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An electrical resistance network for solving the Laplacian field equation has been used to determine the 

attached-flow incidence of thin slender wings with different forms of camber. This incidence was found by 
applying the wing boundary condition exactly at the wing's surface. 

The lift and induced drag have not been evaluated for the wings studied. Comparison of the stream function 
obtained from an experiment with that of a known theoretical solution has shown that there should be no 
difficulty in determining the loading of such wings at the attached-flow incidence. 

There appears to be no reason why this method could not be extended to provide a means of analysis of 
cambered wings with a given thickness distribution. 

1. Introduction. 

Simplifications are often introduced when studying the flow about slender wings at small 

incidence. Among these is included the assumption that the velocity derivative 0 U/Ox is small (Fig. 1). 

Slender-wing theory then reduces the problem to an analysis of the two-dimensional cross-flow 

plane. If the restrictions of the theory are met the flow is described by the Laplacian field equation, 

with the appropriate boundary conditions at a large distance from the wing and those at the wing 

surface. 
The boundary condition applied at a thin solid wing is the elimination of the normal component 

of the flow's velocity at the wing's surface. If the wing is cambered then this condition is normally 
applied on some simpler surface near to it. This process may then be called a linearization of the 

wing boundary condition. 
For sharp-edged conical wings there is a particular incidence at which the singularity in the 

pressure and velocit# disappear at the leading edge. It has been shown 1 that the value of this 
incidence is a function of the location of the wing boundary conditions. 

It is at this particular incidence that leading-edge separation can be avoided and the flow parameters 
calculated from a simple mathematical model. Recent design work 2 has shown that attached flow 
on slender delta wings is associated with steep gradients of the wing near the leading edge. 

*.Replaces A.R.C. 24 360. 



It therefore became clear that there was a need to assess the reliability of the linearized boundary 
condition for such configurations. 

A general analytic approach to the problem is difficult because of the limited number of conformal 
transformations which are available. Cooke ,~ has carried out some theoretical work for camber 
distributions of practical interest, at the attached-flow incidence. 

Smith 1 has formulated the problem, and because of the difficulty of producing a general analytic 
solution it appeared that an electrical-analogue approach might prove fruitful. 

2. Formulation o f  the Problem. 

Consider a wing sufficiently slender to allow the linearized potential equation to be adequate at the 

Mach design number. The leading edge is sharp and no singularity exists there. Taking a right- 

handed co-ordinate system, Fig. 1, the undisturbed stream velocity U is at a small incidence c~ to 
the axis Ox. 

The velocity potential of the flow is given by ~, 

= Uz~ + Ux + UO, (1) 

where $ is the perturbation potential. 

If the problem is restricted to conical wings without thickness the equation of the wing surface 
becomes, 

F(x,  y ,  z)  = [r - Kxf(O)] = 0, (2) 

where K = cot )t (Fig. 1). 

The boundary condition on the three-dimensional wing surface is, 

v x F = 0 ,  (3 )  

this equation represents the vector product of the velocity of flow, V, and F(x, y, z). 

If K ~ ~ 1, the velocity normal to the contour in the cross-flow plane due to the component U, is 
given by, 

q~..F.+ U.F~ = O, (4) 
where 

8q~ OF OF F -ax' f' -On" 
Equation (4) is the equivalent two-dimensional expression of equation (3). 

Equation (4) may now be written as, 

~ _ - U F ~  _ + UF~ 
- (F  + F))l 2. (5) 

Now consid'er the conjugate stream function ~F. 
Then, 

- a o  

O a -  On - F .  (6) 

The value of tF on the cross-section of the wing can be calculated by evaluating the integral, 

f 
B 2U ,B 

3 A  ~ g  da = 1F B - ~ a  = U - -  da = lr2dO. 
A F  " ~ J>~ ~7) 
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If ~ ,  is arbitrarily made zero then, 

2U 
tF B - - -  [Area OAB] (Fig. 1). (8) 

- -  X 

The remaining boundary condition to impose on the conjugate function • is the correct value at a 
large distance from the wing. At such points the perturbation potential ¢ is zero and therefore, 

tFo~ = - Uc~y. (9) 

3. Application of  the Problem to the Analogue. 

The electric resistance network used during this study has been developed by Redshaw 5. Briefly, 
it consists of a series of four equal resistors, R, connected to each node of a network, (Fig. 2). If the 
current, i, drawn from the node marked 0 is zero, then 

Vo 
i = i: + i 2 + i  a + i~ = .  R _ _ + m  v , -  vo + v , -  Vo + V , -  Vo 

R R R 

(:2) 2 - = o ,  ( 1 0 )  

where V is the electrical potential at the nodes, and R is the value of the resistors connecting the nodes. 
If now a function ¢, which satisfies Laplace's equation, is specified at four points distance h from 

the value ¢0 then the finite-difference form of Laplaee's equation is, 

(::) 

Equations (10) and (11) show that a square network of equal resistors may be used to represent 

a Laplacian field. The experimental set up is shown in Fig. 3. The final size of the network was 

144 x 136 mesh intervals. 
The solution of any given problem involving the Laplace field equation can then be obtained from 

the analogue when the appropriate boundary conditions have been established. 
Equations (8) and (9) provide these conditions. During this study only unyawed wings were 

considered; this means that the centre-line of the wing cross-section is an axis of symmetry. 
The experimental arrangement used during the study may be understood by reference to Fig. 4. 
The axis of symmetry representing the centre-line of the unyawed wing was simulated by raising 

the left-hand edge of the network to a constant potential K L . 
Equation (9) was satisfied by'earthing the right-hand edge of the board and raising it to another 

constant potential V:~. 
For any given cambered wing it was possible to calculate the value of • on the wing from equation 

(8). The electric potential corresponding to this value of :F' was then easily set up on the electrical 
network by means of the boundary-condition potentiometers. 

The given boundary conditions and the potential distributions were set up and measured by a 
null-point method. This measuring circuit was made up of a galvanometer and an accurate variable 
10 000 ohm resistor as shown in Fig. 4. 



The parameter x in equation (8) can be replaced by the equivalent factor S/K and this gives, 

2UK 
~FB - S [Area OAB]. (12) 

S is the semi-span of the wing and K the cotangent of the leading-edge sweep angle. 
The object of the experimental work was first to determine the incidence, for any given cambered 

wing, at which the singularity in the pressure and velocity disappeared at the leading edge. 
With the analogue layout shown in Fig. 4, this variation of wing incidence was easily simulated. It 

was achieved by varying the potential at the right-hand edge of the board, V•, while V L and the 
potentials on the wing cross-section were kept constant. The incidence was then specified in terms 

of V L and V R by equation (9). 

v L )  = U b, (13) 

where b is the number of mesh intervals between the left and right sides of the analogue. 

The adjustment of V R was controlled by the 10 000 ohm and 200 ohm potentiometers. The 

10 000 ohm potentiometer provided a course adjustment, and accurate control was exercised by 

means of the 200 ohm potentiometer. 

The 20 ohm potentiometer was placed in the circuit to reduce the current drainage from the 
batteries. This was necessary because forty boundary-condition potentiometers were placed in 
parallel. This meant that there was a low resistance across the 2 volt battery, which would tiave 
given a large current flow. This was avoided by the use of the 20 ohm resistance. 

4. Experimental Results. 

To assess the accuracy of the analogue arrangement, a series of experiments was conducted to 
give a comparison with some known theoretical solutions. The models chosen were of a circular 
cross-section and the theoretical solutions were due to Smith 1. 

The incidence of the wing was altered until the potential measurements showed that the tangential 
velocities, on the upper and lower surface, at the leading edge were the same. The incidence of 
attached flow was determined by plotting the two tangential velocities for different values of the 
parameter a/K. The two velocities were found to be directly dependent upon ~/K and the plotted 
lines crossed at the attached-flow incidence. 

A comparison of the experimental and theoretical results for circular wings with different values 
of/3 is shown in Fig. 5. The results given in Fig. 6 show the experimental and theoretical values 
of ~/KUS at the attached-flow incidence for a circular cambered wing with/3 = 0.75. The lower 
set of figures, included in the experimental results, are the electrical potentials as read on the 
network; the figures above represent these numbers converted into terms of ~/KUS. These results 
confirm the possibifity of using the analogue method as a design method in the analysis of thin 

cambered wings at the attached-flow incidence. 
After these preliminary investigations, wings not so amenable to theoretical analysis were studied. 

Thus Figs. 7 and 8 show the plots of the tangential velocities at the leading edge, of different 
parabolic wings, against the parameter ~/K. It can be seen from these results that the attached-flow 

parameter is given by the point where the curves of the inside and outside tangential velocities cross. 
The final form of camber considered in this initial study was  that of wings with an elliptical 

cross-section. The results are given in Fig. 9. 
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Finally the attached-flow parameter a/K for different values of fi for circular, parabolic and 
elliptical camber is plotted in Fig. 10. 

5. Conclusions. 

The initial study has shown that the electrical-resistance analogue provides a simple method for 
investigating the attached flow o f  any form of slender cambered wing, with the exact boundary 
conditions applied at its surface. 

The methods presented here would provide a useful experimental technique for determining the 

aerodynamic forces acting on such slender wings under the conditions of attached flow. 

No serious difficulties should be experienced in extending this work to investigate thick cambered 
Wings. 
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