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CHAPTER 1


Introduction


When this work was first considered I must confess that I had a few doubts. First, because the design of small springs is always subject to uncertainty. The specification of spring wire bought in “retail” quantities is, inevitably, both variable and unknown. The tolerance on the wire diameter may vary from coil to coil. And, of course, it is not easy to wind a spring to a specified mean diameter, still less to wind a number of springs to identical dimension; few of us can afford proper spring-winding machines. On top of this, the theory itself can be imperfect. Though it has been refined over the years, and correction factors added as our experience has increased, the range of sizes, shapes, and materials is so great that theory is bound to be stretched a little at the extremes – the very large and the very small, the latter category including most of those which are used in model-making. This means that a trial spring is almost always necessary.


However, the use of preliminary calculation does at least give us some idea of where to start when making this trial spring, and in many cases, a single trial will suffice. This saves a great deal of uncertainty. And, moreover, it usually means that the final spring is likely to be “just what is needed” rather than “near enough”. However, this did not remove my second, and more serious, cause for apprehension – that the inevitable “formulas” might frighten readers who are not familiar with them to not even try to use them. I urge you to set all fears behind you!


First, these formulas are no more than models. They express, in symbols, what is happening inside the spring, that is all. Consider: it is no more than common sense that the load which a coil spring can carry will depend on (a) the wire diameter (b) the diameter of the coils and (c) the strength of the material used. An equation such as that at (2) on page 6 merely sets these three factors in their correct relationship, and “puts the numbers in” so that the safe load can be worked out.


Second, I have reduced almost all the necessary formulas to charts, some of which I have used for over half a century, from the days when designing springs was part of my daily work. All you need is a ruler to use them! But I do urge you to check the result using one or more of the formulas, for whereas my own charts are a couple of feet tall, they have had to be reduced in size to get them into the page. In addition, I have tried in most cases to explain why the formulas are in the shape they are, both to help you understand them, and because this also helps us to decide what to do if the spring just won’t fit into the space available. One of the crosses we have to bear is the fact that springs cannot be scaled – in fact, the formulas will tell you that once you study them.


The third point I would make is that the formulas appear to be much more formidable than they really are. Consider this:




The safe load on a spring is equal to the stress in the wire multiplied by the area of the wire, divided by twice the diameter of the coil.





What could be simpler than that? Yet, this is precisely what expression (2) on page 6 is saying, no more and no less. So, when you come to any of these formulas just write – or speak – them out in words, instead of symbols. The symbolic forms make it much easier to put the actual figures in, and that is the only reason (other than saving page space, of course!) for using them!


Finally, on this question of formulas, none of them requires the use of anything but simple arithmetic. You can get your offspring to program them into the home computer (if they are willing to spare it!), and it can reel off spring after spring for you to try; you don’t need a PDP11 to be able to allow for all the corrections, or even all the “preferred” proportions. In fact, in many cases, you can program a pocket calculator of the more sophisticated type to do the same. However, I think you will find that my charts will “break the back” of the work for you, and you will need the formulas only as a final check. But do make a test spring before you go into production in quantity. The formulas are not perfect!


I intend to start with the coil springs, both in tension and compression, and will work through a few examples. These will, I hope, show “how easy it is” as well as calling to your attention the limits of good and bad practice. Obviously, the spring has to be wound, and we shall look at various methods available, including a few “aids” which have been proved to be helpful. Leaf springs, both solid and laminated, come next, with some emphasis on the problem of the “scale spring”. I have gone into the design of compound springs – using leaves of two different materials – in some detail, as well as alternative solutions to the “scale” problem. After covering some of the less usual types of spring, including coil springs used in torsion, I have taken a few pages to deal with cam return springs – such as I.C. engine valve-springs. Here again there are alternative graphical and mathematical methods available. I shall not be dealing with either clock drive springs nor with balance escapements (hairsprings) as these are very specialized – and in any case, even professional horologists usually buy these in ready made. For the same reason I have not covered such applications as spring washers, Belleville discs, and the like. Frankly, I think I have covered enough ground as it is!










CHAPTER 2


Tension and Compression Spring Principles


How do they work?


Look at Fig. 1. Here I have chopped off a piece of spring at “A” and “B”, which has a load tending to stretch it. This means that there is a force, suggested by the arrows, tending to pull “A” upwards and “B” downwards. The effect of this force is to try to twist the spring wire at “C”. There will be a little bending action in the lengths AC and BC, of course, and we shall deal with this later, but the main effect is to twist the spring wire. So, the criterion for the spring wire will be the shear strength.


In Fig. 2, I have cut the spring across at “C” and you will see that the twist, or “torque” in the spring wire is the load “W” multiplied by the lever arm, the length of which is D/2, D being the mean diameter of the coil. So, the torque is ½DW. Now, in a round rod subject to a twisting action, the stress is not uniform over the whole area of the wire, but is zero at the core and a maximum at the surface. I won’t go into the mathematics of this, but those of you who like this sort of thing will already have worked it out in your heads. The maximum shear stress is given by:
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Fig. 1 Showing how the load from adjacent coils applied at A and B exerts a twisting force at C.
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But T = W.D/2, so that
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Or, to put it the other way round,
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fs = max. shear stress, Ibf/sq.in.


T = Torque, Ibf./in.


W = Load, Ibf.


d = Wire dia. in.


D = Mean coil dia. in.


π = 22/7 for this sort of work.


These are the basic equations for LOAD, and you will see that the load which a spring can carry is proportional to the stress, to the CUBE of the wire diameter, and inversely proportional to the coil diameter. So, doubling the wire diameter makes the spring 8 times as strong and doubling the coil diameter halves its load-carrying capacity, given the same material and working stress. Obviously, a “scale spring” is impossible! Another point; looking at Fig. 2 again you will see that the NUMBER of coils makes no difference to the load which a spring can carry. The second half coil shown there is under exactly the same load conditions as the first, and no matter how many coils (or half coils!) there are this applies. A ten-coil spring will carry exactly the same safe load as one with only two if the wire and coil diameters are the same. (And, of course, the material is identical.)


Deflections


The number of coils does have an effect on the spring performance, as you all know; and in many cases, the spring deflection under load is almost as important as the load itself. Look at Fig. 3. Here I have shown two half-coils again, with a dotted outline showing the movement of the coil caused by the applied load. In the upper one, the end “C” has moved downwards by an amount “§”. The corresponding end C of the bottom half coil is thus displaced downwards by this same amount. But the end “B” of this bit of spring will, in addition, move a further “§” due to the load on it. Hence the total deflection is 2§. Add another pair of half coils and the next end will move by 4§, and so on. The total deflection depends directly on the number of coils.




[image: ]




Fig. 2 The twisting moment on the spring is ½D x Wand is the same on all coils.
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Fig. 3 When the load is applied, C in the upper half-coil deflects by an amount §. This dislodges BC to bc. This also deflects under the load, so that the total deflection will be 2§ at B.








In spring work, this deflection is usually stated as the RATE (or SCALE) of the spring, “R”, and in Imperial measure is defined as the load in lbf to cause a deflection of one inch – lbf/in. (In S.I. units, this would be stated, for our size of spring, in Newton/mm.) The “math” of this is rather complicated (except to those home computer operators!), so I will simply state the formula this time. The deflection under a load W is given by:
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§ = deflection, inches


n = number of active coils


G = Torsional modulus of elasticity. Lbf/sq.in.


This can be more conveniently written in terms of the “rate”, W/§, thus:
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R = spring rate, lbf/in. of deflection.


(Note that I have given the units so far in the old “Imperial” – inches, lbf, and so on. There is no change in the formulas when consistent S.I. units – millimeters, Newtons, etc. – are used, and the charts provided later allow working in either system.)


From (3) above you will see that the deflection for a given load depends directly on the size of that load, on the cube of the coil diameter, on the number of coils, and inversely as the fourth power of the wire diameter. And, of course, inversely as the value of “G”, which depends on the material used – AND on the temperature of that material, a fact not always remembered when dealing with springs working at (e.g.) the temperature of boiler steam. However, the main point is that so far as deflection and “rate” are concerned it is even more impossible to make a “scale spring”.


I repeat, there is no need for the average model engineer to use these formulas at all, as you can use my charts, but looking at expression (2) and (3), if we want a spring which exerts a load of W lbf at a deflection of § inches and D diameter, we just write in the figures in (2) at a chosen stress to find the spring wire diameter d. Then put these figures into expression (3) to find the number of coils. There are two difficulties. The first is that we may (almost certainly will) find that this gives a ridiculous number of coils; or that the wire diameter won’t allow the spring to be wound – you can’t wind a 3/16in. dia. spring with 12 s.w.g. wire! So, you will have to go back and try again, with either a different coil diameter or a different material. Eventually, you will come up with a spring that will serve, but it takes time – a lot of time. (That’s why I started using charts, a long time ago!) But that is not the most serious snag. A spring designed that way may not give the right results – it is likely to take a permanent “set”, for example. We must spend a minute or two on this, because it is important.
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Fig. 4 Curves of correction factors needed because the spring wire is not a straight bar. “C” is the ratio D/d. These corrections are allowed for in the calculation charts shown later.








Correction Factors


In arriving at expression (1), we assumed that the torque was applied as in the case of a drive shaft. But a coil spring is COILED, the shaft is curved. This makes a big difference, for the surface stress is no longer uniform around the circumference. It is higher on the inside of the coil than on the outside. And, while we are at it, we ought to allow for the small bending stress in the wire which I mentioned earlier. A little reflection will tell you that if the correction is needed because the wire is curved, it is likely to be greater the greater the curvature, and you would be right. It depends on the ratio of coil diameter to wire diameter. Look at Fig. 4. The upper curve shows the correction to be applied to expression (1), page 6. You will see that the curve rises very steeply as the ratio c = D/d decreases. Even with a relatively “easy” spring made from 16 s.w.g. wire on ⅜in. mean diameter, the actual stress will be 25% greater than that calculated, and would be 10% greater if it were ⅞in. mean diameter. The lower curve shows the effect on the deflection formula No. 3. These corrections, K1 and K2 can be derived mathematically, but those shown have been found from a very comprehensive set of experiments, and then reduced to curves, from which the mathematical models (“formulas”) shown on the graph have been derived. So, the formulas you must get the kids to use on the computer are:




[image: ]





and
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with K1 and K2 either read from the graph or calculated from the value of D/d. But – see how complicated it has become all of a sudden. Indeed, we are in the same position as the designer of a bridge. The largest load a bridge has to carry is its own weight. But you can’t determine the weight until you have designed the bridge. And you can’t design . . .! This is what I am reliably informed is a “catch 22 question”. (Actually, it is more like catch 2222, for there is wind-loading and so on as well!) Now go out and see how many bridges you can find – it is getting over that sort of difficulty that makes “Engineering” the art it is. Similarly with spring design – there are ways out.


The first is to use charts, as I have done for years. If these are drawn out, using all the corrections, you can see the effect of altering this or that value at a glance. Or you can do it with “chips” – a home computer or a programmable calculator. But there is another help, too. Over the years, so many springs have been used that we have found out that there are values of D/d which are “good”, others which are “satisfactory” – and so on up to those which are plain nonsense. I have already mentioned a 12 s.w.g. spring 3/16in. mean diameter – the mandrel would be only 1/16in. dia. – less, for there is “spring-back” to allow for. Now imagine one made from 6 mil. piano wire 2in. coil diameter – D/d = 330! I will give you details of the ranges later, but can say now that while springs CAN have a wide range of ratios, the majority lie between D/d = 5 and 14; a few very “soft” springs may lie between 14 and 25, and very few indeed “harder” than D/d = 4. These limits will be shown on the charts.


Though this introduction may leave you with the idea that the job is difficult, that isn’t true. It does take time – even with a full computer program and years of experience, the commercial spring-makers have to take care when designing a special spring – and nearly all model engineers’ springs are special, simply because scale effects take us out of the “normal practice”. But with the use of charts and nomograms I have, over the years, found that it is possible to reach an acceptable design after only a reasonable amount of work.


Spring Wire


Whatever calculation method is used, the designer does have to make a decision as to what stress to use, and this depends on the material. And that, in turn, means “what we can get”. Some desirable types are just not available in reasonable quantities and others need heat treatment after winding. Most of “our” springs are wound cold, from hard wire. That hardness is achieved by repeated drawing through dies, and each drawing operation increases both the shear and tensile strength – it is work hardened. So, the shear stress we can use does depend on the wire size – in general, the smaller the diameter the higher the allowable stress. This can be surprisingly high to those used to normal working stresses – the torsional YIELD point – elastic limit – of 10 mil. piano wire, for example, is nearly 200,000lbf/sq.in. – about 1400 Newton/sq.mm – and falls only to 140,000lbf/sq.in. at 0.080in. dia. For most duties, we have to keep below this elastic limit, and the usual rule for compression springs is that when it is compressed so that all coils are touching, the stress should lie just below this elastic limit.


The “regular” spring wire we get is what is known as “Patented carbon steel spring wire”. The word “patented” does not refer to the patent office, but to a process applied to the steel to make it easier to draw into smaller gauges. It is typically between 0.65 and 0.75% carbon with perhaps 0.75% of manganese but no alloying content. It is available in common wire gauge sizes.


Also fairly readily available is “Piano” or “Music” wire which, as its name implies, is intended for use in stringed instruments. It has a higher carbon content – 0.85-0.95% – to give a higher tensile strength, for, in pianos especially, the wires are very tightly stretched. The shear strength is correspondingly increased. It has the advantage (apart from higher permissible stresses) that it is available in many more sizes which come in between the s.w.g. diameters, but the disadvantage is that the higher tensile strength makes it rather more difficult to wind. Both of these carbon steel wires can be had either zinc or cadmium coated (not electroplated) before the final drawing process – the wire is drawn through the dies after coating. This not only improves corrosion resistance but also improves the fatigue performance; the soft-metal coating reduces the surface roughness which may arise when drawing, and from what I have said already you will appreciate that any surface defect on a coil spring wire is highly undesirable. (Even a thin coating of rust!)


18-8 hard-drawn stainless steel is a very useful material, especially for situations where the temperature may be high or there is risk of corrosion – it can be worked up to 300 deg. C, whereas carbon steel wire is a little unhappy above 125 deg. C. It has an elastic limit in shear very slightly higher than regular carbon steel. (The working stress must, of course, be reduced when applied in hot environments, as I have already remarked.) This material is expensive and not too easy to wind. Hard drawn phosphor bronze also is non-corrosive so far as steam/water is concerned, but is normally recommended for continuous use only below about 110 deg. C. It is relatively easy to obtain in a wide range of gauges or to metric dimensions.


There are other materials, but few are suitable for use by model engineers. The prime spring material, chrome vanadium steel, for example, must be heat treated after winding, as must beryllium-copper – i.e. the spring is wound in the “soft” condition and then hardened. Monel can be wound hard drawn and will safety withstand both sea-water and corrosion and temperatures up to 225 deg. C. The shear elastic limit is about the same as phosphor bronze. Finally, hard-drawn 70/30 brass is a very cheap spring material for cases where mild conditions apply. It has strength properties about two-thirds of phosphor bronze and should not be used above 80 deg. C but, oddly enough, can be used at low temperatures. The most usual application of “spring brass”, however, is for flat springs, especially where sharp bends may be needed.






	Table 1







	Material


	G. Lbf/sq.in. × 1,000,000


	G. Newton/sq.mm × 1,000







	Carbon Steel


	11.4


	90







	Piano Wire


	12.0


	83







	18/8 Stainless


	10.0


	69







	Phos. Bronze


	6.0


	41







	70/30 H.D. Brass


	5.0


	35







	Monel


	9.5


	65








Before going on to look at working stresses, Table I (above) gives the Torsional Modulus of Elasticity, G, for some materials.


Working Stresses


These are given in Figs. 5, 6, 7, and 8 for the four most usual materials. In each case, the upper curve gives the minimum torsional elastic limit. It would be rare for the material to lie below this figure, and “accidental” stresses, e.g. compressing coil-to-coil, or the stretching of a tension spring to install it, up to this limit can be tolerated. Even where such “accidents” can be designed out, of course, it is best to work 5% below the curve. Below this one is a curve of “Working Stress for average duty”. This is the stress which should be used in the charts for all normal applications – axlebox springs, for example – and is the stress at the maximum duty load. This is calculated arbitrarily at 70% of the elastic limit for carbon steel and bronze, and 80% for stainless steel and music wire.
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Fig. 5 The stress curves for “patented” carbon steel (“Regular”) spring wire.
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Fig. 6 The stress curves for “Music” or “Piano” wire.








Please note that you can alter this to suit your own judgement; a spring which has to do no more than sit there and exert a force can be worked higher as long as it can never exceed the elastic limit. One that carries a dead weight with some little movement –an axlebox spring again – needs the 70% assessment; on the other hand, one that has a light load but is repeatedly stretched (a lubricator ratchet spring, perhaps) might be better designed at a lower figure. There is no harm in using a low stress – if you don’t mind using heavier wire and more of it. The one exception to this is, perhaps, the case of the I.C. engine valve spring, which I will be dealing with later.




[image: ]




Fig. 7 Stress curves for spring quality drawn phosphor bronze wire








This is a classic case of the “Severe Duty” curve, which appears on the graphs. The severity is not so much due to fatigue as to the fact that the inertia of the valve spring itself may mean that the whole load is carried on just the top few coils at the beginning of each lift. In addition, such springs may vibrate axially from coil to coil, again increasing the local load. But, for reasons which we shall see when I deal with this class of spring, we always try to work UP to this stress, rather than go below it.
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