Maximizing Inductance of Solenoid and Flat Spiral TC Secondaries

By Matthew D. Deming G5 #12

In the construction of Tesla coils, there are many parameters that can be maximized, minimized, or otherwise optimized. For the sake of this paper, we will assume that V(out) is one such parameter that it is desirable to maximize. Arguments can be made, of course, for the optimization of other parameters, even at the expense of V(out), but they are beyond the scope of the current presentation. 

It has been well documented for decades in the Tesla coil literature[1] that the ratio of maximum output voltage to maximum input voltage can be expressed as:

 Vmaxout/Vmaxin = ((L(sec)/L(pri))







And that therefore the highest ratio of L(sec)/L(pri) is thus desirable. To minimize primary losses however, it is likewise desirable to maximize L(pri). In attempting to meet both these constraints, it becomes a prior goal to obtain the maximum L(sec) possible for an available amount of wire, so that we may increase L(pri) without sacrificing V(out). It turns out that, once the length of wire available is known and the pitch (herein defined as 1/TPI) is selected, the exact dimensions of that coil giving L(max), whether solenoid or flat spiral, are uniquely determined. The main thrust of this paper is to establish proof of that uniqueness and provide a method for determining those dimensions. 

First, some terms and conventions:

All physical dimensions are given in inches, unless otherwise noted.

Gauge = AWG

p = Pitch  = inches/turn = 1/TPI 

X = length of wire, in inches.

ri  = inner radius of a spiral coil in inches

ro = outer radius of a spiral coil in inches

build = the thickness of coating on a wire

d = diameter of a solenoid coil c-c in inches

r = radius of a solenoid coil = d/2 

h = height of a solenoid coil in inches

t = thickness of wire including build

mH = millihenries
10^-3 Hy.

(H = microhenries
10^-6 Hy.

(F = microfarads      10^6 Fd.

nF = nanofarads
10^-9 Fd.

pF = picofarads
10^-12 Fd.


R = average radius of a flat spiral in inches

B = width of a spiral in inches

N = number of turns in the coil

The basic inductance formulas [2] are, in the case of a single-layer solenoid, 

L=(Nr)^2/(9r+10h)


(1)  and

L=(NR)^2/(8R+11B)


(2)

 in that of a flat spiral, where L is in (H, and B, h, r, & R are in inches.

It can be shown [3] that the maximum inductance of a solenoid occurs when

 9r=10h



(3) 

The length of wire in a solenoid is:

X = 2(rN,



(4) but

N = h/p 



(5) so that

X = 2(rh/p



(6) 

At the max L condition, h=0.9r, therefore:

X = 18(r^2/10p


(7)  or,

r = ((10pX/18()


(8) and

h = 0.9r



(9)

Thus, the coil size is unique and completely determined by length (X) and pitch (p),
and Lmax = 9r^3 / 200p

(10) Q.E.D.

Similarly, It can be shown [4] that the maximum inductance of a flat spiral occurs when

 R=11B/8.



(10)

Substitution of (10) into (2) yields:

Lmax = R (N/4)^2


(11)

It is therefore only necessary to show that N and R are uniquely determined by X and p to complete the proof. Now,

X = 2(RN



(12)  or,

N=X/(2(R)



(13)

The width of the coil is simply

 B = Np = ro - ri


(14)

And the average radius is

R=(ro + ri) / 2 


(15)

Substituting (14) and (15) into (10) above, yields:


8(ro+ri)/2 = 11 (ro – ri)

(16) simplifying,


15 ri /7= ro



(17) from which it immediately follows that


B = 8ri/7



(18)

And


R = 11ri/7



(19)

It is therefore only necessary to show that ri is a function of X and p alone and all the dimensions of an Lmax spiral will be determined.

When one realizes that the simplified equations (1) and (2) above are based on the approximation: 

( = 22/7,


 it follows immediately that (17) becomes

 ro = ((-1) ri



(17a)

likewise,  (18) becomes

 B = ( (-2) ri



(18a)

and (19) becomes

R = (( /2) ri



(19a).
The width of the coil, is simply the number of turns times the width occupied by one turn:


B=Np




(20)

which, when substituted into (18a) gives:


N = ( (-2) ri / p 


(21)
Substituting (19a) into (13) gives:


N = X/ (  (^2 ri )


(22)

Finally, setting (21) = (22) yields:


( (-2) ri / p = X/ (  (^2 ri ) 

(23)

and solving for ri:


ri = (1/()((Xp/( (-2) )

(24)

  and ri =((X,p) Q.E.D

The maximum inductance obtainable from a spiral coil made of wire of length X and pitch p is therefore 

L(max) =  R(N/4)^2



(25)

 Where R = ri (( /2), N = ( (-2) ri / p, and, as above, ri = (1/()((Xp/( (-2) ) 

For Further Research and Reading:

1) These derivations are based on idealized coils. In real-world coils, the effective inductance, L(eff) is frequency dependent. (cf TSSP, Fritz, Nicholson, et. al.), which may result in a somewhat different solution.

2) Solenoidal coils with extremely low h/d ratios (in the above case 0.45) have a tremendous tendency to arc over and the racing spark problem would be a nightmare. It might, however, have some value in magnifier development and in coils used for other purposes than just producing sparks. This could explain, without invoking metaphysical speculation, Tesla’s own fascination with flat spiral coils.

3) I plan next to begin implementation of a program to assist in these calculations and will try to post it if there is a demand.
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