








Part 2 -Joy Valve Gear


Introduction





Having  investigated the fundamental principles of radial gears and the shortcomings of Hackworth gear in the last episode, it is now time to see how these shortcomings can be overcome. There are at least three remedies, the most common, in the UK at least, was Joy gear.


This gear was widely used on the LNWR and the LYR, and whatever else anyone might think about the LNWR, their non-compound locos had tremendous haulage capacity for their size, and worked the heaviest and some of the fastest express trains of their day, so the valve gear can't have been all bad.


Principle of operation


In the last installment, the concept of in phase and out phase motions was introduced.  The  circular motion of  the crankpin can be imagined as two motions at right angles, whereby the horizontal displacement from the crank from the axle centre is


		� EMBED Equation.2  ���


and the vertical displacement is


		� EMBED Equation.2  ���


It is quite valid to consider these two motions separately, for instance the crank pin travelling along a horizontal line as long as the other component is not forgotten. Imagine for a moment Hackworth gear (fig 2 last installment) with a telescopic vibrating lever, with end of the return crank sliding along a horizontal line. If we could arrange for the length `gh` to reduce to 


		� EMBED Equation.2  ���


when point `g` was exactly on the axle centre, then we would have eliminated the angularity problems, and point `h` would remain on the slide axis coincident with point `j`. If we then invert the linkage, fix point `h` on the slide axis and remove the return crank pin, it will be seen that the point `g` would be constrained to move in a straight line. We obviously cannot have a telescopic vibrating lever, but there are several straight line linkages to try. 


Joy's valve gear uses the Scott-Russell linkage. The layout of the gear is shown in fig. 8. It will be noted that instead of being connected to a return crank, the vibrating lever `ghm` is connected to the correcting link dge, which is itself driven from a point `d` part way down the connecting rod. Thus point `g`, the bottom of the vibrating lever moves in the same direction as the piston instead of in the opposite direction as before. Therefore to make point `m` move in the opposite direction to the piston, it has been positioned above the connection to the die block `h`. The bottom of the correcting link is constrained to move in an approximately straight line by the anchor link `ef`.


As the crankpin moves along it's imaginary horizontal line, it has been arranged that the  angularities of `dg` and `gh`  just cancel each other out, and so point `h` stays on the slide axis as required.


A red herring


KNHarris mentioned this straight line effect in his article in the early 70's, and gave the classical relationship between the link lengths as:


		� EMBED Equation.2  ���


In my article in the early 80's, I accepted this as correct and built from it a method of calculating the link lengths. Then I got my first computer and found that it wasn't quite right, even though it was probably better than could be achieved graphically. The problem is that the classical relationship only holds good as long as none of the links departs from vertical by more than about 7 degrees. In a typical valve gear, the correcting link inclination would be up to  40 degrees, and so the best that can be achieved is for point `d` to be on the straight line at three places, TDC,BDC and half stroke, and the classical relationship does not achieve even this.


Design methodology


The straightish line concept will be pursued as the basis for analysis. Refering to fig 9, if we know the height of the slide above the axle,  it will be seen that:


	� EMBED Equation.2  ���


and for `d` to be on the cylinder/crank axis at half stroke with point `h` held at the slide axis (angularity of anchor link ignored)


	� EMBED Equation.2  ���


Solving these four equations gives


	� EMBED Equation.2  ���								Equation 19


	� EMBED Equation.2  ���					Equation 20


	� EMBED Equation.2  ���									Equation 21


and from similar triangles it will be seen that:


	� EMBED Equation.2  ���						Equation 22


Unfortunately, when starting from scratch we don't necessarily know the height of the slide (at), and so we are faced with a more difficult, but not insoluble problem. It seems like a good idea to have the valve rod `pm` parallel to the cylinder/crank axis at TDC and BDC, and so still from the same diagram it can be seen that:


	� EMBED Equation.2  ���


which can be re-arranged to give


	� EMBED Equation.2  ���		Equation 23	


Solving Equations 20 to 23 is not easy, indeed, I have not managed to arrive at an exact solution, but can solve them using an iterative guesswork routine on the computer. This could be done using a calculator, but would be tedious and is outside the scope of this article. How are we to proceed? Either use the computer program, (see later), or use the following fiddle.





From the many examples studied, `dg` tends to be about � EMBED Equation.2  ��� of `de`. Taking this as a working assumption, we can use eqn. 23 to calculate `at`, and then use this value in Equations 19 to 22 to find  workable values for  `mh`,`gh` and `dg`. The valve rod `pm` will not be parallel to the cylinder/crank axis at TDC and BDC, but it won't be far out, and from the mathematical model, this does not appear to have much effect on valve events. What the calculations have not established is whether the conrod and vibrating lever will clear the slide, you have to do that on a drawing board or CAD. If not, move the slide up until there is clearance and then re-calculate `mh`, `gh`, `dg`.


The next step is to establish the position of point `d` along the conrod. The vertical movement of point `g` is the same as that of point `d`, i.e. 


	� EMBED Equation.2  ���


if we again limit the inclination of the slide to 20 degrees, the horizontal motion of point `h` is


	� EMBED Equation.2  ���


and so the horizontal motion of point `m`, which is  2*'outphase', is


	� EMBED Equation.2  ���		


This can be re-arranged to give `cd` as follows


	� EMBED Equation.2  ���				Equation 24


This is a 'recommended' value, less than this will require a greater slide inclination, with more wear, more will result in greater travel of the die block than is strictly necessary.





The next point to consider is the fixing of the anchor link, point `f`. It will be remembered that the purpose of the anchor link is to make the bottom of the correcting lever, point `e`, move in an approximately straight, vertical line. Obviously then, the anchor link should be made as long as possible, but it's length will probably be dictated by finding somewhere to support it, point `f`. It is very tempting to think that point `f` should be horizontally in front of point `e` when the gear is on front and back centres. However, a moment's thought will show that point `e` does not rise and fall equally about it's dead centre position because of angularity of the correcting link, so not only would the path of `e` be curved, it would not be even approximately vertical, the error due to  point `e` not moving in a straight line would not be equal at the mid stroke positions. If we put `f` below the cylinder centre line by `de`, then on centres the anchor link will slope down towards `f`, but the error will be equalised. The horizontal distance forward of the axle will then be


	� EMBED Equation.2  ���		Equation 25


If there is no means of anchoring the link at the calculated position, then having `f` higher or lower than ideal will not have a huge effect on valve events, but you will have to recalculate it’s horizontal position. By now you should have sufficient mastery of Pythagoras to do it for yourself!


�
The only remaining item is the curvature of the slide. This is the issue that has given me the most trouble of all. The traditional approach is to make the radius of curvature equal to the length of the valve rod  pm. This is not, I think, the optimum, although as shown in the previous article, even a straight slide results in a fairly small error, so one curved to not quite the best  value will result in an even smaller one. However, we've got to make a slide, so it might as well be to the optimum shape. To ascertain what this correct shape is, it is necessary to once again consider the two components of motion of the crank pin. If this time we think of the crank pin moving in a vertical line through the axle centre,  the inphase component of the valve motion would not be driven, and so , with the slide vertical, we require that the valve does not move.  Point `m` should therefore move in an arc of radius `pm`, whilst point `e` is moving in an arc of radius `ef`. It will be seen immediately that `h` will move in an arc of some radius, but that it is unlikely that this radius will be `pm`. The vertical travel of point `d` is going to appear quite a lot in the following equations, so to save complication let us define this as ' 2*v ', and we can easily see that


	� EMBED Equation.2  ���								Equation 26


The 'curvature error' at `e` is


	� EMBED Equation.2  ��� 						Equation 27


but if we ignore the angularity of the con rod `cb`, point `d` is moving in a straight line. By interpolation it can be seen that the 'curvature error' error at `g` is 


	� EMBED Equation.2  ��� 						Equation 28


The 'curvature error' at `m` is


	� EMBED Equation.2  ��� 						Equation 29


and again from by interpolation we can calculate


	� EMBED Equation.2  ��� 	Equation 30


If we call the radius of curvature of the slide 'rad', we have


	� EMBED Equation.2  ���


or re-arranging


	� EMBED Equation.2  ��� 							Equation 31


Whether this radius is greater than or less than `pm` depends on the length of the anchor link and the ratio � EMBED Equation.2  ���.


Worked example


Time now to put some real numbers in and see what happens. For our example this time we can take a real loco, the Lancashire and Yorkshire 4-4-0. The lap is 1" and the lead is 0.184", so inphase = 1.184". The stroke is 26", the length of the correcting link is 20”, and the slide axis is positioned 13.312" above the axle. We can therefore calculate


	� EMBED Equation.2  ��� 							(from eqn. 19)	� EMBED Equation.2  ���		(from eqn. 20)


	� EMBED Equation.2  ���							(from eqn. 21)


	� EMBED Equation.2  ���				(from eqn. 22)


These are exactly the values used on the real engine. Coincidence? I doubt it, the LYR under Aspinall were quite a scientific bunch, I wouldn't be surprised if they had performed exactly the same analysis, with the same results.


What if we hadn’t known `at`? First guess for `dg` is � EMBED Equation.2  ���, and the valve spindle is 14.75" above the cylinder axis.We then calculate


� EMBED Equation.2  ���	(from eqn. 23)


The ideal computer generated value is 12.162", so this fiddle has arrived at a pretty good answer, at least in this case. 


 It is then necessary to recalculate 


	� EMBED Equation.2  ���	(from eqn. 20)


	� EMBED Equation.2  ���						(from eqn. 21)


	� EMBED Equation.2  ���				(from eqn. 22)


Next thing to establish is the position of point `d` along the conrod.  If we decide on 75% maximum cutoff as before, then from Equation 4 (previous article) we have


	� EMBED Equation.2  ���


and from Equation 5 (previous article)


	� EMBED Equation.2  ���


The length of the con rod on the original is 74", so using Equation 24 we can now calculate


	� EMBED Equation.2  ���


Again this is exactly the value used by the LYR designers.


The anchor link length is 28", and so if we make


	� EMBED Equation.2  ���


	� EMBED Equation.2  ���			(from eqn. 25) 


Again, these are exactly the values used by the LYR.


All that now remains is to calculate the slide radius. The valve rod (pm) length is 43.5, so


	� EMBED Equation.2  ���									(from eqn. 26)


	� EMBED Equation.2  ���				(from eqn. 27)


	� EMBED Equation.2  ���					(from eqn. 28)


	� EMBED Equation.2  ���				(from eqn. 29)


	� EMBED Equation.2  ���	(from eqn. 30)


	� EMBED Equation.2  ���”						(from eqn. 31)


As might be imagined, the improvement this causes is barely noticeable. The valve events from the original and calculated gears are presented in Fig 10&11. It will be noticed that there is little or no difference between the two, as would be expected.





The straight slide arrangement shown in the previous article is equally applicable to Joy gear, although equation 19 has to be modified to


	� EMBED Equation.2  ���


which results in equations 16, 17 & 18 becoming


	� EMBED Equation.2  ���						Equation 16a


	� EMBED Equation.2  ���						Equation 17a


	� EMBED Equation.2  ���						Equation 18a


	


Putting in our values gives


	� EMBED Equation.2  ���


	� EMBED Equation.2  ���


	� EMBED Equation.2  ���


and running these figures through the computer model gives the results shown in Fig 12. Again there is little difference, if anything, this version is slightly the best, and would be much easier to make.





Enough for this installment, next time we can examine Chas Browns, Heywood and Sissons 												


 





