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Summary.--The potential flow, both with and without circulation, around several thin aeroplane wings has been 
studied by means of a three-dimensional potential analyser. It  is shown that, by using the normal assumptions made 
in the exercise of the linear perturbation theory, it is possible to obtain the pressure distribution for small angles Of 
incidence, as well as the slope of the lift-incidence curve, easily and rapidly. 

Experiments are also described in which it was attempted to remove the effect of boundary restraint in a manner 
analogous to that used in a flexible-walled wind tunnel. 

Suggestions are made for producing a potential analyser of increased scope together with the possibility of extending 
the work to curved and twisted thin wings. 

1. I~troduction.--An approximation to the pressure distribution over an aerofoil surface of 
high aspect ratio, moving at a low subsonic uniform yelocity, has been satisfactorily computed 
by the use of lifting-line theory. After the pressure distribution has been determined tile lift, 
pitching moment and other aerodynamic properties may be easily calculated. 

The problem of the determination of the pressure distribution over low aspect ratio swept 
and unswept plan forms, presents considerable difficulty when using analytical methods based 
on lifting-surface theory ; this report describes the use of a three-dimensional electrical potential 
analyser for the solution of problems of this nature. 

The method consists, basically, of using an electrical analogy whereby the electrical potential, 
in an appropriately set up pure resistance network, represents the velocity potential of the 
disturbed flow in the vicinity of the aerofoil surface. Pressure can be calculated from the velocity 
potentials; the calculation of other aerodynamic properties follows in the normal manner. 
I t  must be emphasised that this method only provides a potential flow solution, although with 
circulation, for thin plates at small angles of attack. 

Two electrical analogies for the pressure distribution on a lifting surface have been discussed 
by CampbelP ; the first analogy he mentions is that used in this report, in his proposed second 
analogy electrical potentials represent the acceleration potentials of the fluid flow. Campbell's 
proposal is to apply the analogy using a deep electrolytic tank. The acceleration potential 
analogy is useful for cases in which it is desired to calculate quantities such as control hinge 
moments. 

Malavard and Duquenne ", using the velocity potential analogy, have recently studied lifting 
surfaces by means of an electrolytic tank. They considered that the velocity potential analogy 
is preferable to the acceleration potential analogy, advocated by Campbell, except for very 
special cases. 

*Boulton Paul Aircraft Ltd.Tech. ReportNo.  101, received 17th March, 1953. 
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The electrolytic tank possesses an advantage over an electrical network because it provides a 
direct analogy to a continuous solution, whereas a network will only provide an analogy to the 
finite difference form of the appropriate differential equation, it only being possible to take 
readings at the discrete points provided by the nodal points of the net. Nevertheless, the electro- 
lytic tank presents considerable experimental difficulty; for that  reason an electrical network 
in the form of a three-dimensional potential analyser, which is extremely simple to operate, 
was chosen for the present investigation. 

This report incorporates the work of two previous unpublished reports on the same subjecP ,4. 

. 

x, y, z 

List of Symbols. 

Cartesian co-ordinates referred to right-hand ortho~onal axes. The origin 0 
is taken at the centre of the bottom edge Ox of the master tier of the analyser ; 
the faces y ---- 0 and z ----- 0 are used as reflecting surfaces, while y = )I and 
x = 4- 2 are referred to as walls and z = 2 as the end of the analyser ; 
z = 0 is referred to as the master tier 

• Cartesian co-ordinates obtained by all affine transformation from co-ordinates 
;g, y ,  Z 

x, ~ Two orthogonal co-ordinates such that  x represents the distance of a point 
from the plane of a disc and ~o the radial distance of that  point from the axis 
of the disc. 
Polar co-ordinates 
Radius 
Velocities along the x, y and z-axes respectively 
Perturbation velocities along the x, y and z-axes respectively 
Velocity potential 
Perturbation potential, also electrical potential 
Stream function 
Mach number 
Fluid pressure 
Fluid pressure in undisturbed stream 
Excess pressure defined by Ap =P--Po 
Fluid density, also specific resistivity 
Dynamic pressure 
Lift coefficient 
Angle of incidence 
Wing area 
Total current from source 
Current density 
Distance between equal source and sink 

Strength of doublet, i.e., limit of IL as I -+ oo and L--+ 0 in such a manner 
that  their product remains finite 

n Unit normal vector 

ds Element of area 
R Electrical resistance 

Q A non-dimensional quanti ty defined in the text. 

X , Y , Z  

r,O 
C 

U , V , W  
U, Vj 

M 

Po 

p 
q 

CL 

A 
Z 

i 
L 

D 
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3. Aerodynamic Theory.--3.1. Two-dimensional Fields of Flow.--The assumptions made with 
regard to the two-dimensional potential flow of an incompressible fluid are that  it possesses 
no vor t ic i ty  and no viscosity. As a consequence of the absence of vorticity, the flow may be 
described by means of a velocity potential  function ~ such that  the velocity is equal to the 
gradient of $. Due to the condition of continuity there also exists a stream function ~ whose 
gradient gives the mass flow per unit length at right-angles to the flow. Provided the motion 
is irrotational, a velocity potential exists whether the fluid is compressible or incompressible. 
The stream function exists only when compressibility is negligible, irrespective of whether the 
motion is rotationM or irrotational. 

Two electrical analogies, devised by Taylor and Sharman 5, exist for the solution of problems 
concerning two-dimensional fields of flow. 

3.2. Three-dimensional Fields of Flow.--For three-dimensional fields of flow the velocity 
potential $ still satisfies Laplace's equation and is analogous to the electrical potential for the 
steady flow of electricity through a block of conducting material. The stream function ~ at 
a given point is no longer defined except in the special case of axisymmetrical flow. The reason 
for this being that  a point specifies a certain streamline ; in the two-dimensional case this line 
is sufficient to divide the flow into regions, whereas in the three-dimensional case a surface is 
required. For axially symmetrical flow the surface formed by the revolution of the streamline 
about the axis of symmetry can be used ; as might be expected, even here ~ is no longer a solution 
of Laplace's equation and although streamlines are still normal to equipotential surfaces there 
is no form of analogy corresponding to the second analogy of Taylor and Sharman. 

3.3. Linear Perturbation Theory.--With certain limitations the linear perturbation theory 
considerably simplifies the analysis of certain cases of potential flow. 

If we place an aerofoil in a uniform stream moving with a velocity U parallel to the x-axis, 
say, the motion will be perturbed and the velocity potential will become 

Ux + ¢ ( x ,  y ,  z) . . . . . . . . . . . . . . . .  (1) 

so tha t  $ is the perturbation potential. 

The velocity at any point which was formerly (-- U, O, 0), now becomes (-- U + u, v, w). 
The perturbation is said to be linear if u/U, v/U and w/U are small quantities of the first order 
whose squares and products are negligible. No limitation is imposed on U which may be either 
large or small. The approximation fails near a stagnation point where - - U  +u-----0 so that  
u /U= 1. 

Therefore the assumptions made in the exercise of the linearised theory are : - -  

(a) The aerofoil is represented by an infinitely thin plate 

(b) The  camber of the aerofoil must be small 

(c) Only small angles of incidence may be considered 

(d) The vortex lines at the rear of the aerofoil surface remain in the same plane as the 
aerofoil surface and run immediately aft. 

An aerofoil defined by these limiting assumptions is suitable for high speeds and therefore 
in this case the linear theory will give satisfactory results. 
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The Prandtl-Glauert equation, satisfied by the perturbation potential is 

~¢ ~s¢ ~ ¢ - 0  ( 1 - - M  S) ~ + 3y--~ + ~z s . . . . . . . . . . . .  (2) 

where M is the Maeh number of the undisturbed flow. 

GlauerP and PrandtF have shown that,  at subsonic speeds, a distribution of potential satisfying 
Laplace's equation will also satisfy the linearised compressible-flow equation (equation (2)) 
if the distribution ¢ ( x , y ,  z) is foreshortened along' the direction of motion by the affine 
transformation 

X 

X - - v / ( l _ M S )  , Y = y ,  Z = z . . . . . . . . . . . . .  (3) 

Using (3) equation (2) transforms to 

~¢ ~s¢ ~2¢ _ 0 . .  bX ~ + ~-~ + OZ s . . . . . . . . . . . .  (4) 

which:is Laplace's equation. 

Thus, if we start  with a fictitious aerofoil longer in the x-direction than the true one and 
calculate the potential distribution for this aerofoil by methods applicable to incompressible 
flow, the correct dimensions and correct distribution of ¢ are obtained when the affine trans- 
format ion is applied ; the transformation is not conformal. As will be seen later, the Prandtl-  
Glauert method can be applied directly with great advantage to the experimental results obtained 
from the potential analyser. 

As the linearised theory only permits small angles of incidence to be considered and, for small 
angles of yaw, we may ignore the free-stream component velocities V and W in the y and z-axes 
respectively in comparison with the velocity U along the x-axis. Then if p is the pressure at any 
point and P0 is the pressure in the unperturbed stream we have, from Bernoulli 's theorem 

P + ~ p E ( -  u + u) s + v s + w s] = po + ½pu 2 . . . . . . . .  (s) 

and on the assumption that  u, v and w are so small that  their squares and products may be 
neglected, and defining the excess pressure as 

Ap = p --  P0 
and q ----- ½P US . . . . . . . . . . . . . . . . . .  (6) 

we have from (5) 
2u 

At) -~ -U q . . . . . . . . . . . . . . . . .  "" (7) 

The assumption that  as the perturbation velocities and the angle of incidence are small, so 
tha t  their squares and products may be neglected, fails at a stagnation point, for there u -~ U. 
This entails infinite pressure at the leading edge except for the ideal angle of at tack ". Campbell 
points out that  there is no trouble in the absence of discontinuity in the streamline direction at 
the leading edge, for in this case u ---- 0. Rounding the leading edge removes the infinite velocity 
except, of course, at the stagnation point. At a finite lift the stagnation point moves to the 
lower surface but  if the thickness, curvature and angle of incidence are diminished, the domain 
in which the error is considerable shortens to the immediate neighbourhood of the leading edge 9. 

The Joukowski condition that  the air speed at the trailing edge must be finite, has to be 
satisfied in order that  the flow of an ideal fluid may approximate to that  of a real fluid. This 
postulates tha t  the streamlines at the trailing edge of a thin aerofoil must  be continuous in 
direction with no infinite velocities. 



The incidence of the aerofoil is given by the ratio of the vertical velocity, in a region not 
affected by the wing, and the horizontal velocity thus 

W = - f f  . . . . . . . . . . . . . . . . . . .  (s) 

The pressure increment per radian of incidence is, from equations (7) and (8) 

Hence 

Ap 2u 
- -  W q . . . . . . . . . . . . . . . . . . .  (9) 

Aft 2u 
qo~ W"  

(10) 

Noting that  the pressure on the lower surface of the wing is equal and opposite to the pressure 
on the corresponding point of the upper surface, we have for the lift coefficient 

from which 

C L - - A  , do q d~ . . . . . . . . . . . . . .  (11) 

8 C L _  0 1J~'sffY 'C2A---P dx . . . . . . . . . . . . .  (12) 
q 

0 

4. The Electrical Analogy.--I f  we identify fluid flow with electrical flow we have a direct 
analogy in which the velocity potential is represented by an electrical potential. 

~¢ (13) Now as u = --  ~x . . . . . . . . . . . . . . . . . .  

and, at a point remote from the aerofoil 

W ~¢ - - - -  . . o • 

0Z ' 
(14) 

we may rewrite equation (10) as 

qoc  - 

where ¢ denotes either velocity or electrical potential. 
equations (13), (14) and (15) we have 

. . . . . . . .  (15)  

From equation (12), by the use of 

~CL 4 f f  
~o~ - -  A ~ ¢ / ~ z  (¢),=, dy . .  

- - S  

(16) 

since ¢ is zero at the leading edge. 
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The potential analyser will be fully described in the next section but, for the purpose of 
illustrating the analogy, it may be described here as consisting essentially of a cubical mesh of 
resistances so arranged that  there are ten square tiers placed one above the other, each ~tier 
having a mesh separation of 1/24 the side length. The analogy, can then be realised by : - -  

(a) Slitting the bottom tier in its own plane over an area corresponding in shape to the 
aerofoil considered 

(b) Short-circuiting the area surrounding the model and short-circuiting the whole of the 
top tier 

(c) Applying a known electrical potential between the short-circuited top tier and the short- 
circuited margin of the bottom tier. 

In practice the bottom tier is not actually slit because as the flow is applied normal to the 
model this tier may be considered as a plane of symmetry.  It  is, therefore, only necessary to 
double the value of the resistances over the area which represents the model. I t  will be observed 
tha t  this analogy is a three-dimensional form of the direct analogy of Taylor and Sharman. 

An alternative method of representing the velocity potential analogy when using an electro- 
lytic tank has been proposed by Campbell, who arranged that  constant currents should be fed 
into a number of electrodes representing the aerofoil surface, the short-circuited margin sur- 
rounding the aerofoil being set at zero potential. Thus a distribution of source-link doublets 
or dipoles is used to produce the perturbation velocity. 

Apart  from being an easier method to apply when an electrolytic tank is used, this method 
possesses the advantage tha t  twisted and cambered wings may be represented and 'flexible 
walls ' also may be more easily represented at the boundaries of the instrument. 

Although this  alternative method was not used in this investigation, there  is no inherent 
limitation in the design of the potential analyser which prevents this method being applied. 

If experiments concerning potentiM flow without circulation are made, boundary conditions 
present no difficulty but  special consideration must be given to practical cases which require 
flow with circulation. When flow with circulation is being investigated the Joukowski condition 
at the trailing edge has to be satisfied ; this may be realised by ensuring tha t  points immediately 
behind the trailing edge shall be at the same potential as corresponding points along the trailing 
edge. On the potential analyser this is effected by short-circuiting lines along the x-axis, and 
raising the potential of each individual line so that  its potential is the same as at the corresponding 
point on the trailing edge, one mesh separation away from it. We thus have in the wake, as 
is independent of x. 

Cw = ST.E. 

C $ )  = 0  . . . . . . . . . . . . . . . . . . .  (17) and ~x w 

The second of these conditions applying since the pressure, which is proportional to @$/Oxl 
vanishes on either side of the wake and is, of course, zero at the trailing edge. ~ must be con- 
tinuous at the trailing edge as any discontinuity would cause an infinite velocity there. 

5. Descriptio~¢ of Potential A~alyser.--The three-dimensional potential analyser, which was 
used for the experiments, has been previously fully described 1°. The instrument consists 
essentially of a cubical mesh of resistors arranged in nine main tiers with an auxiliary tier, 
each tier consisting of a square array of 25 × 25 points interconnected with resistors to form a 
square mesh. The nodal points on each tier were connected to the adjacent tiers through inter- 
tier resistors of the Same value as the tier resistors. The individual mesh resistances were provided 
by  special precision woven resistors having a tolerance of -_l: 1 per cent on a nominal resistance 
of 200 ohms. 
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Resistance elements were not assembled on the master tier but Post Office type terminals 
were used instead, these terminals being connected to the inter-tier resistors in the normal 
manner. Resistors, depending on the nature of the particular experiment in hand, were at tached 
to the terminals of the master tier as required. The resistors on the right-hand side and bottom 
edges of each tier were doubled in value, while the inter-tier resistors connecting the bottom 
right-hand corners of the tiers were quadrupled in value, thus providing ' selvedges ' for problems 
involving a field of single or double symmetry.  The reason for using the doubled resistors is tha t  
the net can be considered to be split at the plane of symmetry.  When resistance elements are 
added  to the master tier, which is a plane of symmetry,  they are also doubled in value. Figs. 1 
and 2 show front and rear views of the instrument. The analyser is capable of solving the three- 
dimensional finite difference form of Laplace's equation. 

6 .  Experimental Procedure.---6.1. Flow Normal to the Surface.--It was decided tha t  the first 
series of experiments should be concerned with the combined undisturbed and perturbed potential 
flows, without circulation, normal to the following four plan forms : - -  

(a) A circular lamina 

(b) A rectangular wing, constant chord, aspect ratio 6 

(c) A delta wing, 45-deg sweep, aspect ratio 4 

(d) A swept-back wing, 45-deg sweep, constant chord, aspect ratio 3. 

The setting-up procedure, alike for the four experiments, consisted of representing the plan- 
form of the model by  a resistance mesh on tile master tier, which normally had no tier resistors. 
As this tier coincides with a plane of symmetry,  the resistors used were double the value of the 
standard mesh resistors. The remaining area of the tier was short-circuited with heavy copper 
wire. 

As the circular lamina and the rectangular wing each possess two axes of symmetry  in plan- 
form, it was possible to set these forms up on the master tier so that  the axes of symmetry  
coincided with the mutual ly  perpendicular selvedges of the t i e r .  

With the other two forms only one axis of symmetry  existed and therefore one selvedge only 
could be used. All tile nodes on the auxiliary tier (tier 9), were short-circuited and a potential 
of one volt was maintained between this tier and the short-circuited portion of the master tier. 

A certain amount of importance is attached to the model size, the optimum size is the one 
having the largest number of points available for measurement while remaining unaffected 
by channel restraint due to the proximity of the boundary. The actual model sizes which were 
used are shown in Fig. 3. 

A potential of one volt was applied to the  analyser and the tiers were scanned by plugging in 
a probe at each socket in turn, the potentials being measured by  means of a Muirhead Type 
D.72A potentiometer. '  All readings were taken to the nearest millivolt, this being the limit 
of accuracy of the potentiometer. The electrical circuit which was used for the experiments 
is shown in Fig. 4. 

In the case of the circular lamina the boundary of the model cut through the square mesh 
and therefore resistors having a resistance value proportional to the reduced mesh arm were 
mounted on the master tier at the boundary of the model. This method of using a reduced 
resistance is analogous to the use of an irregular star in the relaxation process 11. 

A brief description of each experiment is given here in order to illustrate the technique 
employed. 
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6.1.1. The Circular lamina.--Two sizes of model were used having mesh separations of ~th 
and l ~ t h  of the diameter of the circle. This experiment provides the only possible example of 
axial symmetry  and a theoretical solution to the problem exists. 

Fig. 5 shows the results for t h e  coarse and fine nets respectively, this figure represents the 
variation of velocity potential with radius for the master tier and tiers one and two. 

The theoretical curves have been drawn by using the equation 

2 W -  Q + x tall -1 ~ . . . . . . . . . . . . . .  (18) ~ 

where Q = ~ / ~  [(x2+ ~'"-c")"+4c"x"~1/"-2 Ix" + o ~ " - c 2 ] }  .. . .  (19) 

x and co being two orthogonal co-ordinates such tha t  x represents the distance of a point from 
the plane of the disc and o~ the radial distance of this point from the axis of the disc, ¢ is the 
potential at point (x, co) for a flow velocity W normal to a disc of radius c. 

This expression has been derived directly from Lamb's theoretical work 12. 

I t  will be seen tha t  ac loser  approximation to the theoretical value is obtained when a finer 
mesh is used• Additional curves illustrate the improvement to the results which can be obtained 
by using Richardson's correction, which gives results approximating to the use of a still finer 
mesh 13. 

Using the relaxation technique the nodal residuals for the experiments were calculated~ 
the results show that  the discrepancy between the experimental and theoretical curves cannot 
be at tr ibuted to experimental errors, as essentially the same result would have been obtained 
from a relaxation calculation. The differences can probably be at tr ibuted to mesh size, the 
boundary of the model not coinciding with the net nodes as assumed. A discussion on the 
effective model size will be given in a later section. 

The times taken to s e t u p  the apparatus and p e r f o r m t h e  various experiments are given 
in Table 1. One semi-skilled person was employed throughout, with the assistance of an unskilled 
person during the reading and recording stage• 

TABLE 1 

Experiment 

Circle (3 unit radius) 

Circle (6 unit radius) 

Rectangular wing 

Delta wing . .  . 

Swept-back wing . 

Setting-up 
time 
hours 

4 

4 

• • . 4 

• 8 

• 8 

Reading and recording 

Semi-skilled 
hours 

20 

12 

24 

32 

28 

Unskilled 
hours 

20 

1 2  

24 

32 

28 

6.1.2. Rectangular wing, constant chord, aspect ratio 6.--Owing to its double axis of symmetry  
it was only necessary to set up a quarter of the rectangular wing, thus allowing a model of 
enhanced size to be used. The results call for no particular comment. 



6.1.3. Delta wing, 45-deg sweep, aspect ratio 4.- - In  the case of the delta wing only one axis 
of symmetry exists and only one selvedge of the board could be used. The model which was 
used for this experiment was about the largest which could have been selected, as an examination 
of the results showed that there was a slight amount of channel restraint as evidenced by the 
readings in t h e  region of the tier edges: 

6.1.4. Swept-back wing, 45-deg sweep, constant chord, aspect ratio 3.--The swept-back wing 
a n d  delta experiments were very similar; only one axis of symmetry could be used and the 
model size was approximately the same. The accuracy of the readings was comparable with 
those obtained from the other experiments. 

6.2. Flow Normal to the Surface using the Flexible-Wall Analogy.--In the experiments described 
in the foregoing section, the model size for the analyser was influenced by two opposing con- 
siderations ; the model had to be sufficiently large to enable a reasonably fine mesh to be used, 
and yet not so large as to give rise to undue channel interference. 

The use of a graded net with a mesh which is fine near the model growing coarser further 
away, would be  one method by which this problem could be attacked 14,15. 

An alternative method would be to start with a very small model,  observe the boundary 
potentials and use these for a larger model. This method would not be very reliable as, with the 
coarse mesh necessitated by a small model, the model size becomes uncertain and the model 
boundary might not be correctly interpreted as ending a t  the net nodal points. 

In the tests which are described in this report, and which have previously been reported by 
Bruce 4, a correction was introduced to offset the effect of what might be termed channel inter- 
ference. This correction was not obtained by coarsening the mesh at a point remote from the 
model, but by calculating the boundary conditions for a finite net which give the same distri- 
bution of potential for a particular model, a doublet, as if it were immersed in an infinite net ; 
the correction, which is reasonably independent of small changes in the model, was suggested 
by Mr. K. V. Diprose of the Royal Aircraft Establishment, and is analogous to the use of a 
slotted wind tunneP 8. 

This section of the report is not concerned with circulation and therefore the analogy between 
the electrical and fluid flow problems is complete. It has been found convenient to treat the 
present problem in electrical terms. 

6.2.1. Theory of analogy to flexible-walled tunnel.--The case of.a doublet immersed in a uniform 
infinite conducting medium is considered ; the current flow normal to, and the potential distri- 
but ion over the walls of a cube containing the model being calculated. The conditions within 
the cube are unaltered if boundary resistors are used instead of the further medium, providing 
that  these resistors give the right ratio of potential to normal current. 

The potential distribution at a distance r from an isolated source is found as follows : - -  

pi = -- grad ¢ 

div i = 0, 

fl d s = I ,  • . . . . . . . . . . . . . . . . .  (20) 

I 
hence i : - -  

4~r ~ 

pI 
and ¢ ---: 4~r . . . . . . . .  . . . . . . . . . .  (21) 



The potent ia l  dis t r ibut ion due to a doublet  s t rength  D, see Fig. 6, is thus 

4) = p D cos 0 
4 z ~ r ~  . . . . . . . . . . . .  (22) 

The  value of the  wall correction b o u n d a r y  resistors m a y  be found from the  rat io of the  
potent ia l  to the  normal  potent ia l  gradient  at  the  appropr ia te  point,  the  potent ia l  gradient  
represent ing the densi ty  of the  ou tward  flowing current .  Consider a rec tangular  wind  tunne l  
wi th  a flat plate  normal  to the  current  flow and take  the  origin 0 in the plate  wi th  r igh t -hand  
or thogonal  axes Ox, Oy, Oz, such tha t  Oz is the axis of the doublet ,  t ha t  is to say Oz is normal  
to the  plate. Let  the  radius vector  from the origin 0 to some point  on the  tunne l  wall  be r and  
let the  un i t  vector  normal  to the  wall  at  this point  be n, then  the  densi ty  of cur rent  flow normal  
to the wall is 

n grad 4) 
p 

(23) 

where  the components  of grad  4) are 

3¢ 2¢ 3r 34) 30 
2x = 3-; + e t c . . .  (24) 

N o w ,  

Therefore 

and  

while 

and  

4' ---- pD cos 0 . . . . . . . .  (25) 
4~r 2 . . . . . . . .  

34) p D cos 0 
3r 2~r ~ 

3¢ p D sin 0 
30 
~2 

t an  2 0 

4~r ~ 

= x ~ + y~ + z ~ 

x ~ + y~ 
Z 2 

(26) 

(27) 

Hence  
34) 
3x 

34) 

- - p D  Fcos0 x sinO 
2~ " L r-~ " -  r + 2r  i " -  

- -  3 p D x  cos 0 

4ur , •. 

.x ] 
z 2 t a n 0  sec ~ 0 

(28) 

Similarly, 

and  

2y 

24) 
3z 

3pDy  cos 0 

4~r 4 

- -  2 z r ,  c o s  0 - -  r 

pD 
= - -  2zc# Ez~ - -  x2 - -  9 ] "  I 4q Q 6 . .  (29) 

For  a tunne l  wall parallel  to Oyz the  components  of n are (1, 0, 0) hence 

3 p D x  cos 0 
pi - -  4~r4 

and  4) r~ 
i - - P 3 x  . . . . . . . . . . . . . . .  0 ~ I • (30) 
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For a resistance network this becomes :--, 

Rtermination = ~net(2;2 @_y2 [_3X Z2") "" 
x, y and z now being measured in mesh units. 

( 3 1 )  

Similarly for a wall parallel to Oxz :-- 

Rtermination----Rn~t(x2~-y~-~z~) 
while for a tunnel end parallel to Oxy 

¢ r 3 cos 0 
2 ( P  - -  x 2 - -  y2) 

f2g 
2 ( z  - _ " "  

or for the network 

. . . . . . . . . . .  . .  ( 3 2 )  

. . . . . . . . . . . . . .  ( 3 3 )  

Rtormination - -  R.~t  z (x  ~ + 9 + P )  . . . . . .  ( 3 4 )  - _ y 2 )  . . . . . . . . .  

It will be observed that  this result postulates negative values of R when the value of z, for the 
furthest tier, is less than the greatest radial distance of any point on the tiers from the Oz-axis. 

i . e . ,  Zmax<[~V/(X 2 @ y2)lma x . . . . . . . . . . . . . . .  (35)  

6.2.2. Application of the theory.--The investigation in the previous section considered ter- 
mination resistances for a model which could be represented sufficiently accurately by a single 
doublet. In consequence, this case covered only perturbation velocity potentials for flow without 
circulation; under these conditions, the model was represented by a set of current sources, 
the current at each point being proportional to the slope of the centre of the aerofoil at that  
point. Nodes outside, but in the plane of the model, were held at a uniform zero potential and 
the ends of all terminating resistances were also taken to zero potential. 

In the actual experiments which were undertaken, the model was a flat plate and the velocity 
potentials which were observed were the total velocity potentials for flow normal to the plate ; 
that  is to say, the sum of the perturbation velocity potentials and the undisturbed flow potentials. 
The alteration to the boundary conditions was such that  no connection was made to the nodes 
on the model, while the nodes over the most remote tier were raised to a uniform potential ; 
under these conditions the channel and terminating resistors had to be omitted, while the wall 
resistors were not connected to zero potential but to the potential at infinity, appropriate to their 
own particular tiers. For the actual analyser which was used the end resistors could not, in any 
case, have been used, for many of them would have to be of negative value. 

Where circulation was represented on the analyser, the appropriate terminating resistances 
could not be found for the surface through which the trailing-edge vortex sheet passed. 

The models considered had an axis of symmetry and this axis was represented as the axis 
Ox and, therefore, the surface y = 0 was a reflecting surface and not a channel wall ; that  is, 
it needed no terminating resistors. 

Fig. 7 shows, diagrammatically, the electrical circuit used for the channel wall resistors. A view 
of the apparatus set up for an experiment is shown in Fig. 8. 

The resistance values of the wall resistors are tabulated in Appendix I, to this report. 
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6.2.3. Experiments using flexible-wall analogy.--Experiments were carried out to determine 
the velocity potentials for flow normal to flat plate s of the following wing shapes : 

(a) Rectangular 

(b) Delta 

(c) Swept-back. 

These were represented on the master tier, as before, by  leaving the corresponding mesh nodes 
disconnected while shorting the remaining points on the master tier to zero potential. In case 
(a), the rectangular plate had to be moved to the centre of the master tier as the terminating 
resistors had been calculated on the assumption of a doublet at this point. 

The flow normal to the plates was again represented by raising the auxiliary tier, z ---- 9, to 
a potential of 1,000 units, approximately 1 volt, and the experiments then consisted of measuring 
the potentials at other nodes. Terminating resistors on tier 1 had a potential of 11 ! + 5 units 
at their far end and 222 ~: 5 units on tier 2, etc., these potentials being derived from a S-ohm 
potential divider with 100 tapping points. 

6.2.4. Results and comments.--The experiment which was made to the delta model was the 
only one which showed any significant difference from the experiments which have been described 
in section 6.1. In the flexible-wall experiment the potentials over the centre of the model increased 
by  about 2 units, approximately 1 per cent change. A visual inspection of the various model 
shapes and sizes, compared with the tier size, showed that  the delta model would certainly be 
one which would be most affected by channel constraint. 

I t  seems likely that  the end effect will swamp the wall effect, for the analyser has only 9 tiers, 
on either side of the master tier, although it has an equivalent cross-section of 24 × 48 units. 
I t  is impossible, however, to add correcting resistors to the top t ier ;  this is due both to the 
method of application of the flow conditions and to the fact that  even if this were rectified by 
representing perturbation flow only, as suggested in this report, then negative resistors would 
be required. The solution of this difficulty would appear  to lie in the addition of a net of in- 
creasing coarseness. 

6.3. Flow Normal to the Surface with Circulatio~.--It has already been pointed out tha t  it 
would have been possible to have made tests to determine the perturbation flow without circula- 
tion, together with the circulation originating in a trailing vortex sheet, but without the 
undisturbed flow normal to the aerofoil surface. However, for the purpose of this investigation 
it was decided to combine the three flows ; therefore the results of this section, when combined 
with the desired amount of undisturbed flow along the aerofoil surface, give the complete 
solution to the problem under consideration without recourse to the results of the previous 
experiments. 

In this series of experiments it  was not possible to use the flexible-walled terminal analogy 
because the appropriate terminating resistances could not be found for the surface through 
which the trailing-edge vortex sheet passed. 

With  the exception of the circular lamina all the planforms previously investigated were 
re-investigated to determine the effect of circulation. 

A diagrammatic arrangement Of the set-up for the master tier is shown in Fig. 9. Reference 
to this illustration shows that  the model was set out on the tier in the normal way and that  the 
portion of the tier unoccupied either by  the model, or the vortex sheet immediately behind it, 
was short-circuited and set at zero potential. Commencing with nodal points, such as A', B', 
C', etc., which are one mesh unit to the rear of corresponding points A, B, C, etc., successive 
nodal points were shorted to the boundary of the tier. Thus the area from one unit behind 
the trailing edge to the boundary was shorted by bars running in one direction only. Each 
shorting bar was connected through a rheostat to a potential divider. The condition for 
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circulation is that  the potential at a point immediately behind the surface shall be at the same 
potential as the  corresponding point on the surface trailing edge. Tile experimental procedure 
was to apply a Uniform unit voltage at the auxiliary tier and then by means of the potential 
divider and rheostats, to adjust the potential on the shorting bars so that  the potentials at 
A', B', C', etc., coincided with the potentials at the corresponding points A, B, C, etc. I t  will be 
appreciated that  adjustment to tile potential on any bar upset tile values of the potentials on 
neighbouring bars and the setting up developed into what might be termed an electrical iteration 
process. I t  was found, however, that  with a little practice the setting up of a model was q u i t e  
rapid. After the set up had been completed the method of scanning was identical to that  carried 
out for the previous experiments. 

The results of these experiments are given in Appendix II  to this report. 

6.3.1. Results and comments.--From the foregoing experiments the velocity potential ¢ was 
plotted for chordwise sections of the aerofoil, these curves being graphically differentiated to 
obtain values of ~¢/~x. Then, by the use of equation (15), values of Ap/qo~ were computed 
and are pictorially represented in Figs. 10; 11 and 12 for the three experiments. These figures 
call for no special comment although it will be observed that  in each case the load distribution 
curves appear to be reasonable. 

Values of  ~Cz./~c~ .for each aerofoil were calculated from equation (16) and are compared with 
theoretical values, supplied by Mr. W. P. Jones of the National .Physical Laboratory, in 
Table 2. 

TABLE 2 

Exper iment  

Rectangular  wing 
Aspect ratio ---- 6 . .  

Delta  wing 
Aspect ratio = 4 . .  

Swept-back wing 
• Aspect ratio = 3 . .  

Theoretical 

4"26 

3"47 

3CL 
3c~ 

2"75 

Exper imenta l  

4"80 

3"22 

2"75 

When making these calculations it was difficult to assess the true area of the aerofoil, a difficulty 
which has been previously mentioned in section 6.1.1. The difficulty arises because the net 
used was too coarse for the true boundary position to be precisely located. The actual locus 
of the boundary must lie between lines joining the nodal points on the assumed boundary, which 
was short-circuited on the model set up on the analyser, and lines joining the nodal points one 
mesh distance within the model from the short-circuited boundary. For the purpose of the 
present investigation the true boundary was assumed to lie along lines one half mesh distance 
inside the model, from the short-circuited boundary. This difficulty could have been obviated 
if the tier size had been larger, this would have allowed a larger model to be used with, of course, 
a finer mesh separation. 

7. Conclusions.--The potential analyser proved to be easy and quick to operate, even b y  
unskilled personnel. The apparatus was designed for the general solution of the three-dimensional 
form of Laplace's equation and this, to a certain extent, proved to be a handicap when it was 
used for tile particular flow problems described in this report. 
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For problems concerning potential flow around thin plates, under conditions in which the 
linear-perturbation theory applies, it is only necessary to measure the electrical potentials over 
the master tier. I t  would thus b e  possible to have a very large master tier, thus permitting a 
small mesh separation, so avoiding the difficulty regarding the indeterminancy of the model 
boundary. The effect of additional tiers would have to be produced but, as the tiers would not 
need to be accessible, a considerable simplification in t h e  construction would be possible. 
Furthermore, a graded resistance net could be used, thus increasing the effective size of the 
network. 

In addition to the study of problems of the type described in this report, curved and twisted 
aerofoils could also be studied and in this connection there are many practical advantages to be 
gained in using an electrical network as opposed to an electrolytic tank. 

No. Author 

1 W . F .  Campbell .. 

L. Malavard and R. Duquenne 

S. C. Redshaw . . . .  

D. M. Bruce . . . .  

s G . I .  Taylor and C. F. Sharman .. 

6 H. Glauert . . . . . . . .  

7 L. Prandtl . . . . . . . .  

8 L.M. Milne-Thomson . . . . . .  

9 T. yon K~rm~n and 3. M. Burgers .. 

10 S. C. Redshaw . . . . . . . .  

11 S.C. Redshaw . . . . . . . .  

12 H. Lamb . . . . . . . . . .  

13 L . F .  Richardson . . . . . .  

14 G. Liebmann . . . . . . . .  

15 L. Tasny Tschiassny . . . . . .  

16 C . N . H .  Lock and J. A. Beavan 

REFERENCES 

Title, etc. 

Two electrical analogies for the pressure distribution On a lifting 
surface. National Research Council of Canada Report No. 
MA.219. 1949. 

t~tude des surfaces portantes par analogies rh6oel6etriques. La 
Recherche Aeronautique, No. 23. 1951. 

A three-dimensional electrical potential analyser. BoultoI1 Paul 
Aircraft Limited, Technical Report No. 79. 1950. (Unpublished.) 

The representation of a flexible-walled wind tunnel by an electrical 
potential analyser. Boulton Paul Aircraft Limited, Technical 
Report No. 87. 1951. (Unpublished.) 

A mechanical method for solving problems of flow in compressible 
fluids. R. & M. 1195. 1928. 

The effect of compressibility on the lift of an aerofoil. R. & M. 
1135. 1927. 

General considerations on the flow of compressible fluids. N.A.C.A. 
Tech. Memo. 805. 1936. 

Theoretical aerodynamics, p. 147. Macmillan and Co. 1948. 

Aerodynamic theory, Vol. 2. W.F .  Durand (editor). Julius Springer. 
1934. 

A three-dimensional electrical potential analyser. British Journal 
of Applied Physics, Vol. 2, pp. 291-295. 1951. 

Institution of Mechanical Engineers Proceedings. Vol. 159 (War 
emergency No. 38), pp. 55-62. 1948. 

Hydrodynamics. 4th edition. Chapter V. Cambridge University 
Press. 1916. 

Phil. Trans. Roy. Soc., A., 210, pp. 307-357. 1910. 

Solution of partial differential equations with a resistance network 
analogue. British Journal of Applied Physics, Vol. 1, No. 4. 1950. 

The triangulation of a two-dimensional continuum for the purpose 
of the approximate solution of second-order partial differential 
equations. Journal of Applied Physics, Vol. 20, No. 5. 1949. 

Tunnel interference at compressibility speeds using the flexible 
walls of the Rectangular High Speed Tunnel. R. & M. 2005. 1944. 

14 



A P P E N D I X  I 

Correclion Resistors 

The arrangement of the wall correction resistors for the tiers 1 to 8 inclusive is shown 
diagrammatically below. 

49 
50 
51 
52 
53 

J 

69 
70 
71 
72 
73 

-qvv~ 
-~NW'v 
-,Jvvvv 

! 
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I 
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! 
! 
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! 
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i 

I 
I 
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I 
I 
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vvvvv 

48 47 46 45 44- . . . . . . . . . . . . . . . . . . . . .  30 2g 20 27 26 

!Iill ....................... IIIII 
I I 

-,mvx~ 2 5 
~ 2 4  
-~/V'v'M-t 23 
- vMvM~ Z Z 
-VVv~k,-I 2 I 

I I 
I I 

', I 
I I 
I I 

. i l  
I 

I 

I 
I I 
', I 
! i 

' I 

I 

The following table gives the values of each resistor for each tier. 
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I 
2 
3 
4 
5 
6 
7 
8 
9 

I0 
II 
12 
13 
14 
15 
16 
17 
18 
19 
2O 
21 
22 
23 
24 
25 

26 
27 
28 
29 
3o 
31 

32-42 
43 
44 
45 
46 
47 ~ 
48 

49 
5O 
51 
52 
53 
54 
55 
56 
57 
58 
59 
6O 
61 
62 
63 
64 
65 
66 
67 
68 
69 
7O 
71 
72 
73 

BOUNDARY POINT RESISTOR (Ohms) 

1 2 3 4 5 6 7 8 
1800 1800 1800 1800 1800 2200 2200 2200 
820 820 820 820 I000 I000 I000 1200 
820 820 820 I000 I000 I000 I000 1200 
820 820 820 I000 I000 i000 1200 1200 
820 I000 I000 I000 I000 I000 1200 1200 

I000 I000 i000 I000 1000 1200 1200 1200 
I000 I000 i000 I000 1200 1200 1200 1500 
IOO0 iO00 i200 1200 1200 1200 i500 1500 
1200 1200 1200 -1200 1200 1500 1500 1500 
1200 1200 1500 1500 1500 1500 1500 1800 
150o 15oo 15oo 15oo 15oo 1500 18oo 18oo 
15oo 15oo 15o0 15oo 15o0 18oo 18oo 18oo 
180o 18oo i800 18oo 18oo 180o 18oo 1800 
1800 1800 1800 1800 1800 1800 2200 2200 
1800 1800 1800 1800 2200 2200 2200 2200 
2200 2200 2200 2200 2200 2200 2200 2700 
2200 2200 2200 2200 2200 2700 2700 2700 
2700 2700 2700 2700 2700 2700 2700 2700 
2700 2700 2700 2700 2700 2700 2700 2700 
2700 2700 2700 2700 2700 3300 3300 3300 
3300 3300 3300 3300 3300 3300 3300 3300 
3300 3300 3300 3300 3300 3300 3300 3900 
3300 3300 3300 3300 3900 3900 3900 3900 
3900 3900 3900 3900 3900 3900 3900 ,3900 
2200 2200 2200 2200 2200 2200 2200 ~200 

2200 2200 2200 2200 2200 2200 2200 2200 
2200 2200 2200 2200 2200 2200 2200 2200 
1800 1800 1800 2200 2200 2200 2200 2200 
1800 1800 1800 1800 1800 2200 2200 2200 
1800 1800 . 1800 1800 1800 1800 2200 2200 
1800 1800 1800 1800 1800 1800 1800 2200 
1800 1800 1800 1800 1800 1800 1800 1800 
1800 1800 1800 1800 1800. 1800 1800 2200 
1800 1800 1800 1800 1800 1800 2200 2200 
1800 1800 1800 1800 1800 2200 2200 2200 
1800 1800 1800 2200 2200 2200 2200 2200 
2200 2200 2200 2200 2200 2200 2200 2200 
2200 2200 2200 2200 2200 2200 2200 2200 

15oo 15oo 15oo 15oo i5oo 15oo 15oo 15oo 
3900 3900 3900 3900 3900 3900 3900 3900 
3300 3300 3300 3900 3900 3900 3900 3900 
3300 3300 3300 3300 3300 3300 3300 3900 
3300 3300 3300 3300 3~00 3300 3300 3300 
2700 2700 2700 2700 2700 3300 3300 3300 
2700 27OO 27OO 2700 270O 27OO 27OO 33OO 
2700 2700 2700 2700 2700 2700 2700 2700 
2200 2200 2200 2200 2700 2700 2700 2700 
2200 2200 2200 2200 2200 2200 2700 2700 
1800 2200 2200 2200 2200 2200 2200 2200 
1800 1800 1800 1800 2200 2200 2200 2200 
1800 1800 1800 1800 1800 1800 1800 2200 
1500 1800 1800 1800 1800 1800 1800 1800 
1500 15oo 15oo 15oo 15oo 18oo 18oo 18o0 
1500 1500 1500 1500 1500 1500 1800 1800 
1200 1200 1500 1500 1500 1500 1500 1800 
1200 1200 1200 1200 1500 1500, 1500 1500. 
1200 1200 1200 1200 1200 1500 1500 1500 
I000 I000 1200 1200 1200 1200 1500 1500 
I000 !O00 I000 1200 1200 1200 1200 1500 
I000 I000 I000 I000 1200 1200 1200 1500 
I000 I000 I000 i000 I000 /1200 1200 1200 
I000 I000 I000 I000 I000 1200 1200 1200 
1800 1800 1800 2200 2200 2200 2200 2700 
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A P P E N D I X  II  

Tabulated Results of Experiments ," 
Flow with Circulation 

=---THREE D I M E N S I O N A L  P O T E N T I A L  A N A L Y S E R  m 
I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 IB 19 2 0  21- 22  23  2 4  25 

A 

B 

C 

D 

E 

F 

G 

H 

J 

K 

L 

~,~ M 

¢ ¢ o c o c N 

c I~ I¢~ igl zo4 ZO~ 0 

~c~ ~ ~ 38' ~ R 

¢ ~ ~.~ ~84 41~ 4£" S 

o ~,~ ~ ~1c 45~ 44~ U 

o "E~ ~ 4o 4~ 4.sc V 

o ~ ~, 4z; 4~ 4~ W 

o Z4~ 35~ 42( 4~ ~ X 

z4~i 3~ 4~ 4r~ 4~3 Z 

PROBLEM. NORMAL FLOW WITH CIRCULATION 
M O D E L  SIZE. ~[CTAt-,IC=ULA~:Z.I'& MESH UNITS ~EMt'~Ph.I~. 4- ~ESH uNtT5 CHORD. UNIF'ORfvt VOL.TACtE OF I'000 h,T'I"IER~. T i  E R  N ° 0 

I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 18 19 2 0  21 2 2  23 24. 25 
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--THREE DIMENSIONAL POTENTIAL ANALYSER-- 
I 2 3 4 5 6 7 8 9 IO II 12 13 14- 15 16 17 18 19 2 0  21 22 23  24  25 

112 iiI III ~ll III Ill II I~ Ill IIZ Ill 

I11 r 111 11 III III III III 112 IIZ I f ;  I13 l id 

III III III IIZ II~ llZ Ili I~ II~ - ll~ lie lie 

Ill III I12 I I )  

!11 III ~i; 11~ 

llZ II~ II~ II; 

112 II~ lie [t~ 

I ~  I L  = t ic  I~. 

~1" ll,~ u~ 118 ~17 |F/ I~ IF. 

IZ2 119 |zz 

I~ 131 ~ [r~9 168 r~ I'/~ z~ 18( I~ I~ I~ IBC I~ I& 

~ I'~ 2.~ 3 ~  381 4ol 4~ 47J 4~.~ 431 43~ ~ 4~3 43 433 

I$ ~, ~ ZS~ S~ 4rt 44~ 4G~ 4G < 471 4~ 47( 477 ~78 478 47~ 

I~ tB9 Egl 2,'~s 4z'~ 45! 474 48 4~. 48~ ~ ~ 491 49t 

I~ 19~ ?.9~ -~Z 44(: ~7, 4~ 4-~ SO 5(Y F~, 506 SO') 5~; ~07 ~ 

Is! ~ ~ ~ 44~ ~l  49̀= 501 ~ 50~ 9C Sit ~ll 5~Z 51~ 5~? 

B 

C 

D 

E 

F 

O 

H 

d 

K 

L 

M 

N 

O 

P 

O 

R 

S 

T 

U 

V 

W 

X 

Y / 
I 2 3 4 5 6 7 8 9 IO II 12 13 " 14- 15 16 17 18 19 2 0  21 22 23 24 25 

P R O B L E M ,  N O I ~ ' M A L  F L O W  W I T H  C I R C U L A T I O N  UNIFORM VOL'rAGEOFI'0OOAI"TIER<~ MODEL SIZE. RECTANGULAR.J~. MESH UNITS SEMI-SPAN. 4MESHUN~TSCHORD. T ~ E R  N ° I 
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~ T H R E E  DIMENSIONAL POTENTIAL A N A L Y S E R ~  
I 2 3 4 5 6 7 8 9 IO II 12 13 14. 15 16 17 18 19 2 0  21 22 23  2 4  25 

A 

.I B 

z2Z Z~ Z~2 2?.4 'z'z7 ~ ~; 

2~ 2Z! 

ZZ4 ~¢ ~1 

Z~ Z'& Zg 

zz4 ~7 ZSZ 

27-~ 22! ~ 

zs~ 2~ Z31 22; 2~ 

L£: ~' 

z~ z6c 281 z~ z~ ~ ~Z7 Z~ Z'5 2.49 

Z30 M2 ~' Ze ?.7t ZS~ "Z~ 30 _.  ~ ~ :311 ~ 31~ 

/ 

2~ L~ 9.71 $4 34" 31 ~8~ 399 4o5 4o9 4~ 41! 41~ 

tAc Z~ 30( ~ 39: ~ 4s; 4~? 4): 48: .t,~ ~ 48 

E/4 ~:~ 35~ 4~ 44' 4?:. 48~ 4~ 50,4 
/ 

1.43 221 31~ 3(,7 4~ 4e zi~ 5~ ~ .~ SZ; r~ 5~ 

L:,SZ ~ .  ~St 43~ 4E 5{; £31 S~ ~ 

247 ~ ,  3Z~. 38~ 44 48' 9( 53G .~'; ,E~ 5,51 5~ 5~S 

2(4 28z 3Z3 384 . 44; 4.8" .~ S.~ "5~ 55; 
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E 

F 

G 

H 

J 

K 

L 

M 

N 

O 

P 

Q 

R 

S 

T 

U 

V 

W 

X 

Y 

Z 
I 2 3 4. 5 6 ' 7 8 9 I 0  II 12 13 14- 15 16 1'7 18 19 2 0  21 2 2  23 24- 25 

PROBLEM. NO~A~ F~OW ~,T. ~,~U-AT,O~ T !  ER N g  2 
M O D E L  51ZE. RECTANGULAR, 12HESH UNITS SEMI-SPAM. 4~4ESH Ul4t3"SCHORD. UNIFORM VOLTAGE OF t.Cx:90 AT TIEF~ 9. 
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kTH.___REE DIHENSIONAL POTENTIAL ANALYSER-- 
I 2 3 4 5 6 7 8 9 tO II 12 13 14 15 16 17 18 19 2 0  21 2 2  2 3  2 4  25 

. . . . .  A 

B 

C 

D 

E 

F 

3'~2 532 ~,~5 ~ 55S 557 5%.9 54c 54i 3~4 34-~ 54.2 
G 

H 

K 

5%5 553 55~. 558 54~= 555 5rol 5~o~ =JTS 57S! 574 574 
L 

M 

0 

55~ 55~ ~ 5~S 5~ ~09 450 A74 ~=. 4~ 49'2 4 9 |  p 

O 

5~S 557 5m2 555 58~ 4,5<: ~,~ SZ6 94 I 54 S5o ~Sc 
R 

S 

355 ~sa 5%~ 5s5 59l 464 5%5 ~58 S7~ 584 588 $8 c . T 

U 

55(; 559 54~ ~ol 5o~& 4.&5 55¢3 578 557 r~o~ G%o rotl V 

W 

~:,_.~ B.4.o ~,47 5ro5 3ss 4.7o 545 587 6o,~ G~7 "o~1 G~'=" X 

Y 

357 =~49i 547 565 4oo 471 546 S~c 6t| &21 624 ro2e 
. Z 

2 3 4 5 6 7 8 9 IO II  12 |3 14 15 16 17 18 19 20 2l 22 23 24 25 
PROBLEM. N o ~ , L  P L O W  V~tTH C RP-~ULP~T~ON r 
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- - T H R E E  DIMENSIONAL POTENTIAL A N A L Y S E R - -  
I 2 3 4- 5 6 7 8 9 IO It 12 13 14- 15 16 17 18 19 2 0  21 22 23 24 25 

A 

5S5 555 55S S55 5sS $55 SS~ 5S~ 556 55~ 558 555 C 

5S4 $54 $5S 5S6 $56 SS7 $57 5S~ SS~ 56C 560 561 

$54 SS~. 555 SSc~ 55S 5GO 56t ~ 7  S~4 5 ~  566 565 

~$5 55~ 55~ 558 56~ ~6S S~S ~71; S74 $75 $7~ 57& 

655 556 557 S ~  Sc=~ $75 58o 5S6 SgO 59%1 SSZ 5S2 

5S5 557 5~:0 ScoS 57~ 5SS 5~'~. G~0 ~,~6 C~i~ G'~O ~I 

5~% 5ss 5~z $7o 5s5 Go~ G~5 ~ ~5o 65S 6%7 roS~ 

S S'7 5SS S65 S 75 5 ~5 6ZO G4 c ~7o 682 G S 6  ~c3 ~ 6S3 

$5S 5~o 56G S78 ~ o o  GS~ Co6~ 6St 7oS "71Z 7iS 7t7 

5 ~  5GI ~ B  ~ 1  GO~, G ~ I  6 7 7  7 o 4  7t°a 72-7 7~, l  7 5 ~  

~'~/. ~GI  ~ 6 8  ~8~=i ~ o 8  ~ ' ~  ~ 7 I t  7 Z 7  7 5 6  7,~¢ 74-1 

2 3 4 5 (5 7 8 9 IO II 12 13 14 15 16 17 18 19 20 21 22 23 24. 25 
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F 

G 

H 

d 

K 

L 

M 

N 

0 

P 

Q 

R 

S 

T 

U 

V 

W 

X 

Y 

Z 

PROBLEM. Nae.~A~. ~LOW w r r .  c~m~u~/~T,o,~ [ 
MODE, SlZE. R ~ ' ~ , ~ , ~ .  ~ ~'~,-,  ,~, , '~  ~ , - ~ , ~ . 4 ~ , ~ , ~ , - ~  ~ o ~ .  o~,,~o,~,~,~o,-'~,,~ o,~.ooo ~ , - ~ ~ % .  Tm ER N 9  5 
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A 

B 

C 

D 

E 

F 

G 

H 

d 

K 

L 

M 

N 

O 

P 

O 

R 

S 

T 

U 

V 

W 

X 

Y 

Z 

- - T H R E E  D I M E N S I O N A L  P O T E N T I A L  A N A L Y S E R - -  
2 3 4 5 6 7 8 9 IO I1 12 13 14 15 16 17- 18 19 2 0  21 22  23  2 4  25 

777 777 777 775 774 769 ~75 776 776 176 774 777 378 779: 779 ~79 

~ 771 

777 776 ~77 777 776 77~ 778 777 776 778 78o 780 78o 78~ 
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FIG. 1. General view of potential analyser. 

FIG. 2. Rear view of potential analyser. 
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FIG. 1 !. Pressure distribution over delta wing. 
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FIG. 12. Pressure distribution over swept-back wing. 
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