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Introduction 





It is some time since anything was published on this fascinating family of mechanisms, and, for more than 10 years, only one design published in ME, an LNWR 0-8-0 by Martin Evans, has used it. Perhaps the time is now ripe to give the subject an airing in the hope that they will be used more frequently. First, it will be necessary to explore the principles behind all radial valve gears, for without an understanding of what we are trying to achieve, and the difficulties in doing so, the intricacies of these gears will be difficult to comprehend. All the following analysis applies to outside admission valves, it could equally be applied to inside admission, but this was not widely used with Hackworth/Joy type gears. I make no apology for the somewhat mathematical nature, without a proper analysis the full intricacies cannot be investigated. 





Basic Principles





Anyone who does not understand the terms lead, lap, cut-off, advance etc should read up on them before proceeding. The aim of all radial valve gears,Walchearts, Joy, Greenly etc., is to give a constant lead and a means of varying the point of cut-off of the steam. All gears driven by linkages rather than cams produce more or less distorted sinusuidal motion of the valve, ie similar to that produced by a simple eccentric. This is shown in figure 1 where instead of the usual circular diagram, the motion of the valve has been plotted (vertical) against the crank rotation (horizontal) for a number of cut-offs. The motion of the piston is superimposed to a different scale so that the relationship of valve motion to piston motion can be visualised. The motion of the valve from it's mid position can be described as





        � EMBED Equation.2  ���





where `v` is valve travel measured from mid point at some angle, `crank`, of crankshaft rotation (measured from top centre), `adv` is the angle of advance of the equivalent eccentric and `vt` is the total valve travel. It will be noted that all the valve motion curves pass through two points (ie v=+-(lap+lead) at 0 degrees and 180 degrees crank rotation). How is this achieved? Any sinusoidal motion can be synthesized by adding together two other sinusoidal motions of different magnitude and phase. In this case, a motion of fixed amplitude (equal to twice the sum of lap and lead) in phase with, but in the opposite direction to the piston motion is added to a motion of variable amplitude 90 degrees out of phase with the piston motion.





	� EMBED Equation.2  ��� 	Equation 1





It will be noted that no matter what the magnitude of `out_phase` (the out of phase component), at crank=0 and crank=180, ie top and bottom centres, v=lap+lead as required.





The piston motion can be described as 


        	� EMBED Equation.2  ���					Equation 2


'piston' being measured from mid stroke


�



At the point of cut off





	� EMBED Equation.2  ���				Equation 3





so by equating Eqn2&3 and re-arranging, the crank angle at cut off, crank1 can be derived as





	� EMBED Equation.2  ��� 					Equation 4





At the same time of course, the valve travel is





 	� EMBED Equation.2  ���





Equation 1 can now be re-arranged to give 





	� EMBED Equation.2  ���                                  Equation 5





The magnitude of both components of the motion can now be calculated for any desired cut off.





As an example, a typical full size loco might have





        lap  =       1"


        lead =       0.1875"





so                                  in phase component = 1.1875" 


and at 75% cut off                             crank1 = 120 degrees		(from eqn. 4)


so                                                 out_phase = 1.84"			(from eqn. 5)





It will be noted that the out phase component is not massively greater than the in phase component, indeed at 25% cut off, the in phase component would be unchanged at 1.1875", but the outphase component would be only 0.469", and the bulk of the valve motion would be provided by the in phase component. 





HACKWORTH VALVE GEAR





Excepting slip eccentric, which doesn`t really count, this must be the simplest valve gear available. It is based on the principles outlined above, but, as will be seen later, it has certain shortcomings which have restricted it`s use except where extreme simplicity is required at the expense of performance.





The layout of the gear is shown in fig 2. All of the drive is provided by the return crank ag which extends to the opposite side of the axle to the crank pin. Attached to the return crank pin is the vibrating lever `hmg`, the top end off which, `h`, is free to run up and down the slide. With the slide vertical, when the axle rotates, the magnitude of the horizontal motion of point `m` can be seen to be in phase with, but in the opposite direction to the piston motion, whereas the motion up and down the slide of point `h` is 90 degrees out of phase with the piston motion. If the slide is tilted, some of this vertical, out phase, motion is translated into horizontal motion which will be added to the in phase motion, thus fulfilling the requirements above. The linkage is arranged such that point `h` is coincident with the slide rotation axis, `j`, at TDC and BDC so that slide inclination has no effect in these positions. 


Design of the gear can be proceed as follows. The position of the slide axis is first positioned `aj` above the crank axle to allow some working clearance. From fig 3a showing diagramatically the gear on back centre it can be seen that





 	� EMBED Equation.2  ���� EMBED Equation.2  ���							Equation 6


 





Again from fig 3a it can be seen that





	� EMBED Equation.2  ���				                                    Equation 7





From figure 3b showing the gear at 90 degrees crank angle, it can be seen that the horizontal motion of point `m` is smaller than that of `h` by (gh-mh)/gh. Ignoring any angularity errors, which will be discussed later, point `h` is vertically displaced by `ag`, and so its horizontal displacement is 


ag * TAN(w) where `w` is the angle between the slide and vertical, so





	� EMBED Equation.2  ���                                          	Equation 8


        


By solving equations 6,7 & 8 it will be found that





	� EMBED Equation.2  ���					Equation 9


	� EMBED Equation.2  ���							Equation 10


        	� EMBED Equation.2  ���							Equation 11





The typical loco might have, just for this case, 3 ft diameter wheels, in which case the slide axis had better be around 24" above the axle (aj) to allow for a bit of axlebox travel and some clearance. KNHarris suggested a maximum slide angle of 20 degrees, and in_phase and out_phase were calculated above. We can therefore calculate:-





	� EMBED Equation.2  ���					(from eqn. 9) 


 	� EMBED Equation.2  ���						(from eqn. 10)


        


	� EMBED Equation.2  ���						(from eqn. 11)


        


So far so good, but there are drawbacks in this simple gear. The in phase component of point `m` is fine, but when the exact motion of point `h` is considered, the first drawback of this gear becomes clear. Figures 4 a,b,c show the gear with the crank at 0,90 and 270 degress rotation. Obviously, the height of the slide above the axle `aj` is less than `gh`. When the axle is at 90 degrees, point `h` is 


ag+gh-aj above the slide axis `j`, and at 270 degrees, it is  ag-gh+aj below `j`.  Thus point `h` travels further up the slide than down by





	� EMBED Equation.2  ���





and so the out phase component on the backward stroke of the piston is greater than that on the forward stroke. As a consequence, the valve travel and hence cut-off is greater on the back stroke.





Secondly, point `h` is running up and down a straight slide, but the front of the valve rod is constrained to move horizontally. The varying angularity of the valve rod from horizontal results in an effective shortening of the valve rod, and superimposes an error onto the valve motion. From Pythagoras this can be seen to be





	� EMBED Equation.2  ���


        


This could be alleviated by use of a curved slide, but this would make for manufacturing difficulty. A dodge to overcome this error with a straight slide is described later.





Thirdly, in a locomotive application, unless it has very small wheels, the slide rotate axis `j` must be positioned quite high. This makes the valve rod not horizontal at the top and bottom dead centres and it is necessary to incline the slide slightly to compensate. Otherwise, this has only a small effect. Incidentally, it is to keep the valve rod as near horizontal as possible that the return crank is extended beyond the crank centre, by this means point m can be below point `h` but still move in the opposite direction to the piston.





Fourthly, and this affects all valve gears, as the big end goes round with the crank pin, the angularity of the connecting rod imposes a distortion on the motion of the piston. Again, this effect is small.


 


Lastly, when the loco is travelling, any vertical movement of the axle on it's suspension will cause an error in the position of point h. As will be seen shortly, this is not as large as is commonly supposed, unless the track is very poor, or the suspension very soft.





How bad are these errors? As stated before, the in phase motion is OK, so we must consider the out phase component. With the crank at 90 degrees, point `h` is at it`s maximum height in the slide, but is (gh-aj) = 24.8 - 24 = 0.8 above where it should be. In full gear this results in an error of


	� EMBED Equation.2  ���


If we take the valve rod length as 93", and temporarily ignore the effect above, then at 90 degrees crank angle, point h is 6.24" above point `j`, and so the valve is out of position by


	� EMBED Equation.2  ���





If the axle moves up or down in the horns by 0.5" due to track irregularities, then point `h` is displaced, but by less than the error caused by vibrating lever angularity, and this is only a transient effect.





Depending on whether the piston is on it`s fore or back stroke, and whether the slide is tilted forward or backwards, these errors can add or subtract, but a potential error of 0.45" in a total motion of 1.84" is quite dramatic. There are two ways of finding the effect of these errors at other slide angles and other crankshaft angles. The first, traditional, way is to make a cardboard and drawing pin replica. This is tedious to make, difficult to measure the results, and even more tedious to make adjustments. The second is to calculate by trigonometry the positions of all relevant points for a full rotation of the crankshaft. The calculations are not especially difficult, but would be  extra-ordinarily time consuming without access to a computer. A full mathematical model has therefore been constructed within my PC's little grey cells (or should they be little black cells?), and the results are shown in fig  5 a,b,c. The distortion is immediately obvious, although it is better in backgear than forwards. To run this model, three further dimensions were required, connecting rod length = 74", height of valve above cylinder = 14.75", stroke=20"        


 


I claim no originality for the fiddle to mitigate the effects of the straight slide, this was known by at least Greenly and Heywood at around the turn of the century. Although I have never seen it used on Hackworth gear, I see no reason why it should not work. This calculation was previously published in ME in the early 80's, but it is perhaps appropriate to repeat it here. As shown in fig  6 , a perpendicular is erected from point `m` to point `n`, and the shortened valve rod is connected to `n` instead of `m`. To simplify the problem, we will assume that the height of the valve spindle above the cylinder is the same as that of point m at top dead centre, and will ignore the effect of angularity of the vibrating lever (if anyone wants to have a go at the analysis without these simplifications please feel free!). As the crank moves from it's dead centre position to it's 90 and 270 degree positions, it is required that the horizontal distance pm' remains constant. Thus as can be seen from fig  6a, at the back centre we have


	� EMBED Equation.2  ���				 Equation 12


	� EMBED Equation.2  ���					 Equation 13


and from fig  6b it can be seen that when the crank is at 90 degrees


	� EMBED Equation.2  ���					 Equation 14


	� EMBED Equation.2  ���						 Equation 15


Solving Equations 12 to 15 gives 


	� EMBED Equation.2  ��� 			 	 Equation 16


	� EMBED Equation.2  ��� 					 Equation 17


and from fig 6a  it can be seen that


	� EMBED Equation.2  ���						 Equation 18


For the typical loco, the figures come out at


        B =  14.6 degrees


        mn = 6.506"


        pn = 86.718" 


 Running this through the computer gives the results shown in figures 7 a,b,c. It will be noticed immediately that the mid-gear line is now a very shallow '8' shape, and is much nearer to the desired straight line. Forward gear performance is much improved, at the expense of back gear. You can't have everything! This trick works well as long as the valve rod is fairly long. If it is short, the '8' becomes quite fat, and in extremis the results are worse than without the correction. In the next instalment, we will delve into the various means of correcting  the error caused by angularity of the vibrating lever, i.e. Joy, Heywood and Sissons gears


