An Electrostatic Experiment of Lord Kelvin with Running Water
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Our front cover shows that fascinating device, the Kelvin Liquid Drop Generator. (unable to reproduce clearly) This demonstration model produces sparks every few seconds, which jump a small gap, and, at the same time, light up a row of neon lamps.

The falling water, the gleaming Plexiglas, and the recurring sparks seem so disconnected, yet the instrument generates high static voltages using some very simple physical principles. William Thomson, born 26th June, 1824, later to be known as Lord Kelvin, invented the device and showed it on special occasions. He described the operation in the Proceedings of the Royal Society of London, Volume 16, June 1867, pp 67 ‑ 72, replete with mathematical formulae.

[image: image4.emf]With reference to Fig. 1, let us try to understand Kelvin's water‑powered electrostatic generator. The water jets J1, and J2 are adjusted so that they break up into droplets near the induction rings R1, and R2, which in turn are connected in cross‑coupled fashion to two metal containers C1, and C2. Suppose that R1, and C1, are positive with respect to R2 and C2. Then by charge transfer through the water, J1 becomes negative and J2 becomes positive. The droplets when they form will thus be negative near J1, and carry a negative charge into the container C2 or be positive near J2 and carry a positive charge into C1. These charges will add to the charge already on the containers and hence drive R1, more positive and R2 more 

negative thus enhancing the charge separation. The amount of charge on each droplet is proportional to the total charge separation. The amount of charge on each droplet is proportional to the total charge separation between R1, C1, and R2, C2 which in turn is proportional to the potential difference V. If the water streams uniformly, then the rate of change of V will be proportional to V. Hence
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where K is a positive constant depending on the construction details and water flow. Equation 1 has the solution
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where Vo is the potential at t = 0. At some later time, V will become so large that corona leakage or a modification of the water flow limits the voltage. That is obvious to those who have seen it work. In our model there is a spark gap, and the unit simply discharges. If we put a capacitor across it, there will be quite a spark. (Some metal foil and Plexiglas dielectric works well. Don't make the capacitance more than, say 300 pF, or the device becomes dangerous.)

Suppose, however, that the device starts from zero potential difference. Then Vo = 0 and V = 0 for all time! It can't start! In practice there seems to be little problem, so we should try to understand why self‑starting occurs. According to J.T. Lloyd, writing in the Physics Teacher, January 1980 pp 16‑24, they sometimes don't start for a minute or two, but once started they seem to continue because of the residual charge. I think there are many charging possibilities, and one likely candidate is the process of producing droplets from the water jets. The surface tension of the water causes instability in the falling jet which results in the droplets. It is instructive to look at this process separately. 
[image: image5.emf]
In Fig. 2 is shown a water jet having a series of necks. At the necks the diameter of the jet is less, and this causes the water pressure created by the surface tension to be greater there than at the bulges. Hence the jet is unstable to pinch off. This process starts to occur at the top of the jet, and an oscillatory instability of the above mentioned type causes the break up into regular droplets. To justify that the pressure due to surface tension is greater for a smaller radius of surface, consider a droplets of radii r as shown in Fig. 3. If the surface tension is σ N/m, then by imagining a plane drawn through the droplet canter, we see the total force due to surface tension is just

F = perimeter x σ = 2 π  r σ   (3)

Thus the increase in pressure in the droplet is
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a well known relationship. Note as r becomes smaller, the pressure increases. Thus we have explained the production of droplets. If the two jets differ somewhat or fluctuate, which is likely, there will be slight differences in both the sizes and net charges on the drops. Hence this "noise" will start the generator, and the growth predicted in equations (1) and (2) soon dominates.
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The Kelvin water drop generator shown in Fig. 1 has closed receiving containers, but other designs were actually used by Kelvin. Fig. 4 shows a "receiving" container constructed of an open metal tube having a metallic screen placed inside it. When the charged droplets strike the screen, their charge very quickly flows to the outside of the "receiver", since there can be no net field inside a conductor. Thus the discharged droplets can continue to a water retrieval tank, to be pumped back to the upper storage feed to the jets if desired. Thus the whole thing can be a continuous process, producing static and sparks with running water!
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Before we leave Kelvin's generator, we note that the apparatus has reflection symmetry in its cross-coupled topology. Electronic analogies abound. In Fig. 5 is shown a flip‑flop with much the same symmetry. The potential differences in the flip‑flop or drop generator break the symmetry. Potentials can be reversed by forcing them. Two stable states exist. Note that in each case there is a consumption of energy to maintain the symmetry breaking. In elementary particle physics there is also symmetry breaking, but then it occurs in the symmetrical description of nature without continuous energy input, and the result is the appearance of apparently different entities. Although long‑range electromagnetic forces and short‑range weak interactions (responsible for radioactivity) appear totally unrelated, there is now impressive evidence that they are "symmetry‑broken" aspects of a symmetrical unified field theory.
Picture taken at Bozeman AAPT summer meeting (I think) in 1987. I have no idea who constructed it.
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MATERIALS AND DIRECTIONS FOR KELVIN WATER DROP GENERATOR ‑1‑

(To fit inside a paper box 14‑cm high)

BY

DICK HECKATHORN

28 MARCH 1988

3/4 inch CPVC pipe ($3.19/10‑ft)

A
(1) 39 cm long

B
(1) 9 cm long

C & D
(2) 18.5 cm long

E & F
(2) 11.5 cm long

G & H
(2) 3/4 inch tee CPVC (.43 each)  [Since original construction, there are pieces that have 4 openings. Don’t know what it is called.]

I & J
(2) 3/4 inch male adapter CPVC (.33)

K & L
(2) 3/4 inch cap CPVC (.25)

M & N
(2) 3/4 inch floor flange ($1.10 each)

O
(1) Insulating Base 13 cm x 42 cm x 1.2 cm (1/2 inch) (Plexiglas)  [A good insulation base is essential.

P & Q
(2) Tomato Paste Cans ‑ (5.5 cm x 8.5 cm)

R & S
(2) 1‑lb coffee cans ‑ (10 cm x 14 cm)

T
(1) 2-lb coffee can ‑ (13 x 16.5 cm)

U & V 
(2) medicine dropper

W & X
(2) Rubber hose to fit

Y & Z 
(2) 1‑Bic pen tube cut in half

AA
(1) 3/4 inch coupling CPVC (.21)

BB
(6) bolts and nuts (6/32 x 1/2 inch)

CC
(3) bolts and nuts (6/32 x 1/2 inch)

DD
(3) bolts and nuts (8 x 32 x 1.5 inch)

EE
(2) #10 copper wire 12‑cm long

FF
(2) connecting wire with alligator clips at each end


tube Dow Corning clear silicone rubber sealer


can of CPVC pipe sealer ($1.93)

MATERIALS AND DIRECTIONS FOR CONSTRUCTING KELVIN WATER DROP GENERATOR ‑2‑

1.
Fasten floor flange (M) to 2# coffee can (T) with 3 bolts (CC). Cover the bolts with silicone sealer.

2.
Drill holes in can (T) to accept tubes (Y) and (Z). Cement and silicone the tubes to can (T) and let dry.

3.
Epoxy end caps (K) and (L) to cans (P) and (Q). When dry bolt cap to can with bolts (BB).

4.
Cement pipe (E) to cap (K) and pipe (F) to cap (L).

5.
Fasten floor flange (N) to base (O) with 3 bolts (DD). The base or whatever cans (R) and (S) sit on must be a good insulating material.

6.
Drill through the top of the 2 tee's (G,H) and sand to accept 3/4 inch CPVC Pipe. Use Care so that friction will hold it in place. If it gets too loose, use a machine screw to fasten them to pipes (A) and (B).

7.
Slip tee (G) over pipe (B) and tee (H) over pipe (A). 

8. 
Cement male adapter (J) to the end of pipe (A) and male adapter (I) to the end of pipe (B).

9. 
Cement coupling (AA) to Pipe (A).

10. 
Cement pipes (C) and (D) to tee (G).

11. 
Screw assembly cap (J) into floor flange (N).

12.
Slide pipes (E) and (F) into tee (H).

13.
Slip assembly cap (AA) on to the top of pipe (A).

14.
Drill holes in pipes (C) and (D) to accept medicine droppers.

15.
Screw male adapter (I) into floor flange (M). Align can (T) so that tubes (Y) and Q) are parallel with tubes (C) and (D).

16.
Connect tube (Z) to medicine dropper (V) and tube (Y) to medicine dropper (U) with rubber tubing (W) and (X).

17.
Drill 4 holes, one in can (P), (Q), (R) and (S) to accept bolt (BB). Insert and fasten the bolts to the cans such that the screws point outward from the can. You will connect the bolts of (P) and (S) and (Q) and (R) together with conducting wire (FF) when ready to operate.

18.
Connect a piece of #10 copper wire to bolts (BB) in cans (R) and (S) so that they are 1 cm apart.

19.
Paint outsides of cans (P) and (S) one color and (Q) and (R) another color.

20.
Clamp hoses (W) and (X) with hose clamps, fill can (T) with water and then adjust the hose clamps so that the stream of water separates into drops inside can (P) and (Q).

If you can find two connections with 4 openings rather than three, then tube A will be shorter. A tube will then need to be cut to go from AA to H. Procedure 6 can then be omitted. 

21.
1 have connected 4‑NE‑2 bulbs together on a Plexiglas handle with copper wires sticking out that will connect wires (EE). The bulbs will flash when a discharge takes place. See actual size apparatus below.
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