- - 0 " 1 3 3 3  

- - '  0 . 0 8 1 1  

- - 0 . 1 0 3 8  

- - 0 . 0 4 7 4  

- - 0 . 0 7 7 1  

- - 0 - 0 1 9 0  

- -  9 - 0 3 7 7  

- - 0 - 0 0 3 7  

- - 0 " 0 0 0 9  

- -  0 . 0 0 1 0  

+ 0 . 0 0 2 1  

6 

- - 0 - 1 1 3 3  

- - 0 " 1 1 5 0  

- - 0 . 1 1 0 7  

- - 0 . 1 0 8 8  

- - 0 . 0 9 9 2  

- - 0 . 0 8 7 0  

- - 0 " 0 8 4 5  

- - 0 . 0 7 3 2  

- - 0 . 0 7 2 2  

- - 0 - 0 6 5 3  

- - 0 . 0 5 7 1  

- - 0 " 0 5 7 1  

- - 0 . 0 4 2 0  

- - 0 . 0 4 8 9  

- -  0 . 0 2 9 7  

- - 0 . 0 4 1 0  

- - 0 . 0 1 5 0  

- - 0 . 0 2 7 2  

- - 0 . 0 0 3 5  

- - 0 . 0 0 5 4  

- - 0 . 0 0 0 9  

+0.0008 

10 

- - 0 - 0 3 9 5  

- - 0 - 0 3 9 4  

- - 0 . 0 3 7 4  

- - 0 . 0 3 4 3  

- -  0 . 0 3 1 2  

- -  0 . 0 2 6 8  

- -  0 . 0 2 6 4  

- - 0 . 0 2 3 6  

- - 0 . 0 2 3 5  

- -  0 - 0 2 2 0  

- - 0 . 0 2 0 2  

- - 0 : 0 2 0 2  

- - 0 ' 0 1 6 9  

- -  0 . 0 1 8 4  

0 . 0 1 4 0  

- - 0 . 0 1 6 8  

- - 0 - 0 0 9 2  

- - 0 - 0 1 3 6  

- - 0 - 0 0 3 0  

- - 0 - 0 0 6 1  

- - 0 . 0 0 0 9  

- - 0 . 0 0 1 0  

20 

- - 0 . 0 0 9 2  

- - 0 . 0 0 8 5  

- - 0 . 0 0 8 1  

- - 0 . 0 0 7 0  

- -  0 . 0 0 6 3  

- - 0 . 0 0 5 9  

- - - 0 - 0 0 5 8  

- - 0 - 0 0 5 4  

- -  0 . 0 0 5 4  

- - 0 - 0 0 5 1  

--0.0050 

- - 0 . 0 0 5 0  

- - 0 . 0 0 4 6  

- - 0 . 0 0 4 9  

- -  0 . 0 0 4 2  

0 . 0 0 4 6  

- -  0 . 0 0 3 7  

- - 0 " 0 0 4 1  

- - 0 - 0 0 1 9  

- - 0 " 0 0 3 0  

- - 0 . 0 0 0 8  

- - 0 - 0 0 1 5  

40 

--0.0019 

--0-0017 

- - 0 . 0 0 1 6  

- - 0 . 0 0 1 5  

- - 0 . 0 0 1 4  

- -  0 . 0 0 1 3  

- -  0 "0013  

- -  0 "0013  

- - 0 . 0 0 1 3  

- - 0 . 0 0 1 2  

- - 0 - 0 0 1 2  

- - 0 . 0 0 1 2  

- - 0 . 0 0 1 1  

- -  0 ' 0 0 1 2  

- - 0 . 0 0 1 1  

- -  0 . 0 0 1 1  

- -  0 . 0 0 1 0  

- -  0 " 0 0 1 1  

-- 0.0008 

-- 0.0009 

- -  0 . 0 0 0 5  

- - 0 . 0 0 0 7  

Down- 
w a s h  

4nWE 

4=WF 

4zw E 

4nwF 

4~w E 

4=wF 

4~w E 

4~w F 

4~WE 

4=WF 

4~W E 

4nWF 

4nWE 

4nWF 

4nw E 

4nw F 

4~w E 

4=w~. 

4=wE 

4nw F 

4~w E 

4nWF 

5 2  



M = I  

TABLE 1---continued 

Values of 4~wE and 4=wF 

4z~ WE 

yo 

Xo 

> 0  

= 0  

< 0  

- -  1"3334 

- -  0"6667  

0 

- - 0 . 2 6 6 6  

- - 0 - 1 3 3 3  

0 

I 

6 

- - 0 . 1 1 4 2  

- - 0 - 0 5 7 1  

0 

10 

- - 0 . 0 4 0 4  

- - 0 . 0 2 0 2  

0 

20 

- - 0 . 0 1 0 0  

- - 0 - 0 0 5 0  

0 

40 

- -  0 . 0 0 2 4  

- - 0 . 0 0 1 2  

0 

4uwF 

yo 0 
XO 

10 3 - 9 9 0 0  

5 3 - 9 6 1 0  

2 3 . 7 8 8 8  

1 3 . 4 1 4 2  

O" 5 2 . 8 9 4 4  

0 2 

- -  0 . 5  1 -1056  

- -  1 O. 5858 

- -  2 0 . 2 1 1 2  

- -  5 O. 0390 

- -  10 0"0100  

- -  1-3425  

- -  1 . 3 6 1 4  

- -  1 . 3 7 6 2  

- -  1 . 2 6 8 4  

- -  1 .0591  

- - 0 - 6 6 6 7  

- - 0 - 2 7 4 3  

- - 0 - 0 6 5 0  

+ 0 . 0 4 2 8  

0 - 0 2 8 0  

0-0091  

4 

- - 0 . 2 7 3 7  

- - 0 . 2 7 7 7  

- - 0 . 2 4 3 9  

- -  0 . 1 9 9 5  

- - 0 - 1 6 8 2  

- -  0 - 1 3 3 3  

- - 0 - 0 9 8 4  

- - 0 - 0 6 7 1  

- - 0 - 0 2 2 7  

+ 0 . 0 1 1 1  

0-0071  

- - 0 . 1 1 8 9  

- - 0 . 1 1 5 5  

- - 0 . 0 9 2 1  

- - 0 . 0 7 6 1  

- -  0 . 0 6 6 8  

- -  0 .0571  

- -  0 - 0 4 7 4  

- - 0 - 0 3 8 1  

- - 0 - 0 2 2 1  

+ 0 - 0 0 t 3  

0 : 0 0 4 7  

10 

- 0 . 0 4 1 6  

- 0 . 0 3 6 5  

- - 0 . 0 2 8 0  

- -  0 . 0 2 4 2  

- - 0 . 0 2 2 2  

- - 0 . 0 2 0 2  

- - 0 . 0 1 8 2  

- - 0 . 0 1 6 2  

- - 0 . 0 1 2 4  

- - 0 . 0 0 3 9  

+ 0 . 0 0 1 2  

20 

- -  0 . 0 0 9 0  

- - 0 . 0 0 7 4  

- -  0 - 0 0 6 0  

- -  0 . 0 0 5 5  

- - 0 . 0 0 5 3  

- - 0 . 0 0 5 0  

- -  0 - 0 0 4 7  

- - 0 - 0 0 4 5  

- - 0 - 0 0 4 0  

- - 0 . 0 0 2 6  

- -  0 . 0 0 1 0  

40 

- -  0 . 0 0 1 8  

- -  0 . 0 0 1 5  

- - 0 . 0 0 1 3  

- - 0 - 0 0 1 3  

- - 0 - 0 0 1 2  

- - 0 - 0 0 1 2  

- - 0 - 0 0 1 2  

- -  0 .0011  

- - 0 " 0 0 1 1  

- - 0 . 0 0 0 9  

- - 0 . 0 0 0 6  
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