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Disclaimer:  I’m actually the Chemistry Professor, but I readily admit I don’t know any more about engine building than the ‘Tractor Mechanics’ out there.  It’s totally up to the builder as to how to assemble his engine.  This write-up is mostly based on what I learned during the assembly of my engine, which was done with the assistance of a professional with many years of experience.  You might want to consider doing the same.  If you do, this write-up should at least point out some factors that an engine builder not familiar with aircraft applications in general or the S51 in particular might well overlook.  It is free, and worth every penny.

Chevy Big Block Motors; Design considerations and specifications

The Block 

The most popular big block motors have displacements of 454 CI and 502 CI.  Both have been used successfully on the S51.  The displacement difference is a matter of bore size.

The 454 uses a 4.250” bore while the bore on the 502 is 4.466”.  Both have 4” stroke.  To get the latter bore size in a block, “siamezed” cylinders are required.  In a block with “siamezed” cylinders, the water jacket does not extend in between the cylinders.  Hence these blocks can be bored to larger diameters.  It is also possible to get big block motors with different deck heights (the deck height is the distance from the crank centerline to the deck, or the surface that mates with the cylinder head).  Both the 454 and 502 use blocks with a standard deck height, 9.8”.  Tall deck blocks, with a deck height of 10.2” are also available.  Actually still taller deck blocks are available from aftermarket sources, but they will not fit in the S51.

 A somewhat bewildering variety of blocks are available from General Motors as well as aftermarket suppliers.  Reference 1 is an excellent source of information about the GM products.  Aftermarket suppliers include World Products for iron blocks and Donovan, Keith Black and Rodeck for aluminum blocks.  Generally the aluminum blocks weigh about 100 lbs less than the cast iron, but are considerably more expensive.  Jim Stewart always recommended an iron block for the S51, and the aircraft was designed to accommodate the extra weight with the battery in the back.  If you add a lot of extras such as a supercharger and/or accessory drive case, the aluminum block may work out better for weight and balance.  With an aluminum block you will probably need to put the battery or batteries in the engine compartment.

Probably the most popular displacement for S51 engines is 540 CI, which results from a bore size of 4.500” and a stroke of 4.25”.  This is the largest stroke that is practical with an aftermarket standard deck block.  I understand some of the standard deck GM blocks are limited to 4.125” stroke if you want to avoid grinding on the block, but all of the aftermarket blocks mentioned above will accommodate a 4.25” stroke.   If you want to use a stroke larger than 4.25” it will be far easier to go with a tall deck block.

I personally think that you should limit the engine horsepower to about 500 if you intend to use the cooling system parts that come with the kit.  If you go much above that you may find that you need a higher coolant flow rate than is practical with the 1.5” coolant lines and the dual pass radiator Jim Stewart furnished.  We know from experience that the radiator capacity, as installed in the S51, is adequate for an engine of about 500 hp.  A 540 CI engine that makes 500 hp at 4750 rpm is a pretty mild motor by race standards.  If it is properly built, it should “live long and prosper”.  That’s the major goal here, so I’m not even going to discuss issues that arise with higher power motors.

So, assuming you want a 540 CI motor, which blocks can you use?  From the GM offerings you could use the High Output (HO) Gen V or Gen VI block, or any of the Bowtie blocks.  Any of the blocks from the above mentioned aftermarket suppliers would also work. All have 4 bolt main caps, which is important for continuous use at high power settings.  The strongest designs use ‘splayed’ caps, in which the two outboard bolts on each cap are angled inwards. The World Products Merlin Pro is supposed to be the strongest iron block available, but is also somewhat heavier that the GM bowtie blocks and at least 100 lbs heavier than the aluminum offerings.  It is very popular with offshore endurance boat racers. I think there is little difference between the aluminum blocks.  All are excellent, but some may be more convenient than others if you need to introduce coolant through one or more of the freeze plug openings on the side. In particular, the Keith Black block has only two openings instead of the standard three, and one of them is directly beneath the rear engine mount.  You can use either a standard or tall deck.  The tall deck weighs more than the standard deck block, but will allow you to use a longer connecting rod, which improves the engine geometry and reduces the side loads on the pistons.  The tall deck can require some added work in installing the intake manifold and will require special valve covers if it is to fit under the cowl, but both of these problems can be overcome.

Heads

Big block heads come with either oval or rectangular ports.  The rectangular ports are larger and present less restriction to flow. Nevertheless, conventional wisdom is that in practice the oval ports work out better with a displacement of 540 CI and the maximum RPM the engine will see in the S51.  The reason for this is that the smaller ports keep the intake port velocity up.  This helps vaporize and mix the fuel if you are using an injection system. It also helps keep the turbulence level up in the combustion chamber. 

You can get heads in either aluminum or cast iron.  Aluminum heads weigh less, cost more, and conduct heat better.  Everything else being the same, the latter characteristic allows you to use a compression ratio about half a point higher than you could in an iron head and still avoid detonation.  A higher compression ratio results in higher efficiency,

e.g. more power or, at the same power, better gas mileage and less cooling load.   With aluminum heads you should be able to go as high in compression ratio as 9.5:1 without seeing detonation using 92 octane pump gas.  With iron heads the limit would be about 9.0:1.

Most people building up engines for the S51 are using Brodix BB-1 OEFI heads.  These are aluminum heads with large oval ports.  I think the reason most people are using Brodix is because at one time they made some dual plug BB-1 heads and sold them through an intermediary.  You may be able to still be able to get ahold of some of these through Team-38.  A dispute over some manufacturing problems caused Brodix to stop making heads that can be easily adapted for dual plugs, so to the best of my knowledge what is left at Team-38 is the last of the dual plug heads.  The heads on the PAE prototype engine were Brodix BB-2 rectangular port with bosses welded in and machined for the second set of plugs.  This is tricky business, and should be avoided if at all possible.  In my opinion it’s probably not necessary to have redundancy in the spark plugs as the failure rate is extremely low.  And if one or two do fail, you are not going to fall out of the air.  The rest of the ignition system is another matter.  You can use single plug heads and still have redundancy in the rest of the ignition system if you use electronic ignition.  If you want to use one or more magnetos, you will need dual plug heads for redundancy.

In what follows I’m going to use Brodix as an example because that is what I am familiar with.  More than likely you can get similar products and services from the other aftermarket head manufacturers such as Dart, Edelbrock or World Products.  If you go with GM heads you will have to farm the assembly tasks out. You can get single plug BB-1 OEFI heads from Brodix or their many distributors as long as they are not aware they are going on an aircraft. Brodix is very touchy about this, so if you deal with them direct be prepared to fib when they inquire about the application.  

Next to an aluminum block, the heads are probably going to be the most expensive item on the engine.  You can buy heads from Brodix in just about any stage of completion.  If you get bare heads you will have to pay someone to install the valves, etc., so I would recommend that you get as much as possible of this stuff done by the manufacturer.  Brodix sells head packages that include the valves, valve seats, valve springs, retainers, locks, rocker studs, etc. They will also do anything from simple bowl blending (removing sharp edges and corners from the combustion chamber) to a full CNC port job (machining the intake and exhaust ports to minimize and match the flow resistances into and out of  the individual cylinders).  Bowl blending is essential as any sharp edges in the combustion chamber can get hot enough to cause pre-ignition.  If you get a full port job done along with everything else I think you need, the complete head assemblies are going to set you back 8-9K at list prices.  Still, it’s probably more cost effective to get the manufacturer to do this than to farm the tasks out, provided you can get it done the way you want.  

Do you really need a complete port job?  The savings is considerable if you can live without it. All other things being equal, you can expect a complete port job to increase the peak power of the engine by about 50 hp, but lower the maximum torque.  Then to take full advantage of the port job you will have to cruise at a higher engine RPM.   Of course you could move the torque down to a lower RPM range using a different cam, but the point is that it’s is not difficult to get 500 hp out of a 540 CI engine at 4750 RPM. You should be able to get close to this figure with unported BB-1 heads.

Brodix heads (and I think most all the performance heads on the market) have 11/16” valve guides, not the standard 3/8”, so be sure to get valves with 11/16 stems, along with compatible retainers and locks.  I’m told that you can get better quality valves in 11/16 since these are commonly used in more severe racing applications.  The reasons they are normally used in racing applications is (1) that the smaller stem results in less blockage in the intake ports, and so the engine breathes better, and (2) the smaller stem valves are lighter and resist valve float at high rpm.  Neither one of these considerations is very important in our application. The 3/8” stems should be stronger, and you could make a very good argument for them in our application as long as you can get a top quality product in the correct materials.

If you want to get a complete head package, here are some things that I think you need in it.  The valve seats that Brodix normally installs have proven too soft for our use.  You need to get harder seats installed.  Many of the builders with engines under construction are using valve seats made by the Tucker Valve Seat Company.  The seat material they use work hardens to about Rockwell 50, which is a lot harder than what Brodix installs. Dan McGarry has found that these seats stand up well.  

In the continuous high power service your engine is going to see, you need exhaust valves made from Inconel instead of the standard stainless steel. Inconel valves are available from most valve manufacturers.  There is absolutely no reason to get valves made from more exotic materials such as titanium.  These are used in very high RPM racing applications where the mass of the valvetrain becomes a factor.  As far as I know only one engine used on an S51 has swallowed a valve, and it was made from titanium.

Figure 1 shows the result.  The broken valve beat a hole in the piston, and the resulting debris migrated back through the intake manifold to the other cylinders.
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Figure 1.  You don’t want a mess like this one.  Note the hole in the #5 piston and the separated heads on both the #5 valves.

For some reason the big blocks installed in S51s seem to have a lot of trouble with broken rocker studs.  The solution to this is to replace them with a shaft rocker system. You can use either the Jesel system or the one by T&D Machine.  Some machine work on the heads is normally required to install shaft rockers.  Brodix can supply either system and do all the required work at the factory.  I expect they would install different seats and exhaust valves too, but you have to tell them what you want.

Pushrods of 5/16”, 3/8” and 7/16” diameter are used on BB engines.  Most passenger car engines have 5/16 pushrods, which I think are too small for the higher spring pressures used with roller cams.  On the other hand, unless you are running the very high spring pressures associated with an aggressive roller cam and perhaps using a tall deck block with valves that have a high installed height, it’s probably not necessary to go all the way to 7/16”.  For most the 3/8” diameter pushrods will do nicely.  Most 3/8” pushrods come with the ends swaged down to 5/16” diameter.  That way they can be used with standard lifters and rockers.  Jesel and T&D offer rockers that accept 3/8 tip diameters.  This gives more contact area, which is particularly useful when spring pressures are high.  On the other hand, the selection stock length of pushrods with 3/8 ends is not nearly as good as for the 5/16 ends.  If you have a tall deck engine, you may have to have the exhaust pushrods custom made if you go with 3/8 ends.  This more of an inconvenience than a problem or added expense.  In my opinion, 5/16 ends should be satisfactory with the spring pressures recommended in this write-up.  You can also obtain lifters that accept 3/8” ends, although 5/16” is the standard.

The valve springs should be matched to the cam you choose to use.  Springs that are not matched well to the cam and engine RPM range can lead to vibrations that will cause the valve train to fail prematurely. For this reason it might be a good idea to get both the cam and springs from the same manufacturer.  Most of the people building S51 engines are using Crane cams.  I think the reason for this is that they seem to be more cooperative in producing the special cams we require than some of the other manufacturers. More on this when we address camshafts.  The Iskenderian catalog contains an excellent discussion of valve train stability.  I think you can get one for the asking.

Most high performance blocks have bosses for two extra head bolts cast into each cylinder bank (for an example see Figure 10). These added bolts are threaded from inside the lifter valley up into the heads. If you select a block with this feature and want to use it, you will need to have two additional holes drilled and tapped in each of your heads.  This is usually an extra cost option.  The extra head bolts are most useful in very high compression applications, which ours is not.  

Pistons

The pistons are always aluminum alloy and come in three varieties; cast, hypereutectic and forged (in order of increasing strength).  The cast pistons are not strong enough to use in continuous high power applications.  Most everyone is using forged pistons.  Reliable manufacturers include JE Pistons, CP Pistons and Childs & Albert.  Dimensionally, the CP pistons are reportedly the best right now, but all of the above make excellent products.  The major factors in selecting suitable pistons are the bore, stroke, deck height, rod length, combustion chamber volume (in the heads) and the desired compression ratio.  The head gasket compressed thickness has a significant but lesser impact.  Valve clearance can also be a consideration if a high lift cam is used with a high compression ratio or short stroke.  In our application there is no need to use a high lift cam, so you will probably not have to worry about this.  For a given stroke, each of these manufacturers can supply most any compression ratio you want.  For very high compression ratios you will probably get a domed piston.  For moderate compression ratios you will probably get a flat top piston and for low compression ratios you will probably end up with a dish or inverted dome.  The manufacturers listed above will custom make pistons for about the same price as their  off-the-shelf products, so just decide who you want to go with and be prepared to give them the information cited above along with your credit card number.

Standard GM ring dimensions (1/16” thick top and second rings, and a 3/16” oil ring) work well.  Since an extra horsepower or two is not an important consideration here, you do not need anything exotic like zero gap or low-tension rings.  If you are using an air filter, the standard ring material (plasma moly coated chromium/ductile iron top and moly coated ductile iron second) should work well.  Without an air filter you might want to consider a harder material such as tool steel or chrome plating for the top ring.  This makes it less likely that dirt and grit will become embedded in the ring material.  Rings made from these less common materials are available from Childs & Albert. I’d suggest getting the rings and wrist pins from the piston manufacturer if they can supply them.  Else you will need to tell them what rings and pins you intend to use, and/or their dimensions.  

You can obtain rods set up for wrist pins that are pressed in or floating.  If you need to change pistons or rods, floating pins make the job a lot easier. Passenger car engines generally come with pressed-in pins, but floating pins are pretty much standard in high performance applications.  A floating pin needs to be retained in some manner so that it cannot contact the cylinder wall.  Pin locks are used for this purpose and several varieties are available, each of which requires the manufacturer to machine a grove in the piston pin bore.  As far as I know any of the choices will work if the fit is proper.  If the pin has much end play, any of them can be hammered out as the engine runs.  Getting the pins along with the pistons should ensure that the lock groves will be positioned correctly. Spyrolok locks have a reputation of staying in, even when you’re trying to get them out.

Also, for a nominal additional charge any of the piston manufacturers listed above will hone the pin bores to fit any of the pins they manufacture.  This is termed “pin fitting”.

Someone is going to have to do this, and it’s probably best to get the manufacturer to take care of it.

Camshafts

The camshaft has a major effect on the RPM range where the motor makes its maximum power and torque.  Power is the product of torque and engine speed, so the torque always peaks at a lower engine speed than the power.  You want a cam that produces maximum torque in the cruise RPM range, but you do not want the torque to decrease so much at higher engine speeds that you do not get maximum power at red line (normally 4750 RPM with the Stewart/Florida Airboat  Power PSRU).   Most builders are using cams that produce peak torque between 3600 and 4000 RPM.  This usually will result in peak power being produced at or slightly greater than 4750 RPM.  

The parameters that go into making the cam include the duration (the crank angle interval in degrees that the valve is open, usually expressed as the change in crank angle from when the lifter is raised 0.050” off the base circle to the crank angle when the lifter reaches the same point on the way down), the centerline (the crank angle where maximum lift occurs), and the lobe or tappet lift (the maximum lobe dimension above the base circle).  These parameters (or others which basically specify the same information) are generally different for the exhaust and intake lobes.  The lobe profile is also important.  This basically specifies how rapidly the lifter moves in terms of crank angle degrees.  One important advantage of a roller cam is that more aggressive lobe profiles can be used.  More aggressive profiles open and close the valve faster in terms of crank angle.  Thus the valve spends more time at or near maximum lift, and the engine breaths better,
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Figure 2.  End view of cam lobe illustrating the base circle and lobe lift.

 There are several ways to select the cam parameters.  Probably the best is simply to take advantage of what has worked for other people with similar requirements, for example other builders.  The tech reps employed by the cam manufacturers can generally suggest something that will be close to optimum, as can experienced engine builders.  Now that you can buy engine simulation programs for a reasonable price, it’s perfectly feasible to simply try out (in the computer) various cams from manufacturers’ catalogs and see how they would be expected to work in your application.  This will also help you understand the interrelationships between the cam and the rest of the engine design parameters.

Engines used in the S51 must run in reverse rotation if the Florida Airboat Power PSRU is used.  This PSRU reverses the shaft rotation, so that with a reverse rotation engine the prop will rotate in the conventional direction, as is appropriate for conventional propellers.

 Depending on how you drive the cam, you may need one that runs in reverse rotation.  The most common setup is to use a conventional cam drive, either a set of 2 gears plus an idler or two sprockets and a chain.  In this case your cam will rotate in the same direction as the crank, e.g. in reverse rotation.  An alternative is to use 2 gears without the idler, which makes the cam rotate opposite to the crank, e.g. in the conventional direction.  When you order a cam, make sure the manufacturer understands that the crank will be running in reverse rotation and the method you are using to drive the cam.  You may find it difficult to get a cam made that rotates in the direction opposite the crank, as this requires special blanks that the manufacturer may not have in stock.  Crane would be your best bet in this case, as they are one of the two large aftermarket blank manufacturers in the US.

A conventional cam uses flat tappet lifters.  Here the cam lobe slides (on an oil film) across the bottom of the lifter.  The alternative is a roller cam, in which a roller attached to the bottom of the lifter rotates over the cam lobe surface.  A roller cam will have less frictional loss, but the main advantage is the you can use a more aggressive lobe profile since you do not have to worry about breaking down the oil film.  A more aggressive profile basically increases the average lift, defined as the lift averaged over the duration. This allows the engine to breathe better and make more power.  Most of the builders are using roller cams. 

Roller cams are made of steel instead of cast iron.  On a flat tappet cam the gear that drives the distributor gear is part of the casting. e.g. it is cast iron. You do not want a steel distributor gear on the cam, as it will quickly eat up the gear on the distributor.  Some roller cams come with a brass gear.  You do not want that either, because the distributor gear will eventually eat that one up.  Roller cam manufacturers offer a special iron gear as an option.  This is recommended.   Make sure the gear provided is compatible with the gear on your distributor.  If you get a reverse rotation cam you will have to change the gear on the distributor.  Reverse rotation distributor gears are available from Crane.  Some aftermarket distributors (those made by MSD, for example) use an oversize shaft.  In this case the ID of the Crane gear will have to be enlarged slightly.  With a lathe, this is a 10-minute job. 

Interpreting cam lingo can be a problem until you get used to it.  Figure 3 shows a Crane cam card.  The specifications for the same cam as input into one of the engine simulation programs (this one developed by Performance Trends) is shown in Figure 4.  Let’s see how these numbers translate.  First consider lift, which is just a maximum travel or displacement distance.  According to Figure 3 the intake cam lobe has a lift of 0.314”.  As illustrated in Figure 2, this is the difference between the maximum distance of the lobe surface from the centerline and the radius of the base circle. It’s also the maximum lifter displacement.  The valve lift is the product of the lobe lift and the rocker arm ratio.

A rocker arm ratio of 1.7 (actually 1.72) is standard for the BBC, so the intake valve lift is 0.314x1.7=0.534”.  This is the maximum displacement of the nose of the rocker. (The nose is the part in contact with the valve stem.)  For a hydraulic lifter (which has no lash), this is also the maximum valve displacement.  The cam referenced in Figure 3 is intended for solid lifters, as indicated by the 0.020” lash specification in the first box.  In this case the rocker nose will travel 0.020” before it contacts the valve stem, so the maximum valve displacement is 0.534-0.020=0.514”.   This much of the info from the cam card translates directly to the computer input menu.  
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Figure 3.  The specifications for the cam Dan McGarry is using.  He has used several more aggressive cams, but likes this one the best.


[image: image5.png]General Lam Specs

[Total Cam Advance %1 Advance

Type

Use Specs in this Menu

[Lifter (profile) Type [Mid Soid Fioller

it for Rating Events

050 inches

Pushiod w RockiAm (race) v

Intake =

[Centesiine. deg ATDC 107 ‘[ . deg BIDC. 117

[Duration @ 050 ~ 212 | | Dution@ 080~ 220

[Dpen@ 050 <. BTDC  [1 | | Open@ 050-.BBDC  [47

[Cose @ 050~ ABDC _ [33 | | Clse @ 80=.ATDC  [7

Max Lobe L#t, i 514 |(od| | MaxtobeGitm  [3% |(ud

[Covh ot Vave, 2 || iash ot Vaiv

(Rlocker Am Ratio 7 i

Calculated Cam Specs —— 7 T Help ~

Lobe Separation B 2 | eiinidnt:bmobibiganabil il
| 534 1

Intake Gross Valve Lift,

Exhaust Gioss Vaive Li





Figure 4.  The cam menu from the engine simulation program developed by Performance Trends with the parameters in Figure 3 entered.

The next to the last box in Figure 3 gives the cam timing at 0.050” lobe lift.  The intake lifter passes though 0.050” displacement on the way up at a crank angle of 1 degree after top dead center (ATDC) and passes through 0.050” on the way down at a crank angle of 33 degrees after bottom dead center (ABDC).  To find the duration at 0.050 lobe lift, just translate these angles into crank angles in the range 0-360 degrees, then subtract.  Taking a crank angle of zero to be at top dead center, or a 12 o’clock position on a circle, 1 degree ATDC = 1 crank degree, and 33 ABDC = 180+33= 213 crank degrees.  Then the intake duration is 213-1 = 212 degrees.  For a symmetric lobe shape (and most are symmetric), the maximum lift occurs at 1 + 212/2 = 107 crank degrees, or 107 ATDC. This is the intake lobe centerline.  For the exhaust valve the corresponding figures are 47 before bottom dead center (BBDC) on opening (or 180-47=133 crank degrees) and 7 before top dead center (BTDC) on closing (or 360-7=353 crank degrees).  The exhaust duration is 353-133=220 degrees.  The exhaust lobe centerline is 133 + 220/2 = 243 crank degrees = 360-243 (or 117) BTDC.  These numbers are entered into the cam specs menu in Figure 4.  The lobe separation is the cam (not crank) angle between the intake and exhaust lobe centerlines.  It is calculated from the lobe centerlines (which are in crank degrees).  You have to divide by 2 since the crank rotates 2 revolutions for every cam revolution.

Wide lobe separation angles (112 to 120 degrees) generally result in little valve overlap (the time, in crank degrees, when both valves are open simultaneously), lots of torque at low speed and a smooth idle.  Narrow separation angles will generally produce more power, but only at high RPM where the intake and exhaust flowrates are high.  The increased valve overlap takes advantage of the momentum of the intake and exhaust streams to get a larger fuel-air charge into the cylinders.  With the short exhaust headers on the S51 it’s not possible to derive any advantage from the exhaust stream, no matter what you do with the cam.  This and the fact that the redline is only 4750 RPM makes a wide lobe separation work much better.

Cam drives

The camshaft is driven off the crank using a cog belt, gears or a roller chain with a 2:1 ratio.  In most automotive BB engines a chain is used.  If you want to use a chain drive, make sure you get a ‘true roller’ type as these are the strongest.  Jesel makes a belt drive system that is popular with racers.  Dan McGarry tried one and had it break during run-up!  He had a type of belt that is softened by exposure to engine oil, and apparently some leaked into the drive from the lifter valley or cam bearing.  There are belts available that are resistant to engine oil, but in my opinion it is not a good idea to use any type of belt in this critical application.  That leaves gear drives, which is what most are using.  I understand that GM makes some two gear systems for certain tall deck truck engines, and I have been told that Mercruiser makes (or once made) two gear cam drives.  There are at least two manufacturers that make three gear sets (two drive gears and an idler); RCD and Summers Brothers.  Anyone that wants to use the accessory case developed by Jim Czachorowski must use the RCD unit.  Engine builders experienced with both manufacturers tell me that the Summers Brothers unit is not as well made as the RCD.

As far as I know, no one uses the Edelbrock drive which has 2 self-centering idlers connected by a tie-bar.

Crankshafts

Cranks come in three varieties, cast, forged and billet.  Cast cranks are the standard on automobiles, but they are not strong enough to stand up to 500 hp for extended periods. Billet cranks are cut from a single hunk of steel, then heat-treated to increase the strength of the metal and relieve stresses caused by the machining operations.  Because custom tooling does not have to be made to produce billet cranks, you can get one custom made in just about any stroke you want for little more than you would pay for a standard billet crank. Forged cranks are hammered into shape while in a near molten state.  The hammering tends to relieve stresses, and they are much stronger that cast cranks.  The forging is done in a couple of different ways.  The best results are obtained when the crank is hammered into its final shape directly from the hot billet.  As you can probably imagine, the tooling for this process tends to be expensive.  An alternative forging method is to first hammer out the billet in a plane where the rod journals are opposite one another, then to twist the result into the final non-planar shape.  The final twisting in this method introduces stresses into the crank, and in my opinion makes them inferior to cranks forged by the former method. 

Billet and cranks forged without twisting are generally considered to be comparable in strength, and either should work fine in our application.  If you can find one in the stroke you want and set up for reverse rotation, the forged crank will be considerably less expensive. I think Childs & Albert, Callies and Crower all make forged cranks in 4” stroke, but the selection in other strokes may be limited because demand does not justify the tooling costs. In addition, I don’t know if these manufacturers will make a forged crank for reverse rotation, even though the changes from forward rotation are very simple .I don’t know which of the forging processes these manufacturers use, but would definitely inquire about this before I bought one.  Quality billet crank makers include Childs & Albert, Hank-the-Crank (HTC), Velasco’s Billet Crankshafts, and LA Enterprises.  LAE makes good cranks, but I found them to be a lot more expensive than Velasco for reverse rotation models.  I don’t really understand this because the only significant differences in forward and reverse rotation cranks are the orientation of the oiling holes, the contouring of the counterweights and polishing the journals.

BB cranks from GM are externally balanced.  Basically, both the crank and flywheel are unbalanced, but the imbalances are made to cancel out when they are used together.  Billet cranks can be internally balanced, e.g. both the crank and the flywheel are balanced, as is the combination.  I do not know about the forged cranks; perhaps they can be internally balanced too.  It seems to me that the externally balanced system could increase the demands on the harmonic balancer.  If you are springing for a billet crank, I’d suggest getting it internally balanced.

Another special feature which I recommend is having the main bearing journals cross-drilled.  This results in the main bearings getting a shot of pressurized oil four times per revolution as opposed to twice with the standard crank.

Rockers

Rockers come in two varieties, conventional and roller.  Roller rockers have a roller on the nose, which rotates in contact with the valve stem.  They also have roller bearings where they mount on the rocker stud.  The former feature reduces side loads on the valve stems and guides, which becomes increasingly important with the higher spring pressures used with roller cams.  Conventional rockers have neither of these features.  The only reason I can think of to use a conventional style is to save money, and the amount of saving we are talking about here is pretty insignificant.  Considering that the valvetrain is generally acknowledged as the weakest aspect of the BB motors, I would advise against trying to save money here.  The top of the line shaft rocker systems by Jesel and T&D only come with roller rockers.  Don’t forget to order the large radius adjusters if you want to use pushrods with 3/8” ends. 

Lifters

As mentioned previously, lifters come in two varieties, the conventional flat tappet or roller.  Most builders are using roller cams and lifters, so I will stick to them.  Roller lifters must incorporate some device to prevent them from turning in the bores.  Typically this is a tie-bar which links the exhaust and intake lifter for a given cylinder.  

These have been known to break, as Dan McGarry will testify.  More robust means of preventing rotation are available.  Keyway lifters ride in a keyed bronze bushing that is pressed into the lifter bore.  The lifter incorporates a slot that the key fits into to prevent rotation.  Another lifter style is referred to as a ‘dogbone lifter’.  These have flats cut into the top of the lifter.  The flats ride inside a retaining device (the dogbone) that is installed on a pedestal just above the lifter bores.  See Figures 42 and 45. Many manufacturers make the tie-bar style lifter.  Jesel makes keyway and dogbone lifters as well.  There may well be other manufacturers that do also, but in some cases I understand they are not available to the general public.  I personally like the dogbone style because of its positive retention, both in terms of rotation and retention in the bore in case of a pushrod failure.  If you have some sort of failure that results in a lifter being ejected from the bore you will loose oil pressure to all parts of the engine.  That will turn a minor problem into a bigger one.  Any of the alternatives to the linked lifters will require some machining of the block.  Another drawback is that the alternatives are much more expensive, at least if they come from Jesel.

You can get either solid or hydraulic lifters.  The solids are simpler and less prone to failure, but need much more frequent inspection because they require lash in the valvetrain.  Hydraulic lifters are quite reliable and are self-adjusting.  They require virtually no maintenance.  One problem is that some of the alternatives to tie-bar lifters may only come in the solid variety. I was unable to find a hydraulic dogbone lifter, but have since been told that some of the GM hydraulic lifters are of this style.  If this is true these might make a good choice.  One thing is for sure; they will be a lot less expensive than the Jesels. Make sure your lifters are compatible with 3/8 tip diameter pushrod ends if that is what you are using.

Fuel system

Most builders are using a Bendix style fuel injection system made by Airflow Performance.  The basic components are an FM-300 throttle body, an adaptor, plenum, intake, manifold, flow divider and 0.028” injector nozzles.  The system comes in a number of configurations, but only the low profile version (Figure 5) will fit comfortably under the S51 cowl.   The FM-300 throttle body will handle flowrates of up to 970 cfm (cubic feet per minute), and is more than adequate for an engine in the 500 hp range.  The intake manifold used with the low profile system is a single plane Wieand 7554, which is currently sold by Holley.  This manifold is intended for a standard deck block, so if you use a tall deck you will also need some adaptor plates (Wieand part number 8206).

This system is pretty costly, and is also a long lead-time item.  I think this is because there is considerable non-CNC machining required for the plenum and adaptor castings, as well as some on the intake manifold.  I think Don Rivera does all the machine work at Airflow, and I suspect this is not his favorite job.  I did the machining for my system, and it was not my favorite job either. If you have a milling machine and want to do it yourself, Don will happily sell you the castings and provide the drawings necessary for the machine work.  He does not have drawings for the manifold, but I made up some when I did mine.
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Figure 5.  The Airflow Performance low profile injection system. The injectors on this one are set up for used with a supercharger.  Note that the coolant is removed from the manifold via a pair of right angle hose cocks, one of which is mostly hidden by the throttle body in this picture.  The thermostat housing port is blocked off.

With the low profile system, the adaptor section sits where the thermostat housing would normally be, so it’s not possible to remove coolant from the manifold in the normal manner.  Don installs some right-angle hosecocks on either side of the adaptor section to get the coolant out.  These are small enough to offer considerable flow resistance, but they can be replaced with AN16 elbows with a little welding.  It will ruin the anodizing job though.

Zack’s engines use Romec RG9080 series fuel pumps, which are also found on some of the larger Lycoming engines.  The most suitable model is probably the 9080F5, as this has the highest flowrate in the series. This pump mounts on a standard aviation pad (same as for aviation vacuum and hydraulic pumps) and is driven CCW (looking at the pad) at 50% crank speed.  The original plans for the PAE engine called for using a Waterman WRC 400 sprint car pump.  The same pump was used on the Falconer V-12 in the Thunder Mustang. As far as I know PAE never mounted a fuel pump on the prototype engine, but I assume it was to be driven off the rear end of one of the oil pumps, as is standard practice.   If this is the case, it would be driven at 120% crank speed in CW rotation.  

Ignition system

Both electronic ignition and magnetos are commonly used in aircraft engines.  The magneto has only one advantage; it generates it’s own current and can therefore operate independently of the rest of the electrical system.  Electronic ignitions require current from a battery, but other than that they are arguably a lot more reliable than magnetos.  They have some other important advantages too.  For example, magnetos usually have fixed timing.  They may use an impulse coupling or something similar to retard the spark when the engine is started, but once it’s running the timing is fixed.  For optimum performance and economy the spark should be advanced as the engine RPM increases.  Distributor based ignition systems do this mechanically based on engine speed (sensed by a centrifugal device in the distributor) and intake manifold vacuum.  Some completely solid-state electronic ignitions allow you to program the optimum advance curve based largely on the same parameters.  You can even purchase electronic ignition modules that will sense engine knock and automatically and instaneously retard the spark on that cylinder.

With dual plug heads, complete redundancy can be obtained with either type of ignition system for a reasonable period of time.  With magnetos this is easy and the time period is theoretically infinite (e.g. until you run out of gas).   With electronic ignition you will need a separate battery and electrical buss for each module, as well as some provision to make sure the batteries are kept fully charged.  If the charging system fails, the time you can stay aloft will depend on the capacity of your batteries, engine RPM and ignition module properties.   This period should easily exceed a half-hour with a 15 amp-hr battery, provided you use it only for ignition.  Some builders are using dual ignition with one electronic module and a magneto for backup.  This is probably the optimum system, but it requires dual plug heads.

If you do not have dual plug heads, your best bet is a system consisting of dual electronic ignition modules, timing signal generators, coils and batteries used in combination with a coil switcher.  The coil switcher is a diode module that allows high voltage ignition pulses generated by either system to pass to the spark plug without feeding back into and wiping out the other system. Switching from one system to the other is as simple as removing power from one and applying it to the other.  You can even energize both systems simultaneously, although there would be little point in this except perhaps on take-off or landing.  In combination with dual alternators or a diode system that allows a single alternator to charge both batteries, this will give complete redundancy except for the plug themselves.   Have plugs ever failed on an S51?  Sure. When the engine in Little Beautiful Doll swallowed a titanium exhaust valve and self-destructed (see Figure 1), metal flying around in the cylinders beat the spark gaps in most of the plugs closed by the time Dan got it down.  The point is that if multiple plugs fail you probably will face bigger problems than that.  The schematic for how to connect up a dual electronic ignition system can be found on the MSD website.

Use of electronic ignition modules is pretty widespread in experimental aviation.  They seem to be pretty reliable if you 

· Use modules and coils made for high vibration applications (e.g. marine or off-road)

· Mount them to the aircraft structure (not the engine) using vibration isolators

· Provide air-blast cooling, particularly for the coils

· Make sure your charging system is working properly

If you are willing to sacrifice a little redundancy, you can simplify installation of a duel electronic ignition system by using the MSD 8356 distributor.  This unit incorporates two magnetic pickups for ignition modules.  While it is driven from a single gear, that’s essentially the same situation you have with the dual magnetos off a common drive found on many certified engines.  If you want full redundancy you can use a distributor to run one module and a crank trigger system for the other.

With regard to distributors, those that use a tall deck block should be aware that a distributor with a longer than standard neck may be necessary to accommodate the increased distance between the intake manifold (where the distributor mounts) and the drive gear on the cam.  These are widely available from aftermarket suppliers.  Most have a slip ring clamp that allows the manifold-to-gear distance to be adjusted for your needs.

The PAE engine uses 2 Teledyne-Continental (Bendix) magnetos, model numbers BEN-BL-349300-4 and BEN-BL-349320-4 (the latter has an impulse coupling).  These are the same ones used on the IO-720 engines. They are driven at 0.25 crank speed in the CW direction looking at the pad (they must be geared internally back to cam speed, or half crank speed). Zack’s set-up uses a Vertex magneto along with an electronic ignition.  The Vertex magneto rotates in the CCW direction at cam speed.

Lubrication system

You will obviously need a lubrication system for the engine, and possibly a separate one for the PSRU gearbox.  For the engine you can use a dry or wet sump system.   Wet sump systems, in which oil is held in the bottom of the oil-pan, are standard on passenger cars and trucks. Wet sump oil pumps are typically integral to the engine and are driven off the end of the distributor shaft. The primary advantages of a wet sump system are simplicity and expense (or rather the lack of it). Most S51 builders are using a dry sump system.  A dry sump system uses an external pump (a dry sump pump) to remove oil from the engine and pump it to an external reservoir (the dry sump tank), and then another pump to feed pressurized oil into the engine lubrication system.  Dry sump pumps are modular units which typically incorporate several scavenge stages (which individually suck mixtures of oil and air from various locations in the engine) and a single pressure stage (to feed the engine bearings, etc.) on the same shaft. In addition to its function as the oil reservoir, the dry sump tank serves to separate oil from air.  Usually this is done by injecting the air-oil mixture at the top of the tank in a manner so that it swirls about the ID of the tank. Centrifugal force then causes the air bubbles to separate out faster than they normally would.  The liquid collects in the bottom of the tanks, where it is routed to the pressure stage of the pump. 

In our application, dry sump systems have several advantages that may make them worth the considerable extra expense and complexity.  Probably the most important is that the scavenge pick-ups can be located where engine oil might collect in a variety of flight attitudes. Typical locations are towards the front and back of the oil-pan, but might include the lifter valley and valve covers for inverted flight.  This helps insure a constant supply of pressurized, air-free oil to the bearings. Since the bearings run on an oil film, it’s essential that the flow of oil be uninterrupted.  Removing oil from the pan so that it is not in contact with the crank avoids the power loss cause by drag of the oil.  This can be very significant at high engine speeds, and is the reason why dry sump systems are popular in racing.  In a dry sump system the crankcase runs under vacuum, typically several inches of water.  This reduces oil leaks and helps keep the piston rings stable (e.g. seated against the bottom of the groves).

In a dry sump system most of the oil is typically directed at a single scavenge stage in a given flight attitude.  The rest are sucking mainly air.  So you should size the scavenge stages and associated lines so that any one of them can supply oil for the pressure stage at its full output.  Any of the dry sump pump manufacturers can recommend stage and line sizes that match properly.  Reliable pump manufacturers include Barnes, Weaver, Gambler and Dailey Engineering.   An active air-oil separator, basically a high speed spinning drum into which the mixture is introduced, can be had as an option with the Dailey pumps. This results in much more efficient centrifugal separation than the passive action in the dry sump tank.  It also makes it possible to route the oil through the oil cooler on the low-pressure scavenge side of the dry sump pump.  With active air-oil separation you can also run a much smaller oil tank.

Most builders have chosen to lubricate the PSRU gearbox with engine oil.  This seems to work OK if synthetic oil (Mobil One) is used.  The gears are lubricated by a spray-bar system, and the additional demand on the engine oiling system is modest to negligible. You can remove the oil from the gearbox using separate scavenge stage, or simply let it drain it back into the oil-pan.  Some builders are beginning to use a separate oiling system for the PSRU.  The primary advantage is the ability to use a heavy weight gear oil.  I do not know if this results in superior lubrication, but it does reportedly reduce the noise considerably.  It should also cause the PSRU to run cooler, which will result in less gear lash due to differential thermal expansion of the aluminum case and steel gears.  If you want to do this, Jim Czachorowski is the guy to talk to.  If you run gear oil in the PSRU, it is also wise to run it in the prop governor.  This precludes the possibility that gear oil may mix with engine oil if a seal leaks.  

Most of the engines going together now use Barnes dry sump oil pumps. Zack’s runs directly off the cam, and so is set up for CCW rotation at half crank speed.  In his engines two scavenge stages and one pressure stage are used.  These are the largest sized stages Barnes makes.  The pressure stage serves the engine, including the oil jets aimed at the bottom of the pistons.  The scavenge stages are large enough so that either is adequate to handle the oil flow from the pressure stage.  The PSRU and prop governor use a heavier weight gear oil provided by a second Barnes pump with one pressure and one scavenge stage. This one is driven at crank speed in CW rotation directly from the pinion gear shaft in the PSRU.  

The PAE engine uses two Barnes pumps, models 9017-4C and 9017-5C1, which together handle all the lubrication needs on the engine and PSRU.  I never looked at the PAE engine closely enough to tell how the load was partitioned among the two pressure stages, and since I recovered it in pieces I will not be able to tell until I put the puzzle back together again.  There are 5 scavenge stages between the two pumps.  The primary reason for the large number of scavenge stages is the intent to have a inverted oil system, which makes it necessary to scavenge from the lifter valley.  The pumps on the PAE engine turn in a CW direction at 120% crank speed, which again is higher than what is considered normal.

Oil pan

Oil-pan design differs slightly depending on whether it is intended for a wet or dry sump application. Wet sump pans are deeper because they must hold all the oil.  They are built with a definite low area, where the oil pick-up tube is located.  They usually have a provision to add and drain oil, along with a dipstick to measure the level. A dry sump pan can be less deep and can have as many pick-ups for scavenge stages as you think you need.  Typically this will be two, one at the front and the other at the rear.  The outlets to the scavenge stages need to be sized so that each line individually can carry oil fast enough to supply the pressure stage of the pump.  Typically –12 fittings (3/4” tube) are used for oil lines.

Aftermarket oil pans usually include a windage tray and possibly scrapers.  The function of these parts is to keep oil away from the crankshaft counterweights.  Beating a pool of oil into a froth with the crank counterweights serves no useful purpose.  It contributes nothing to the lubrication (which is adequately taken care of by the pressure oiling system), reduces the output power of the engine and disperses air bubbles throughout the oil (which can interfere with proper operation of the pressure lubrication system).  Depending of the pan design, the windage tray may have to be located differently for a reverse rotation engine, so do not automatically assume that any of the standard aftermarket pans will work on your engine.  With a stroke longer than the standard 4” it’s possible that the tray may have to be moved further towards the bottom of the pan, so be sure to check on this if necessary.  Many aftermarket pans intended for circle track racing have a “kick-out” built in.  This is just a reservoir built into the side of the pan where centrifugal force tends to make oil accumulate.  You obviously do not need this feature. 

For forward rotation engines you can buy oil pans in cast aluminum, stamped from steel sheet or fabricated from sheet aluminum or steel.  A fabricated pan is made in several pieces that are welded together.  A one-piece (cast aluminum or stamped steel) pan would be best if you can find one that can be adapted for reverse rotation.  My limited investigation failed to turn up such a product, at least of the dry sump variety.    Fabricated aluminum pans are prone to cranking near the welds, especially if they are TIG welded 6061T6, as almost all are.  For this reason, I personally think the steel pans are better in our application.  Fabricated steel pans can be obtained from any number of manufacturers and in many different configurations.  It is usually not a problem to have the windage tray reconfigured for reverse rotation and (for a dry sup pan) to have the outlets moved as needed.

There are two different bolt patterns found on the pan rails of big block engines.  Most common is the standard BB pattern.  On some blocks intended for use with larger strokes, a DRCE (Olds) pattern will be found since it provides slightly more clearance for the crank counterweights.  Many of the high performance blocks come with both hole patterns.  Make sure you get the hole pattern you want on your pan.

In determining where you want the outlets placed in a dry sump pan, remember to take into account the location of the starter and the oil pump stages.  If you are driving the accessories directly from belts (e.g. not using a pad based system), the dry sump oil pump will normally sit right along the side of the pan. Outlets placed in what would seem to be obvious locations can sometimes interfere with these accessories.  Also, wide pans may well limit the possible starter orientations.

If you are using engine oil to lubricate the PSRU gearbox, you will either need to dedicate a separate scavenge stage for its recovery or make provision for it to drain back into the oil pan.  You may want to have a fitting installed in the pan for this purpose.  If you do, make sure it will clear the flywheel.

The pan I am using is made by Baker Engineering.  It’s a dry sump pan intended for marine applications, so it does not have a kick-out.  It’s 7-5/16” deep, which will fit comfortably in the S51.  I had two –12 outlets welded into the end of the pan nearest the firewall.  One outlet is connected to a 3/4” tube inside the pan that runs to the opposite end.  This pan is made of stainless steel, so it does not have to be painted and any cranks will be easy to spot.  It’s also made of relatively thick material, 12-gauge sheet I think.

See Figure 49 for a picture.

Valve covers

It can be difficult to find valve covers are tall enough to accommodate shaft rockers but of low enough profile to fit under the S51 cowl.  For standard deck engines, the ones sold by Rex Marine probably are the best bet.  For tall deck engines, even the Rex Marine covers will not fit under the cowl without modification. The problem is most acute on the outboard side of the valve cover near the #8 cylinder (forward cylinder in the left bank as viewed from the cockpit).  Fortunately some cast aluminum valve covers that will fit are now available.  If they fit in my case (tall deck, longer than standard valves, Jesel shaft rockers with 0.250” shims), they will probably work for you too.  With a standard deck block they should clear the cowl by about half an inch.

One option that you might want to consider is valve spring oilers.  This involves installing an oil gallery(s) and small jets in the valve cover by means of which a stream of oil is continuously sprayed onto the valve springs to keep them cool.  Considering the difficulties encountered with valve spring breakage in S51 engines, this is probably worthwhile.  The cast valve covers I referred to in the previous paragraph have the oil galleries cast into them and machined for Jesel oil jets.

Coolant system

The coolant system can be a problem for S51 engines, depending on how you drive the remaining accessories.  If you choose to go with a system of exposed belts for the alternator, prop governor, oil, fuel and vacuum pumps, and you don’t try to make too much power, you should be able to use a water pump of standard configuration.  The best ones that are made in reverse rotation are probably the Stewart Stage II or Racemate pumps, and here you want the best you can get.  In my opinion, these pumps are perhaps barely adequate for an engine in the 500 hp range.  I have my doubts if they will flow enough water to keep hot spots from developing in the heads once you go much above this.  If you’re interested in the reasoning behind this you can read my write-up on cooling systems included on the CD with this manual.  

Driving the accessories with exposed belts seem to work if you just use some common sense in the design.  The alternator and dry sump oil pump, for example, are made to be belt driven and should give you little trouble.  However aviation accessories are generally made to be driven from pads.  This definitely includes the prop governor and the fuel pump.  You can get into a lot of trouble trying to drive some of the aviation accessories directly from belts, as at least one builder can attest. Dan McGarry and Jim Stewart both used belt driven systems, but the prop governor was mounted on a belt driven pad which may still be available from Dave Bogue. As I understand it neither has had significant problems with accessories. 

If you choose to drive the accessories from one of the pad based drives under development, you will not be able to use a water pump of standard configuration.   As far as I know there are two, the enclosed belt system designed by Jim Czachorowski and the geared system PAE has been working on.  Zack’s system drives the really critical accessories (the water and oil dry sump oil pumps) directly of the crank and cam respectively.  The rest are driven by a system of two cog belts.  As mentioned previously, the cam is gear driven in each case, and in each case the accessories bolt onto pads as they do on certified engines. Both of these accessory cases mount on the front of the engine (the rear as it sits in the aircraft) and block the location of the standard water pump.  With either of these systems the coolant is introduced into each side of the block through one or more of the freeze plug ports.  This can require some modification to the block and heads to retain the proper flow coolant flow pattern.  These modifications are discussed in the section on block and head preparation.  It has also been difficult to find suitable replacement pumps.  PAE was supposed to be making their own, but that is one of the things that was never finished.  Zack designed his own pump and is having it cast.  It’s a modular design that can be made to run in either CW or CCW rotation by replacing the impeller.  These pumps should be available commercially this year in both single and dual outlet configurations.

Other accessories

The prop governor model is Hartzel F-6-72X.  This will work in either rotation, depending on how it is configured internally.  On the PAE engine it turns CW at 57.7% and uses engine oil.  On Zack’s engines it turns CCW at 50% crank speed and uses the heavier gear oil used for the PSRU.  Swaping the governor from CW to CCW is simple, at least in theory; just swap the threaded plug shown in Figure 6 from port B to A.  I understand that these plugs are typically put in really tight.  The guys at the prop shop say that they usually just swap out the flange rather than trying to move the plug.
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Figure 6.  The flange end of the Hartzel F-6-72X prop governor. This one is set up for CW rotation (looking at the pad or the other end of the governor).

Both the PAE and Zack’s accessory drive will accept any aviation dry vacuum pump with the correct rotation.  On the PAE engine it is driven CW at 83.3% crank speed.  Zack uses CCW rotation at 65% crank speed.

Both the PAE and Zack’s engines use a Tilton 54-21001 reverse rotation starter. You must use the 153 tooth starter ring gear with this starter.

Both the PAE and Zack’s drives use the Jasco 6555T 50A, 12V alternator.  This is a pad mount alternator STC’d for the Cessna 195 and T-6.  It requires forced air cooling.

On the PAE engine it turns CCW at 158% crank speed.  Zack runs it at crank speed.  The small BNC alternators look attractive since they are compact and will mount on a standard aviation accessory pad.  However I understand you have to turn them at around 8000 rpm to get the full output.
I am using standard race car dry sump oil tanks made by Peterson Fluid Systems and a standard coolant expansion tank from Moroso (Figure 7).  
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Figure 7.  The oil and coolant tanks mounted on the firewall.  The R (2.5 gal) tank is for engine oil.  The L (1.5 gal) tank is for gear oil used in the PSRU and prop governor.  The coolant tank is at the upper left, mounted as high as possible on the firewall.  The box in the center contains two MSD ignition modules and coils.  The inlet and outlet are for cooling air.

Peterson makes tanks in various configurations, but the ones that seem to work best with the S51 are the 6” diameter models.  I did not have too much trouble fitting two tanks (one for the engine and one for the PSRU oil), a coolant expansion tank and all the ignition system on the firewall.   If you mount a coolant tank on the firewall, it must be as high as possible so as to get it above the coolant passages in the heads. Some are custom making coolant tanks that wrap around the top of the PSRU as in the P51.  This should work fine if they hold together.  I would think the same cautions as regards cracking in fabricated aluminum oil pans should also apply to fabricated aluminum coolant tanks, provided they are mounted off the engine or PSRU.  The firewall should be a much less hostile environment in terms of vibration. It remains to be seen how well engine mounted tanks will hold up.

Most builders are using oil-water heat exchangers to cool the oil.  The most popular ones are from Aeroquip, however it appears to me that these do not have much capacity.  Some builders are using 2 of them. Alternatives are available from Callies, Peterson, Fluidyne and Griffin. Jim Stewart used the Callies on the prototype after giving up on one, then two Aeroquips. Griffin designed an oil cooler for Dick Whelen which you may be able to get through him.  The dimensions can be found on the S51 mailing list web page.  The Peterson unit is just one of the Fluidyne models with a different name on it.  It looks to me like the best bets are the Fluidyne units, either the DB30503 or DB30504 depending on whether you want 1-1/2 or 1-3/4 water connections.  I tentatively plan to use a pair of these, but I’m still checking into the performance specifications.

Some special considerations as regards the S51 cooling system

It seems appropriate to address some points regarding the engine coolant system as it is normally implemented in the S51 before we get into component preparation and assembly.  I have my own thoughts about this, some aspects of which go against the conventional wisdom you will get from many engine and racecar builders. Many of them (including the one that showed me how to build an engine) believe in installing flow restrictors where the coolant exits the engine.  The rationale is that this helps prevent an particularly inefficient and undesirable mode of boiling heat transfer (film boiling) at localized areas of high head flux (such as the around the exhaust valves in the heads) by raising the coolant pressure in the block and hence the boiling point..  There is some merit to the idea of raising the block pressure, but coolant velocity is even more important in avoiding film boiling. So coolant flow velocity should never be sacrificed for block pressure which, incidentally, is exactly what a restrictor plate does.  A better way to avoid film boiling is to keep the flow velocity high, or alternatively use a coolant such as pure propylene glycol with a much higher boiling point than water/glycol mixtures.

In any fluid flow system operating at steady-state there is a relationship between the flowrate and the pressure differential necessary to maintain the flowrate against dissipative forces such viscous drag.  To get a higher flowrate, you have to push harder at the entrance or suck harder at the exit, e.g. have a larger pressure differential between the entrance and exit.  The fellow who I did my work with has a lot of experience with the coolant flowrates required for souped up engines.  In fact he manufactures the water pumps used in all the Dodge NASCAR engines, and until recently manufactured all the water pumps used in the Chevy Indy motors (GM recently junked their IRL engine and adopted one developed by Cosworth, so he is out of that business now).  For big block race engines he likes to see flowrates of 80-100 gal/min.  Now we are not in this league power-wise, but the standard pumps are not even going approach the lower end of this range at 4750 rpm.  Zack and I would like to at least get close to this lower value.  PAE, I believe, was aiming for more like 100 gal/min for a 573 CI engine at 50 inches of boost. They proposed to use two small sprint care water pumps.

We first investigated some of the commercially available sprint car water pumps, all of which proved to be hopelessly inadequate.  Zack eventually developed a larger and better designed pump that is capable of flowing 100 gal/min at 5000 rpm through a 0.875” restrictor plate.  The pressure differential required was about 40 psi.  As you can probably tell from the smiling faces in Figure 8, this is excellent performance.
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Figure 8.  Here we see Zack and Stewart VanDyne after testing the prototype pump, visible on the left.  Stewart is the fellow who makes the Dodge NASCAR pumps.

A schematic diagram of the coolant and oil systems is given in Figure 9.  This is not the only possible arrangement, but in my opinion it is the one likely to work best. Each of the elements in the schematic contribute in an additive manner to the flow resistance.  Of particular interest to S51 builders is the radiator furnished with the kit.  We flow tested one of these radiators, and found that it has about the same flow resistance as the restrictor plate.  When the radiator and flow restrictor were tested together the maximum flowrate dropped to around 70 gal/min, with 20 psi pressure drops across both the radiator and flow restrictor. The very high flow resistance for the radiator is primarily due to the length of the passages as the coolant circulates through the top half and then through the bottom.  A single pass radiator with less flow resistance would give higher coolant flowrates and better heat transfer in both the heads and radiator.  As far as I know the only single pass radiator that will fit the S51 scoop is the one that Dick Whelen had Griffin build.  If you want one, you might be able to get one through him.  
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Figure 9.  A schematic of the coolant and oil systems.  I think this is how they  are normally installed, except most put the oil cooler on the hot side of the radiator.  Most oil-water heat exchangers work better if the flows are in opposite directions, as show above.  The just judging from the looks of it, the Aeroquip heat exchanger might be work equally well (actually equally poorly) in either direction.

You would have to reconfigure one of the coolant lines since now they would enter and exit on opposite sides.  A lower flow resistance radiator is clearly desirable.  With a reasonable pressure drop of 5 psi or so, you could expect nearly 100 gal/min flow with a restrictor at the engine exit and a block pressure 35 psi or so above that at the pump inlet.  Or, if you buy my reasoning, you could go without the restrictor and get still higher flowrate, but less block pressure.  If you have not run your coolant lines and put in the radiator, I’d suggest you go with the newer radiator.  Some will tell you that a single-pass, higher flowrate radiator will not work as well because the faster flowing water “does not have time to cool”.  This is incorrect.  Although a gallon of water will adsorb / give up less heat during a pass through the engine / radiator, the lower flow resistance will cause a larger volume to pass in a given time.  This more than makes up for the difference, as long as you do not change anything else (like putting in a flow restrictor to retain the same block pressure).

Like most of us that already have the radiator and coolant tubes done and buried under a lot of other work. I’m going to try to use the radiator that came with the kit.  Let’s examine the schematic of  Figure 9 with this in mind.  Assume we start with a 15 psi radiator cap and are at sea level ambient pressure.  That means that the pressure in the coolant recovery tank could be as high as 29.7 psi (15 psi for the cap and 14.7 psi for the ambient pressure), provided that the coolant temperature in the tank is high enough.  Although the temperature is unlikely to be this high (about 120 C or 248 F with water as the coolant), nevertheless it could happen. With Zack’s pump and assuming negligible flow resistance in the engine (no flow restrictor), lines and oil cooler, we could expect about 100 gal/min maximum flowrate with a pressure differential across the pump of about 40 psi.  That would give us a pressure in the block and at the radiator inlet of 40+29.7 = 69.7 psi.  However the radiator is only rated for 50 psi over the ambient pressure, or 64.7 psi in this case.  The potential exists here for steamed human; not a pleasant thought.  When you go up in altitude decreasing the ambient pressure, both the maximum pump inlet and exit pressures will decrease by a like amount, as will the pressure the radiator can withstand.  So we could still exceed the pressure rating of the radiator by the same 5 psi, but now with a lower coolant tank temperature.  Without knowing what the pressure drop in the block is, the only safe thing to do is to use a radiator cap of 10 psi or less.  Of course you could reduce the pressure at the radiator inlet by increasing the pressure drop across the engine using a flow restrictor, but that would have the undesirable consequence of reducing the flowrate.  As a practical matter, the pump would probably start to cavitate before you get close to trouble with a cap rated around 10 psi.  And, with a reasonable water temperature at the pump inlet of 180 F or about 82 C, the water pressure at the pump inlet would be 0.5 psi, or 40.5 psi at the radiator.  So in normal operation there should not be a problem.
Component preparation

Aside from knowledge, there are two essentials to building a good engine.  The first, which pertains to the current section, is attention to detail.  The other one, which pertains mainly to the section on assembly, is cleanliness. In this section we address the tolerances for clearance between moving parts.  I also pass along a number of things that I have learned in assembling my engine.  I suspect a lot of this is common knowledge among experienced builders.  Assembling the engine is somewhat like assembling the airframe.  Tasks, including ordering the parts, have to be done in a certain order if you want to be sure everything will fit.

Block preparation

I will assume that you are starting with a new block, not something you fished out of a junkyard.  Some operations that may be necessary on junkyard blocks may cause difficulty later.  For example, if you have to align bore the block it will change the distance between the crank and cam slightly.  Then some of the geared cam drives may not fit.  If you get a new block from a quality manufacturer you should not have to do anything but some final honing.  Some can even be purchased ‘ready to clean and assemble’.  All I can say about that is ‘don’t count on it’.

I’m going to refer to the engine as it would go into a car.  Of course it is mounted backwards in the airplane, but to everyone else but airplane builders the front is the end the cam drive is on and the back is the end the flywheel is on.  The cylinders are numbered from front to back, so looking at the block from the front the odd cylinders (1,3,5,7) are on the right and the even ones on the left.  

I’m using a World Products iron block (Figure 10), which came with cam bearings installed.  The first operation in preparation of the block is to knock them out and make sure the cam bore and crank bore are parallel.  A long bar with a step machined on the 
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Figure 10.  Here we see a World Products Merlin-Pro tall deck block with shims attached to mate the block with an intake manifold intended for a standard deck block.  The front is on the left, so you are looking at cylinders 1,3,5, and 7 from left to right. The numbers 2,3,6 and 7 bosses at the top of the deck can be used for additional head bolts.

end is used to remove and install the cam bearings (see Figure 11).  Alternatively you can buy commercial cam bearing installation tools from most any of the engine component supply houses.  The stepped section fits inside the bearing and the bearing side rests on the step edge.  There are two sets of machining operations in preparing the block, cylinder honing and everything else.  The latter (align honing the crank bore, truing and/or enlarging the lifter bores, etc) gets done first.  Cylinder honing has to wait until you have the pistons in hand and know the exact diameter of each.  You will have to send the block out for these operations, but they are not difficult and most any automotive machine shop should be able to do them.

The stock GM crank bore diameter is 2.9370-2.9380”.  Anything in this range should fit a crank of standard dimensions using some combination standard, +0.001 and –0.001 bearings.  More about this later when we get to the final assembly.

The stock GM lifter bore diameter is 0.8437”. You may need to have the lifter bores honed to achieve the clearance recommended by the lifter manufacturer.    If you have chosen to use dogbone or keyway lifters, you may have to enlarge the lifter bores and possibly install selves.  I am using Jesel dogbone solid lifters, part numbers LFD-46501 and KDR-56112.  These are oversize, nominally 0.9032” in diameter, so I had to have the lifter gallery bored and honed.  The actual measured diameters ran between 0.9030 – 0.9034. Jesel calls for at least 0.020” clearance, so I had the bores honed to 0.9050” and enlarged them slightly with a bottlebrush hone so that each lifter has 0.020 clearance.  The prototype PAE engine used the same type of Jesel lifters, but in the stock diameter.

With dogbone lifters you need to drill and tap the block for the studs to which the dogbone mount (see Figure 43).  Jesel makes as special drill fixture for this, and with this the job is easy. 

.
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Figure 11. This shows the tool used to remove and install cam bearings.  A few licks on the end will knock out the #1 cam bearing.  The Merlin block takes a non-standard set of cam bearings which is available form World Products or Childs & Albert.  I think the GM “race prepared” Bowtie blocks take this same bearing set.  You can buy cam bearing tools commercially, but this works just as well.

Hydraulic lifters are more even sensitive to proper clearance than solid lifters.  In fact, hydraulic lifter clearance is regarded as the most critical dimension in the engine.

I think it is a good idea to have the block decked, even if it is new and from a good manufacturer.  Decking means milling the top of each cylinder bank (the deck) so that the surfaces are flat, parallel to the crank bore and at a right angle to one another.  This insures that each cylinder has the same volume. If you intend to have pistons made to a specific compression ratio you will need to establish the deck height (the distance between the deck and crank centerline) before they can be ordered.

Once you have the pistons in hand and have measured the exact diameter of each, you can have the cylinder bores honed to the clearance specified by the piston manufacturer.  You should make sure the shop that does your cylinder honing uses a deck plate.  A deck plate is a thick steel plate that is bolted to the block deck and torqued to simulate the effect the head has on the cylinder bore geometry (torquing the heads down actually deforms the block significantly).  The best-equipped shops will heat the deck plate and block when they do the final honing. The required clearance between the piston and bore depends on the piston diameter and the type of pistons used.  Forged pistons typically take larger clearances than hypereutectics or (ugh) cast.  My pistons (made by JE and nominally 4.500 in diameter) had measured diameters in the range 4.4947-4.4952”.  The suggested clearance was 0.0060”.  The shop doing the cylinder honing should match the individual bore sizes to the individual pistons.  Be sure to number the pistons with the cylinder for which they are intended.  You can use a felt tip marker for this for now.

You must independently measure each dimension (bore diameters, etc) after all the machine work is done and the oil, etc cleaned off.  You are going to be determining clearances by differences in dimensions.  It’s foolish to rely on different people and different instruments to make the two measurements required.  Remember, it’s the clearances (e.g. the difference in bore diameter and the diameter of what fits into the bore) that are important. Use good instruments that are capable of measuring to 0.0001”.  Generally this means vernier micrometers and telescope gauges.  It will take some practice to get accurate measurements with these instruments if you are not used to using them.  A dial bore gauge it will give accurate readings much more quickly, particularly if you are not used to the micrometer and telescope gauge.  Most good engine shops have dial bore gauges, but sets that cover the size range you will need are usually too expensive for a casual builder.  When you are measuring the size of a bore that is split, for example the crank bore or the bore on the rod big end, the caps must first be torqued (or stretched) to the recommended value.  

High temperatures in the piston crowns can be a problem in engines that run for long periods at high power.  One modification that can address this is placing a thermal barrier coating on the crown.  Another is to spray oil on the bottom of the piston.  Some builders are doing both.   The thermal barrier coatings will be addressed when we talk about preparing the pistons.

Cooling the pistons with engine oil can be most easily accomplished by installing oil jets in the main bearing bore.  The jet manufacturer is Motorsports Product Design and Development, part number 401-326.  MSPD has a drill fixture (part number 400-100) that makes it easy to do the installation with a hand drill.  This fixture set is rather expensive, however Jim Czachorowski has one that can probably be rented.  The jets as installed in one of the crank bores is shown in Figure 12.  The jet exit is shown in Figure 13.

When the engine is operating, oil is forced under pressure through the lifters, up thorough the pushrods, through the rocker and into the valley located between the cylinder banks.  It then drains back into the crankcase through a series of slots in the bottom of the valley and through an opening at the front of the valley into the cam drive assembly.  It is good practice to glue trash screens over these openings, as shown in Figure 14.  The purpose of the screens is to contain any broken metal or loose parts in the valley where they cannot do much further damage.  If you are using a dry sump oil system you will have to install plugs in the rear main cap and in the oil filter boss.  This is easily done by threading the existing holes for ¼ National Taper Pipe plugs, as illustrated in Figure 15.
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Figure 12.  This shows one of the interior crank bores with the MSPD oiling jets installed.  A small amount of oil is taken from the main journals and routed in the grove between the bearing and block, then out the jet.  When the main bearing are installed, they will cover the groves. As you can see in the picture, this block has 4 bolt main caps with spayed bolts.
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Figure 13.  Here we are looking down one of the cylinders at the exit of the oiling jet. It’s actually more visible in the reflection on the cylinder wall.
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Figure 14.  Trash screens installed in the valley oil drain passages.  You can make your own or buy them from aftermarket suppliers such as Manley.
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Figure 15.  This shows the ¼” NPT plugs installed in the oil passages in the rear main cap and oil filter boss.  You will need to perform this modification if you use a dry sump oil system.

In some cases it is not possible to install a conventional style water pump.  Usually this occurs when one uses an accessory drive system where the accessories are driven from pads. Examples would include the PAE gear driven system and the belt driven system designed by Jim Czachoroski. Neither system has actually run yet, and right now it looks like Zack’s will run first. If you intend to use these or similar accessory drives it will be necessary to modify the coolant system so that coolant is introduced through the sides of the block.  This is not an uncommon modification in the racing world, but it does take some thought. Coolant is typically introduced through one or more of the freeze plug ports on each cylinder bank.  Most builders are using two ports, but my engine guru, who has done this many times, tells me that it is adequate to introduce the coolant at just the center port via 1.125” tubing.  This makes sense to me as the inlet cross-section will be greater than the factory exit cross-section through the intake manifold.  Figures 15 and 16 show the inlet ports and flange I am using.  As far as I know the flanges have to be turned from billet. At least I do not know of any commercial source.  I have an Autocad drawing of the flange shown in Figure 17 if you want it. You can use the flanges themselves as drill jigs for the block.
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Figure 16.  Here we see the center freeze plug port in my block.  Most blocks have 3 ports per side, but the Keith Black aluminum blocks only have 2 per side.  I am only introducing coolant via the center port on each side.

The normal coolant path enters the front of the block from the water pump.  Most of the coolant flows around each side of the cylinder bank towards the rear of  the block, where it passes via some relatively large ports through the head gasket and into the rear of the heads.  These large ports are the rectangular and triangular shaped ones seen in Figure 10.  
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Figure 17. This shows one of the flanges through which coolant is introduced via 1.125” stainless steel tubing.  The tubing is mandrel bent and welded into the flange.  The o-ring size is  –127.  Big block freeze ports are 1.625” diameter.

Some of the flow is bled off via the large circular ports between the cylinders, through the head gasket and into the heads.  Although these ports are the same size on the inboard and outboard sides of the cylinder bank, the head gasket greatly restricts the flow through the inboard ports.  The outboard ports are aimed directly at the exhaust valve areas in the heads, so it is important to get a good flowrate through them.  The coolant flows from

rear to front through the heads, gaining velocity as the bleed streams recombine.  The coolant exits into the intake manifold near the front of the heads, and from there it would normally go through a thermostat and to the radiator.

The principal problem with introducing the coolant through the freeze plugs is that it changes the flow pattern within the block and heads.  It’s essential to see that no stagnant areas exist within the coolant passages, especially in the heads around the exhaust valves.  Take the block shown in Figure 10 as an example.  With unmodified ports between the deck and head, when coolant is introduced through the central freeze plug a larger portion of it will flow around the outboard side of the cylinders towards the rear than forwards around the outboard side, then around the front and along the inboard side towards the back.  This is simply because the first flow path is both much shorter and straighter, therefore offering less resistance to flow.  This causes a larger portion of the bleed flow to pass through the outboard circular ports than originally intended.  This block has siamized cylinders, so no coolant can flow between them.  For non-siamized blocks, the flow path is even more adversely affected.  In this case the rear two cylinders will get a lot more of the coolant flow than intended and the coolant surrounding the front of the numbers 1 & 2 cylinders might well be practically stagnant.  To fix this flow distribution problem it may be necessary to drill additional bleed holes in the deck near the front (there are already corresponding holes in the head since they are interchangeable between banks), enlarge some of the inboard bleed holes in the head gasket and plug or partially plug some of the large coolant ports at the rear of the block or the heads.

I made two modifications to the flow path in my engine.  The first is a small hole drilled at the front of the block deck into the water jacket.  This is at the 8 o’clock position on the number 1 bore in Figure 10.  Note that there is already a hole in the head and head gasket at this location, as the heads and gaskets are interchangeable from side to side.  The purpose of this hole is to insure at least a little flow around the front of the numbers 1 and 2 cylinders. The second modification is to plug up one of the two large holes at the rear of the deck.  As shown in Figure 18, I did this by gluing a 0.75” diameter aluminum button into a counterbore centered on the port to be plugged.  You could do this sort of thing in either the block or heads.  I used the heads.  After the heads are decked, the buttons are nearly invisible.  They are held in place by the head gasket and block; the glue is for sealing.  The purpose of this modification is to increase the flow going to the inboard set of ports.

The next two tasks require you to temporarily install the crank.  You can use only the number 1 and 5 main bearings for now, and you do not need to torque the cap studs/bolts to the full value. Read the info about main bearing installation in the final assembly section before you do this.
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Figure 18.  Here we see an aluminum button glued into the smaller of the two rear coolant ports in Brodix BB1 heads, prior to decking.  This plug or something similar could just as well have been put in the block deck.

You should measure the distance between the block deck and the piston deck at top dead center.  The piston deck is the top surface at the edge of the piston, e.g. not in the domed or dished area.  You are looking for a value which, when added to the compressed head gasket thickness, will give between 0.035” and 0.045”.  The minimum limit allows for expansion of the rod and piston when they get hot and for stretch of the rod when it is subjected to high deceleration forces (e.g. when the piston nears top dead center).  The maximum limit is established to suppress detonation.  You will find this figure is sensitive to piston rock, especially if you have not installed the rings.  One way to insure the piston is square in the bore is to use two dial indicators, one on each side of the piston.  When you rock the piston so that both show the same deck-to-deck distance, you know the piston is aligned with the bore.  A simpler and nearly as accurate method is to rock the piston one way and the other, then average the deck to deck distances at the same measurement point. If you do cylinders 1,2 and 7,8 with the same rod and piston, you will get a direct measurement of how good your deck job was.  If you install rings you will need to gap them first and use a ring compressor.  See the final assembly section for instructions. You will obviously need to install the rod bearings and the wrist pin, but don’t install the pin locks.

Check the clearance between all rotating parts of the engine.  In particular, check for at least 0.050” clearance between the oil pan rails and the crank counterweights, the counterweights and the piston skirts, and between the rods and the cam.  The last is the most difficult, and to do it you will obviously have to reinstall the front and rear cam bearings.  Just rotate the crank in small increments and spin the cam to make sure none of the lobes hit.  With the cams and strokes we are recommending it is unlikely that they will. Actually you could still be OK if they do, but to make sure you will have to time the cam.  If you need to do this, the procedure is discussed in the section on final assembly.

The final step in preparing the block is to measure the cylinder volume with the pistons at top dead center.  The procedure is the same used to measure the combustion chamber volume in the heads, which you can read about in the next section.  The purpose of this measurement is to adjust the non-swept volume in the compression ratio calculation (again covered in the next section) for the block deck to piston deck distance, and to account for any dome, dish or valve pocket cuts in the piston.  If you are using a domed piston, this volume will probably be negative and you will need a cover plate with a large relief cut into it such as shown in Figure 29.  Seal up the piston-bore gap with grease to prevent leaks.

There is one more thing you might want to do if you intend to use the same PSRU gearbox on more than one block.  It will eventually be necessary to align the PSRU bell-housing concentric with the crankshaft and to ream the bell-housing dowels in the PSRU.  Because the necessary concentricity exceeds the production tolerances in the block bell-housing dowel locations, this makes it difficult to move the PSRU between blocks.  If this is going to be a problem you can make a fixture to true up the dowel locations in the block to the nominal factory specification.  That way you should be able to switch the PSRU back and forth.  The fixture shown in Figure 19 enlarges the dowel holes in the block to 0.750”.  This requires a stepped dowel, which is easy to make on a lathe.
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Figure 19.  I used the fixture pictured above to enforce the same dowel geometry in relation to the crank.  The fixture registers on the crank flange and reaming is done through hardened drill bushings.  This is the former PAE block.  My other block got the same treatment.

Head preparation

I used Brodix BB-1 OEFI heads, ordered as bare castings from Brodix.  They came with the seats installed, which I did not expect.  In retrospect I should have either furnished the seats I wanted or simply told them to cut the pockets but not to install seats.  

The first thing I did was to blend the ports, which involved using a die grinder and a carbide burr to remove casting flash and obvious surface imperfections from the interior of the ports.  Some of the implements used in this process are shown in Figure 20. Mainly I removed metal from the chamber side of the ports to make them match the ID of the valve seats, and from the manifold side of the intake ports to make them match the intake manifold and gasket (some metal was also removed from the manifold too).  Since I used a tall deck block with an intake manifold made for a standard deck, I also had an adaptor plate to deal with. The idea is to get a smooth transition between the intake runners in the manifold and in the heads.  I later learned that this may not be very important.  In fact, some engine builders claim that it’s best not to do anything to the manifold, which typically results in a rearward facing step along some of the circumference where the manifold and head join.   This mismatch reportedly increases the turbulence in the intake flow, which can have some beneficial effects as noted earlier in the discussion of rectangular vs. oval ports.  I also removed a slight amount of metal within the chambers, primarily to blend the bowls to the OD of the valve seats.  When using a carbide burr to remove aluminum, I found that spraying the surface being worked with WD40 was pretty effective in preventing the tool from loading up with aluminum.  For removing the last bit of metal and getting a nice surface finish I used “cartridge rolls” (e.g. sanding cylinders) and small sanding disks with the die grinder.  

I had the soft seats installed by Brodix replaced with some made by Tucker Valve Seat Co.  There are various ways of removing the old seats.  The fellow that did it for me simply ran around the ID of each seat with a TIG welding torch.  After that the seats basically fell out.  Installing new seats is a job that requires some special machinery, so you will have to hire that done.  The part numbers on the seats I installed are T-1764 (intake) and T-2097 (exhaust).  The outside diameters are 2.384 and 2.024 respectively, which is slightly larger that those of the original seats.   This provides adequate material so that the seat pockets in the head can be cleaned up and machined for an interference fit.  The seat depth is 0.406, again slightly larger than the original seats.
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Figure 20.  Here are some of the implements I found useful in porting and bowl blending.  The sanding cylinder with the rounded end was especially handy.  You can get these and the associated mandrel from McMaster-Carr. 

I used Manley valves, part numbers 11850 (intake) and 11737 (exhaust).  These have 11/32 stem diameter (instead of the standard 3/8) to match the valve guides in the head.  The intake is stainless steel turned down to 2.190 diameter and the exhaust is 1.880 diameter Inconel.  Both valves are 0.100 longer than standard BBC valves.  The reason for this is to enable the use of a valve spring with longer installed height.  The installed height is the distance between the outer lower face of the retainer and the bottom of the valve spring pocket when the valve is fully closed. Other things being equal, a longer installed height is easier on the spring.  For reference, the installed height on a BBC is usually 1.880” or 1.900”.  With the longer valves, my installed heights are 2.030 for the intake and 2.051 for the exhaust.  The spring pressure is inversely proportional to the installed height, something we will come back to a little later. We left generous margins of about 0.080 on the exhaust valves.  The margin is the distance between the face of the valve and the start of the 45 degree seat cut.  Basically this makes the lip of the valve thicker and more resistant to warpage at high temperatures.

The process of matching the valve and valve seat geometry so as to get a good seal is pretty involved.  It includes use of a lot of specialized machinery and/or a lot of tedious hand fitting.  Having done this on my heads, I’d strongly recommend that you farm the job out unless you have more patience than I.

I used the Jesel shaft rocker system, part number KRA-01911, which requires machining the heads.  As far as I know, Jesel does not make shaft rockers for the BB-1 head that can be installed without machining, although they do for the BB-2. T&D may make some rockers that install more easily.   In my case, I found the machining instructions that came with the rockers were pretty clear.  This job is straightforward if you  have a sine plate (a tilting table to which the part may be secured).  As shown in Figure 21, the head needs to be tilted about 13.5 degrees so that the plane defined by the intake rocker studs is vertical. Then all that is necessary is to cut a slot (Figure 22) along the length of the head centered on the intake stud holes and deep enough so that the intake stud pads just clean up.  The exhaust pads require no machining.   Before you do this you need to have the valves seats machined and the installed height established so that you know if you have machined the slot deep enough.  My experience suggests that it will not require deepening unless you use a shorter than standard valve.  A fixture for determining what stand height gives proper rocker geometry is included with the rockers.  Its use is illustrated in Figure 23.  With the stand at the proper height, the end of the valve stem will be flush with the top of the fixture.  This one protrudes 0.150”, indicating that the stand needs to be shimmed up by that amount.  This suggests that the standard installed height would require a shim of about 0.050. A selection of shims form 0.150 downwards is provided with the rockers.

As a preliminary check of rocker geometry, I installed rockers on one cylinder as illustrated in Figure 24.  The idea is to refine the adjustment of the stand height (and, for the exhaust valve stands, orientation) so as to get the rocker roller moving evenly over the top of the valve stem though its entire range of motion.  You need not use the real valve springs for this.  A very weak hardware store spring is installed on the intake valve on the right.  The piece of aluminum visible inside the spring is a length of 1” tubing cut to a length that limits the valve movement to the figure for valve lift specified on the cam card.  With the retainer pressed down against the tubing, the position of the valve when fully open is reproduced.  The exhaust valve on the left is installed with the outer half of one of the springs I am using.  The inner part has been replaced with the movement limiting cylinder as for the intake valve.  
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Figure 21.  Note the sine plate, which tilts the head at an angle of about 13.5 degrees.  Without a sine plate you will have to tip the head of the milling machine, which makes this job a lot more complicated.
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Figure 22.  This shows the slot for the intake valve stand being machined.  Don’t go any deeper than necessary and try not to get into the Helicoils in the stud holes.
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Figure 23.  This shows the use of the fixture to determine the correct stand height.  This one needs a lot of shimming, even with the slot at minimum depth.  This is due to the increased installed height (resulting from the longer than standard valve stems).
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Figure 24.  This shows an intake valve (right) and exhaust valve (left) installed to check the geometry.  The intake valve is installed with a light spring and an aluminum spacer to limit the valve travel.

Figure 25 shows the pattern where the nose of the rocker contacts the valve stem.   The shiny streak across the middle of the stem shows the contact area as the valve is moved through its range of travel.  When the valve train geometry is correct, the contact line should be nearly centered on the valve stem.  Some builders like to see it exactly centered, so that the roller passes though the center at half the maximum valve travel.  Others like it a little outboard from the rocker.  The reasoning here is that its more important to have the roller centered when the spring pressure is near its maximum (e.g. when the valve is fully open).   Jesel elongates the bolt hole in the exhaust stands to provide some adjustment in getting the line centered.  Also, since there is only one bolt holding each stand, it is possible to rotate the stand somewhat.  As shown in Figure 26, in my case the right corner of the exhaust stand is nearly in contact with the intake stand.  I understand this is typical.  To prevent the exhaust stands from rotating and changing the established geometry, it’s common to tack weld the exhaust stands to the intake stands.  I installed the exhaust stands with pairs of 3/32 dowel pins instead.  One of the pin holes is visible at 10 o’clock off the bolt head.  The other is at 4 o’clock.  If you do it this way, make sure the pins are positively retained in the stand.  You don’t want them working loose and flying about.
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Figure 25. Here we see the contact pattern for the exhaust rocker.  I’m told that this one is pretty good.  Note that contact is heavier on the left than on the right.  The only thing that can be done about this is to mill an angle into the base of the stand or the shim.  Apparently this is a common problem with Jesel rockers and Brodix heads.
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Figure 26.  Here we see the relationship of an exhaust stand to the intake stand.  I used dowel pins to hold this geometry.  Many engine builders spot-weld the stands together once the correct geometry is determined. 

To establish the final stand height you will need to put the cam and lifters in the block, put the head on and put in the pushrods.  With light springs, you can use the adjustable pushrod furnished with the rockers. I found that when I did this I needed to raise the stand height about 0.100” above what the stand height checker called for.  This is covered in the final assembly section. To get the rocker roller parallel to the top of the valve stem it may be necessary to make tapered or wedge shaped shims.  This is not at all uncommon on big blocks.

It’s interesting how the valves, springs, retainers, locks, etc relate to one another and to the spring pressures generated.  To illustrate this I’ll reproduce some of the calculations I went through, but first some nomenclature and part numbers.  Figure 27 shows the various components that the valve stem passes through laid out along the stem.  The spring locator is a hardened steel stepped washer that protects the bottom of the valve pocket.  The valve seal (not shown) fits over the top of the valve guide.  Its function is to keep oil from running (or being sucked, in the case of the intake valve) down the stem.  The stems run hot, and carbon deposits from pyrolyzed oil can result in stuck valves.

Next comes the spring itself.  The retainer is another hardened steel part that sits on top of the spring. The locks, sometimes also called keepers, keep the retainer from coming off the end of the stem.   A word of caution here.  There is no such thing as accepted standard dimensions for locks, retainers and springs.  Often the products of one manufacturer are not compatible with those from another, or even some parts from the same manufacturer. So, unless you definitely know the parts are compatible, you will probably be wise to stick with the same manufacturer for all of them.  The cam maker might be your best bet, because as noted earlier there can be compatibility issues between the cam and valve springs.  Now that I’ve offered that advise, I will ignore it and do the opposite.  The primary reason for this is that I’ve been told that Crane valve springs are not nearly as good a quality as the best ones Isky makes.  I don’t know if this is actually true, but it comes from someone who has been an excellent source of knowledge and has many years of experience with racing and offshore boat engines.  All I can vouch for personally is that the Isky springs cost a lot more.  It’s also a fact that broken springs have been one of the more common problems with S51 engines.
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Figure 27. Here we see some of the valve train components arranged on the valve stem.  These components may not be compatible with one another if obtained from different manufacturers. For example, a 7 degree lock from one may not work with a 7 degree retainer from another.

OK, now for some numbers.  First we figure the spring force with the valve closed.  I will take my intake valve as an example.  Using Isky 275-ST retainers and Del West Super 7 standard height locks, the measured installed height is 2.030” (see Figure 28).  To get the spring length when the valve is fully closed, we just subtract the thickness of the spring locator.  I’m using Isky 800-VLS locaters with a thickness of 0.045” where the spring sits.  Then the closed (e.g. valve seated) spring length is 1.985”.  I am using Isky 9925 springs with the following characteristics.

· 170 lbs force at a length of 1.950”

· 450 lbs force at a length of 1.350”

· a rate of 470 lbs force per inch of compression

· a coil bind height of 1.160”

The spring force when the valve is closed is then figured as F = 170 – (1.985-1.950)x470 = 153.6 lbs.  To find the “over the nose” force (e.g.. with the valve fully open) we consult the cam card to determine the valve lift.  For my cam the intake valve lift is 0.554”.  This is just the lobe lift times the rocker arm ratio, 0.326x1.7=0.554”. Since I am using solid lifters the first 0.020” of rocker movement just takes up the valve lash, so the actual valve travel is 0.534”.  Then the resulting over the nose spring length is 1.985-0.534 = 1.451” and the corresponding force is   450 – (1.451-1.350)x470 = 402.5 lbs.  The coil bind height is the spring length when the coils begin to touch one another.  If you try to compress the spring further the rate will obviously go way up and the spring and/or other valvetrain components will be damaged.  In this case we are a minimum of 1.451-1.160 = 0.291” from coil bind, which is a comfortably large distance.
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Figure 28.  The easiest way to measure installed height is to use a special gauge designed for this purpose.  Alternatively you can use a telescope gauge and some calipers.  In either case you must rap the end of the valve stem to fully seat the lock before you make the measurement.  The installed height for this intake valve is 2.026”, but most of the others are at 2.030”.  A tolerance of +- 0.005 is generally considered acceptable unless you have minimum clearance between the piston and valve.  This usually results from high compression and high valve lift, so it’s unlikely to present a difficulty in our application.  Installed height is measured from the bottom of the spring pocket (without the locator) to the bottom surface of the retainer where the spring touches.

What do you do if you are not happy with the spring forces and/or the installed height? The installed height can be changed in two ways.  You can decrease it by placing shims in the spring pocket beneath the spring locator.  This decreases the pocket depth and installed height by the thickness of the shim.  The other way is by changing locks.  Most manufacturers make “standard” locks and locks that will increase (or decrease) the installed height by increasing (or decreasing) the elevation of the retainer.  For example, a +.100 lock will move the retainer up 0.100” on the valve stem and increase the installed height by a like amount.  For a given spring, increasing the installed height will lower the spring pressures by roughly the added height times the spring rate.  For example, with +.050 locks instead of standard ones, I would expect spring pressures of 130.1 (closed) and 379 (open) using the same spring.  Of course the other way to change spring pressures is to use a different spring.

Now let’s see how my spring pressures compare with the values recommended by the cam manufacturer.  Ordinarily these would also be specified on cam card, but for some reason they were not on mine.  It’s probably because I had them use a combination of lift and lobe shape they were not familiar with.  Dan McGarry is running a roller cam with slightly less lift (Crane part number 13SR00015).  Crane recommended 99893 springs, however after breaking them he changed to 99895 springs, which have worked fine.  The 99895 springs have 135 lbs load at 1.906” and 432 lbs load at 1.246”.  We will assume Dan’s installed height is 1.90”, so that the spring force in the closed position is about 135 lbs.  The rate for this spring is (432-135)/(1.906-1.246) = 450 lbs/in.  His valve lift is 0.534” (minus 0.020 lash for solid lifters), so the over the nose force is 135 + 0.514x450 = 366 lbs.  My forces are higher than this, but I could obtain very similar forces with +0.050 locks.  I’m going with what I have because my engine guru is a little concerned with carbon build-up between the valve and seat with a closed spring pressure as low as 135 lbs.  If carbon build-up occurs it could make the exhaust valve run substantially hotter.

In conjunction with measuring the installed height, you should check to make sure that there will be adequate clearance between the top of the valve stem seal and the lowest point on the retainer.  You want to see at least 0.10” clearance when the valve is fully open.  The top of the Teflon seals (see Figure 44) I used extends about 0.20” above the top of the valve guide, so with maximum valve lift of 0.60” you will need at least 0.90” from the seal to the retainer.  That’s just about what you will have if you use standard length valves with the guides Brodix puts in the BB-1 heads.  If you are short on clearance you can reduce the height of the valve guide by taking a little off the top.  Manley, among others, makes a special tool for this.

To get a uniform compression ratio for each cylinder, the combustion chamber (or bowl) volumes have to be the same.  Once the valve seats are machined you should measure the volume of each chamber and if necessary remove metal to enlarge the smaller ones.    Figure 29 shows the set-up for measuring the combustion chamber volume.  The valves are sealed with a little axle grease.  The same grease is used to seal a Plexiglas plate to the deck of the head. A sparkplug is installed.  Then you simply fill the chamber with water or alcohol from a burette and record the volume of liquid it took.  If the cover plate is recessed (as shown in Figure 29), you will have to CC the plate against a flat surface in the same manner and subtract that volume from the measurements made on the chambers.   When I first CC’d my heads I found chamber volumes from 113.8 cc to 115.8 cc (a cc is 1 cubic centimeter, or 0.061 cubic inch). The nominal chamber volume of the BB-1 OEFI heads is 119 cc. I’m not sure why my chambers are smaller that the nominal bowl volume, but I think it must have something to do with the valve seat replacement. Removing a little metal from the smaller ones got them all within 0.4 cc of the same volume, with an average volume of 115.85 cc.  
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Figure 29.  The apparatus for measuring the combustion chamber volume.  Apply a little grease to the valve seats and head deck to insure a good seal.  The interior of the cover plate (right) generally has a conical recess in order to avoid trapped air bubbles. The recess also allows the cap to clear domed pistons when the cylinders are cc’d.

Then the compression ratio (the total volume divided by the non-swept volume) is calculated as follows:

 Swept volume = stroke x bore x bore x 12.87 = 4.25 x 4.501 x 4.501 x 12.87 = 1108.1 cc

 Combustion chamber volume             = 115.85 cc

 Head gasket volume (Fel-Pro 1017-1) = 10.9 cc

 Measured cylinder volume at TDC     =  16.4 cc

 ---------------------------------------------------------

 Total non-swept volume                     = 143.15 cc

  CR = Total volume / (unswept volume)  =  (1108.1+143.15)/143.15 = 8.74

In the above calculation the cylinder volume at TDC is significant because I’m using inverted dome pistons.  For a flat top piston the volume would be much smaller, and for a domed piston it would probably be negative.  The head gasket volume is something you can look up in the Fel-Pro catalog.

I am starting with Champion C63CX spark plugs.  This is a 5/8 hex resistor plug with 14 mm threads and a ¾” reach.  The heat range is on the cold side for a street plug and on the hot side for circle track racing.  This plug has worked well in offshore boat racing.

Be sure you use a plug with the correct length.  If it’s too short, threads will be exposed in the head, which can lead to pre-ignition.  If it’s too long, then the plug threads will be exposed.  This can also lead to pre-ignition.  Carbon deposits will probably form on any exposed plug threads, which can make it difficult to remove the plug.

Connecting rod preparation

The connecting rods (including the rod bolts) are some of the most highly stressed parts in the engine.  A thrown rod will probably lead to a very exciting landing; so don’t skimp on quality or preparation here.  The only kind of rods you should consider are made from steel forgings or machined from solid steel billet.   Aluminum rods are useful only for very high RPM short duration service (e.g. drag racing) where they can be inspected and changed frequently (e.g. between every 6-7 second race).  Titanium rods are light and strong, but are very expensive. Titanium is also very sensitive to scratches and nicks, which can lead to stress concentration and structural failure.  Titanium rods offer no advantage in our relatively low RPM application, so this is one area where more expensive is definitely not better.

Two rod manufacturers with good reputations are Carrillo Industries and Oliver Racing Parts. I’m not particularly familiar with Carrillo’s offerings, but Oliver makes both forged and billet rods in a variety of lengths and weights.  Each manufacturer has a web site when you can have a look at their offerings and learn a lot about rods and rod bolts.  I think either will happily sell to someone building an aircraft engine, so you can tell them what you intend to use the rods for and listen to their advice.  Lightweight rods are most useful for high RPM motors.  By racing standards, 5000 RPM is not particularly high for a big block, so there is no reason to sacrifice strength for light weight.  I used the Oliver Max Series (heavy) billet rods, so what follows applies particularly to them.

First, some nomenclature.   Looking at the rod you will see two bores.  The larger one

(the big end) accepts the rod bearings and fits around the rod journals on the crankshaft.

The smaller bore should have a bronze bushing installed, which bears on the wrist pin.

Stock nominal dimensions for a BBC Chevy rod are as follows.  

· Length: 6.135” measured center to center of each bore

· Rod bore (w/o bearing): 2.325” diameter (for 2.200” rod journals)

· Pin Bore (w/ bushing installed): 0.9905” diameter (for 0.9900” pins)

Looking at the big end of the rod, you will see that it comes apart in two pieces.  The bottom part is the rod cap, and the bolts that hold the cap to the rod are the rod bolts.  

Notice the two rectangular cuts machined into one side of the rod and cap where they join.  The purpose of these cuts is to accept ears pressed into each bearing half that in theory keep the bearing from spinning in the bore.  This side of the rod is called the tang.  The tang  side of the rod is always outboard when mated to the crank.  The rods are installed on the rod journals (on the crank) in pairs, e.g. the rods for cylinders 1 and 2 install on the first rod journal, 3 and 4 on the second rod journal and so on. Looking further at the two faces of the rod bore, you will see that one has a healthy chamfer while there is little chamfer on the other face.  When rods are installed on the journals, the heavily chamfered side goes towards the fillet at either end of the journal.  This means that the relatively flat sides of a pair of rods (1 and 2 for example) will face one another when they are installed on the journal.  

As for the main bearings, a rod and its corresponding cap are manufactured as a matched pair.  You should never mix up the rods and caps, so either work on only one rod at a time, or preferably number each rod and the corresponding cap.  For now you can use a felt tip marker, as long as you make sure you do not wipe it off.  

When you buy a set of rods, you should get the weights from the manufacturer.  Whoever balances your crank will need both the big end and small end weights.  I’m actually not sure how these weights are determined, but the sum of them should correspond to the total weight of the rod (including the rod bolts, but not including the rod bearings).  Check to see if the rod weights are correct.  You will need a scale accurate to 0.1 gram.

You need to check the bore sizes of both ends of each and every rod.  The big end bores must be checked with the rod bolts installed and torqued as specified by the manufacturer  (more about this later).   According to GM, the small end bore should be 0.0005 to 0.0007 larger diameter than the wrist pin.  If you are pressure lubricating the wrist pin, many experienced engine builders recommend increased clearance, from 0.0010 – 0.0012 larger than the wrist pin.  We will have more to say about this later.  If the small end bore is too small, you will need to have it honed out. In the unlikely event that it is too large, the only solution to get larger diameter wrist pins on install new bushings.

The small end bore should be uniform, e.g.  the same when measured in any orientation.

The big end bore will also be approximately uniform without the bearings installed.

Mine measured between 2.3247 and 2.3248.  

A few machining operations may be necessary to get the rods assembled correctly.

The one you are most likely to have to deal with is increasing the chamfer on the rod bearings and possibly on the rod itself.   The rod journals on billet cranks often are made with larger than standard fillet radii, usually either 1/8” or 9/64”. As mentioned earlier, larger fillet radii greatly increase the strength of the crank. The same may well apply to some of the heavier duty aftermarket forged cranks.  The chamfer on the rod and bearing must be deep enough so that the chamfered face of the rod can touch the face of the crank counterweights when the rod (with bearings) is installed on the journal.  In other words, the chamfer must completely clear the fillet on the rod journal. This can be checked by measurement if you have a radius gauge or know the fillet radius, or you can usually tell if you have a problem by installing a bearing in a cap and trying it on a journal.  Just hold the cap up against the journal with the chamfered side resting on the face of the counterweight (see Figure 30).  The edge of the bearing must not extend into the fillet radius.  If it does you will have to machine the bearings to reduce the width.  It’s possible that when you reduce the bearing width the chamfer on the rod itself will not clear the fillet radius.  In this case you will have to increase the depth of the chamfer on the rod too.  
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Figure 30.  You can see that there is plenty of clearance (actually a little more than is necessary) between the bearing and fillet for the rod cap shown.  The chamfered face of the rod is towards the fillet, as it would be when installed.  The tang side is on the right, as shown by the groove in the cap.  Make sure there is some clearance between the bearing tab and groove in both the cap and rod.

Between Oliver and Carrillo rods, I’m told that Olivers have shallower chamfers and are more likely to require this.  Either of these operations requires a lathe and some fixture to hold the part.  Examples of fixtures are shown in Figure 31.  A good engine builder will have something similar.  Be sure to completely deburr any edges you cut, and be sure that no cuttings or chips become embedded in the bearing surfaces.
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Figure 31.  Here are some simple homemade fixtures for holding the rod (left) and bearing (right) while enlarging the chamfer and/or decreasing the width on a lathe. The bearing holder has some masking tape under the hose clamp to protect the bearing surface.

Assuming that your rods are set up for floating pins, you should see a conical hole along the rod axis from the top of the rod into the pin bore.  This allows whatever oil finds its way into the hole at the top to lubricate the wrist pin. This oil is unpressurized. Both Carrillo and Oliver offer a method of pressure lubricating the wrist pin as an option. The Oliver tradename for this is “Lube Tubes” (Figure 32).  This is nothing more than a hole drilled in the rod between the big and small bores.  The hole provides a passage for pressurized oil from the rod journals to reach the wrist pin.  This occurs periodically, twice per crank revolution (4 times per revolution with a cross-drilled crank). If you use this option you will need to drill a hole in the bearing half in the rod bore so that the passage is not obstructed.  You can drill as big a hole as you want (within reason), so it need not be located perfectly.  If you use Oliver rods with lube tubes, you will notice that half of them have the oil passage on the tang side and the rest on the other side.  In a reverse rotation engine the rods with the passage on the tang side should go on the even numbered cylinders.  For a standard rotation engine they should go on the odd cylinders. 
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Figure 32.  Here we see a rod installed in the rod vise.  The tang will always be on the right when the chamfered face is up. The hole in the bearing is for the lube tube.  It’s on the side opposite the tang here, indicating that this rod is to be installed in the odd bank of cylinders of a reverse rotation engine.

The rod bolts are without a doubt the most highly stressed fasteners in the engine.  In order to withstand the forces generated in accelerating the piston and rod, the bolts need

to be stretched almost to the yield point.  In order to prevent galling at the extremely high pressures developed, it is essential to use a lubricant on the threads and under the heads of the bolts.  Oliver includes a package of the recommended lubricant with the rods, as

does Carrillo. The most accurate way to properly tension the bolts is to measure the actual stretch, or elongation of the bolt as it tightened. This requires a stretch gauge (Figure 33).  The next most accurate technique is the so-called “torque and angle” method, which is also most conveniently done with a special gauge sold by Snap-On (and probably others as well).   Oliver uses bolts manufactured by Automotive Racing Products (ARP). ARP 7/16 WSB bolts come with the rods, and higher strength MP35N multiphase stainless bolts can be substituted at considerable additional cost. Each type of bolt has a different stretch or angle specification, which must be adhered to.  In addition, you need to cycle the bolts (e.g. tighten them to the specified stretch (or angle) and then relax them) several times before they are installed permanently. The length of the bolt in its relaxed state should not change significantly during this process.  If it does, either the bolt is defective or you have exceeded the allowable stretch.  In either case the bolt must be discarded.  As an example, the stretch specification for my 7/16 ARP 3.5 bolts is 0.0060 to 0.0065”. I found the bolts could be torqued to 110 ft-lb using Oliver lubricant, then tightened slightly further to get the required stretch.
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Figure 33.  Here we see a stretch gauge installed on one of the rod bolts.  For this bolt, the length should be 0.0060-0.0065” longer than the unstreched length when fully tightened.

The most important dimension on the big end is the bearing to journal clearance, e.g. the difference between the bearing diameter (installed in the rod and tightened to the specified stretch) and the crank journal diameter.  GM calls for 0.002-0.003.  A lot of high performance engine builders want to see 0.0025-0.0030 here.  With the bearings installed, the diameter of the large end bore depends on where the measurement is made.  This is because the bearings are purposely made with a non-uniform wall thickness. The clearance specs quoted previously refer to measurements made vertically, in the same direction as the rod bolts.  This should yield the smallest bearing diameter.  If you measure 45 degrees off vertical, you should get a larger number.  If you do not, you have likely mixed up the caps and rods, something that you must straighten out before you go any further.  To adjust the rod bearing to journal clearance you can select bearings of different thick nesses.  BBC rod and main bearings are stocked in increments of 0.001 diameter, e.g. standard + 0.001, standard –0.001, etc. You can mix and match the bearing halves.  For example, if you have a clearance of 0.002 with a standard bearing, you can get a 0.0025 clearance by mixing half of a standard bearing with half of a +0.001 bearing.  If you do this, the oversize (+0.001, or thinner wall) bearing should go in the cap.  The half with the thicker wall should go in the rod.  The reason for this is that the bearing forces are greatest during the power stroke, when the load is concentrated on the rod side.

In assembling the bearings you must take care to keep both the rod bore and the bearing surface absolutely free of lint or especially foreign particles.  Lint can significantly change the bearing clearance.  In fact a coat of heavy oil (e.g. engine oil or the preservative with which rods are often coated) can do the same.  Any particulate matter present will embed in the soft bearing material and cause wear on the journals or reduce the clearance, depending on which side it is on.  A coat of a light oil such as WD40 on the rod bore is OK.

When you have fit the bearings to each rod bore and obtained clearances in the allowable range you should take the rods apart and permanently number the rods, caps and bearings.  You can engrave a number on each rod and cap with an electric engraving pencil with fairly blunt tip, so that you peen the number into the rod.  That will help prevent stress risers. Do this on the OD near the seam between the cap and the rod.  The bearings are numbered on the tabs that fit into the tang groves.  Just scratch the number in with a sharp object.  There should be adequate clearance between the outboard side of the tab and the mating groove so that this will not effect the bearing clearance.

Fuel system preparation

The stock low profile Airflow Performance fuel system is shown in Figure 5.

I machined the manifold for 1” pipe bosses, welded them in and threaded in a couple of AN16 elbows (Figure 34).  This gives a coolant outflow cross-sectional area that is somewhat larger than that of the coolant ports between the heads and intake manifold, and so should not significantly restrict the flow. Others have drilled into the coolant jacket at the front of the heads and installed AN16 fittings there.  In this way the coolant does not flow into the manifold at all.  If you use a thermostat or thermostats you will have to mount them remotely.  I think remote thermostat housings are available commercially.

Another change you might want to make in the intake manifold is installation of coolant bleed ports on each side at the back of the manifold.  This will be the high point for coolant when the aircraft is on the ground (remember the ‘back’ is towards the front in the aircraft), and it’s very probable that trapped air will accumulate here.  It’s essential that air be purged from the coolant system if it is to work properly.  Bleed holes can be dilled through the manifold into the large rectangular ports in the rear of the heads, and the air bled to the expansion tank through small (AN2) lines.  Use small lines since this flow will by-pass the radiator.

You will need to use a reverse counterbore to machine a flat surface for the washers associated with the bolts that mate the manifold to the heads.  These tools are available through tool suppliers such as Enco.
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Figure 34.  Airflow system with the stock hosecocks replaced with AN16 fittings.  Compare with Figure 5.

Crank and main bearings

The crank should not need any preparation other than cleaning and measuring the journal diameters.  The crank main bearings should not need any preparation that cannot wait until final assembly.  You will probably want to get two sets of main bearings, one of standard size and for a 0.001” oversize journal (e.g. +0.001).  That way you can mix and or match them to get the clearances you need, as for the rod bearings.  It is very common to use one or even two halves from a +1 set to get the correct clearances on the #5 journal.  This would be the thrust bearing unless it has been moved.

Harmonic damper

Everyone is using the Fluidamper harmonic damper.  The purpose is to damp torsional  vibrations induced in the crank by the power stoke on each cylinder.  If they become resonant (e.g. occur at the same frequency as other vibration modes in the system), these can be destructive if undamped.  The nice feature of the Fluidamper is that it is effective over a wide range of frequencies, or over a wide range of crank RPM.  With an internally balanced crank you want the part # 712100, which is the 8” diameter, internally balanced big block model.  These have proven very effective in our application, so don’t let anyone talk you into something else.  The only modification you may need to do to the damper is to scribe some additional timing marks on it.  The ones scribed at the factory are for a standard rotation engine.  You want to extend the scale on the other side to about 35 degrees, or provide some alternative means of determining the timing (using a timing light).  Scribing the lines is easy if you have access to a milling machine and a vertical rotary table.

Flywheel and ring gear preparation

The flywheel and starter ring gear will require some work so that it can be mated to the vibration damper supplied with the Florida Airboat Power PSRU.  The necessary modifications are shown in Figure 35. Flywheels in the 30-40 lb range are typically used.  You can get a flywheel from GM or aftermarket suppliers.  Some of the aftermarket suppliers will perform the required modifications for you if you inquire when the order is placed.  You must use a 153 tooth starter ring gear.

Piston preparation

The pistons are pretty simple to prepare.  You need to measure the pin bores and make sure you have about 0.0008” clearance with the wrist pins.  If you had the piston manufacturer fit the pins, this should be just a matter of checking the work. You will also need to measure the piston diameters before you can have the cylinders honed.  The piston manufacturer should provide instructions for where the piston diameter must be measured and what kind of clearance you will need based on this measurement, the type of piston and the use to which it is put.  For example, with JE pistons the diameter is measured ½” above the bottom of the skirt at a right angle to the pin.  My pistons, which are very similar to JE part number 181998, called for 0.006” clearance.
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Figure 35.   Some manufacturers will put these holes in when the flywheel is made for a nominal charge.

If you have had the pistons coated, be extra careful in inspecting them for cleanliness.  A few of mine returned from the coating shop with abrasive in the ring groves, apparently left over from a blasting operation.  A few also had some spots where the antifriction coating applied to the skirt had bleed into the oil ring grove.  All this obviously has to be cleaned out.  While you are at it, check the ring grove width and depth to make sure they conform to the manufacturers specifications.

Fitting the rings is a pretty straightforward job.  First check to see if the top and second rings fit in the groves with a vertical clearance of not more than 0.002”.  You will need a very thin feeler gauge to check this.  The ring gap you need will depends on the type of ring and application.  You should get an information sheet with the rings that will enable you to calculate the correct gap based on the piston diameter. I used a JE J100F8-4500-5 ring set and aimed for 0.025” on the top ring, 0.023” on the second and at least 0.015” on the oil support rings (which were supplied with a 0.025” gap).  The ring gaps are measured with a feeler gauge with the ring square in the cylinder bore ½” below the deck.  You will need a flanged plug (Figure 36) that pushes the ring down into the bore in order to get repeatable results.  A number of methods can be used to increase the ring gap by filing or grinding down the ends of the rings.  In doing this you should endeavor to keep the ends square so that they fit against one another when the gap is squeezed closed.  A simple hand operated abrasive wheel with a thin blade (Figure 37) is often used for this purpose.  Any engine builder will have one, or something similar.  If you are going to make an error on this, make sure it’s on the big side.  This is one case where a gap that is a lot too big is much better than one that is a little too small.  When you have finished gapping the rings you will need to use a stone to break the sharp edges that are left.  Actual installation of the rings will be left until we get to the final assembly.
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Figure 36.  You will need to borrow or make a fixture such as this one to push  the rings down square in the bore so that you can accurately measure the gap.
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Figure 37.  Here is a simple hand operated ring filing tool that is pretty easy to use.  The second rings usually go a lot faster than the first because they are usually made of softer material.  Manley sells this tool, as do a lot of other sources.  

Ignition system preparation

Reverse rotation cams come with distributor gears with opposite the standard pitch.  So with the cam rotating in the reverse direction (CCW when viewed from the front of the engine), the distributor will turn in the standard direction (CW when viewed from the top).  If you use a distributor based ignition with a reverse rotation cam you will need to replace the gear on the distributor with one compatible with that on the cam, for example Crane part number 98075.  Also be aware that some aftermarket distributors (MSD among them) use an oversize drive shaft, in which case the bore of the gear must be enlarged to match the shaft.  So replace the gear if necessary.  Be sure to install it with the teeth at the top.  The shear pin which secures it to the shaft will also allow the gear to be installed upside down, but then you will not be able to install the distributor.

Another job you can do now is to decide what kind of mechanical advance curve you want and install the correct springs and stop bushing.  Mechanical advance uses a system with a pair of springs working against centrifugal force to control spark timing.  With a higher rate of advance you will need lighter springs.  The maximum advance from that set at idle is controlled by a stop bushing.  Thicker bushings result in less advance.  My engine guru suggests starting with 18 degrees of advance at idle (e.g. the spark at 18 degrees BTDC) unless the starter has trouble turning the engine over.  In this application, where the engine will never operate for any extended period at high power and rpm less that the mid 2000’s, you should be able to bring in the advance as rapidly as possible (e.g. use the lightest springs supplied with the distributor).  The total advance should be limited to 38 degrees, so you want a stop bushing that limits the mechanism travel to about 20 degrees or less.  Realize that all this depends on your particular set-up.  With a high compression engine less total advance might be required to avoid detonation.  It’s easy to recognize detonation on the dyno, but it will be a lot harder in the aircraft, another good reason to do your initial testing and set-up in a well controlled and instrumented environment.

Some distributors have a vacuum advance too.  This adjusts the timing based on manifold pressure.  The idea is to retard the spark at high power and low rpm so as to avoid detonation.  On our application you should never encounter this condition, so a vacuum advance system is an unnecessary complexity.

A variety of other timing systems are available with electronic ignitions.  For those you will just have to follow the manufacturers directions.

Final Assembly

OK, so now you have everything measured, prepared and ready to assemble.  That’s what we are going to cover in this section.  Some additional measurements will have to be made to insure the engine will operate properly.  We will also cover these.  If you have not already started a build sheet (a permanent record of the critical dimensions and clearances on your engine), you need to start one now.  That way you will be able to tell later how much wear the various parts have been subjected to.  And if you have a problem and need to change a clearance, at least you will know what it was when the engine was assembled.  It’s is also a good idea to keep a list of all the parts you used, including the vendor, invoice, part and serial numbers if applicable.  You may need to replace some of these parts some day,

Block and Crank

Engine assembly starts with chasing all the threads in the block and then giving it a through cleaning, including all the oil passages and as much of the coolant passages as you can reach.  First chase the all of the threads in the block.  This is really a cleaning procedure, as torque values are pretty meaningless if the threads are loaded with dirt. Use a bottom tap on the blind holes to make sure they are threaded all the way to the bottom.  Various racing supply businesses sell special taps for thread chasing which are slightly undersize.  You might as well get these if you have to buy taps, but if you already have standard taps I don’t think it will do any harm to use them.

You cannot get the engine clean just be flushing it out, even with a pressure washer. It takes a physical scrubbing to dislodge foreign matter and a flow of water or solvent to carry it away.  Go out and buy or borrow a set of brushes especially made for engine block cleaning.  Mr. Gasket is one manufacturer that makes them.  The set consists of “bottle brushes” of various sizes, from the cylinder bore to the bolt holes.  Some of them are several feet long so that you can get all the way through the oil galleries that feed the lifters, cam and main bearings.  You can supplement this set with a little scrub brush and an old toothbrush for the block surfaces.  Professional engine builders maintain two solvent tanks for parts cleaning, a fairly clean one and a very clean one.  The fellow I worked with starts by brushing out the block in the ‘dirty’ solvent tank using a hose to keep solvent flowing through the passages that are being brushed.  With a new block this preliminary cleaning can probably be skipped. After the solvent is drained and allowed to dry you can install the cam bearings.  Before driving them into place, inspect them for damage, lightly deburr the inside edges and wipe them clean with solvent and a paper towel. The block cleaning process is then repeated using hot water and detergent with a clean water rinse.  You should spend several hours at this job.  Try to keep some water on the cylinder and lifter bores (and deck if you have an iron block) while you clean, because a really clean iron surface will rust visibly after just a few minutes of air drying. The cylinder and lifter bores should be dried using paper towels as soon as possible after you finish, and a coat of light oil such as WD40 applied.     Light oil will not protect iron surfaces for more than a few days without re-application, but has less tendency to attract dirt than heavier oils and is much easier to remove.  The block is now clean (my guru, at least, did not use the clean parts washer for the block).  From now on you should keep a garbage bag over it unless it is actually being worked on.  Also, from now on you will not be using any rags on the engine.  Stick with paper towels or laboratory tissues, which have less tendency to shed lint.

The next step is to install the main bearings.  The procedure is much the same as you used to size the rod bearings.  Observe the same cleanliness standards.  Inspect and lightly deburr the edges of the bearings and wash them in the clean solvent tank.  Wipe them dry with a paper towel and inspect to make sure no lint is present. The bearing diameters must be measured with them installed in the bores.  Make sure the man caps are installed in the correct order (they should be numbered), with the proper orientation (look at the tangs) and are torqued to the correct values. GM recommends 110 ft-lbs with engine oil lubricant, but consult the block manufacturer.  For example, with a Donovan block you use 95 ft-lb on the straight studs and 85 ft-lb on the splayed bolts. You should already have the crank journal diameters measured, so to get the clearances you just subtract these from the bearing diameters. As described for the rods bearings, you can mix and match a bearing size with one 0.001 under or 0.001 over to get the correct clearances.  The GM clearance spec is 0.0020-0.0030; for high performance engines the high side of this range (0.0025-0.0030) is usually recommended.  As for the rod bearings, number each half shell with the crank journal number on the tab on the tang end.  

Next comes the crank and oil seal.  Did you know it takes a special oil seal for a reverse rotation engine?  It does.  If you use one for standard rotation it’s going to leak badly. The Fel-Pro number for the two-piece reverse rotation seal is 17740.  It’s yellow, which makes it easy to distinguish from the black one for standard rotation.  Give the main bearings and crank a final cleaning in the clean parts washer. Be sure to brush out all the oil passages in the crank.  Inspect for lint and reinstall the bearing shells.  Wipe the bearings and crank journals with a paper towel wetted with lacquer thinner, then apply a layer of clean grease.  This should be taken from a new can or tube that is dedicated to final engine assembly, not from that one you have had sitting around for years between wheel bearing jobs.  Installation instructions come with the oil seal. It’s held in place with adhesive, so clean the mounting surfaces with lacquer thinner to get good adhesion.  Plain old RTV is a good adhesive and sealer.  Figure 38 shows my rear main cap with the oil seal and thrust bearing installed.  RTV is applied to the mounting surface and the seal is pressed into place.  


[image: image39.png]



Figure 38.  This shows half of a two-piece BB reverse rotation oil seal in the main cap ready to mate to the block.

The bearing is installed and greased, and grease is also packed under the lip of the seal. After making sure the cap and block mating surfaces are clean and free of grease or oil, RTV is applied to and around the end of the seal.  Go ahead and install the crank and front and rear main caps before the RTV starts to cure.  Torque these caps down to 110 ft-lbs with engine oil lubricant (or as specified by the block manufacturer).

Before you install the rest of the caps you should measure the crank end-play.  Use a dial indicator mounted to the block (a magnetic base works well) and set one end on the crank.  You can use a good size screwdriver wedged in between the crank counterweights and the block to move the crank back and forth in the thrust bearing.  The GM spec for end-play is 0.005-0.007.  Assuming you get something in this range, you can install and torque the remaining caps.  

If you are using studs instead of head bolts, you can install them now.  Use some Loctite on the block ends to keep them from turning later on.  On some blocks the head bolt holes may extend into the water jacket.  If this is the case you will need to use a thread sealer on these holes. Studs are generally recommended over bolts if you can use them.  In a lot of automobiles studs make it necessary to pull the engine to get the heads off, but in the S51 we do not have that problem.  The ARP stud set to use with BB-1 heads is 235-4702.  These are 190,000 psi studs.

Before you install the pistons and rods, you should check the fit of the PSRU to the block and ream the dowel holes in the PSRU bell-housing.   Arrange the block so that it sits vertically with the rear end up and place the drill bushings furnished with the PSRU in the block dowel holes.  The vertical orientation is so that you do not have to worry about the bearing clearances influencing your measurements. You can temporarily install the flywheel on the crank. Remove the bell-housing from the PSRU, install it on the rear of the block and just snug up the bolts.  If you are not familiar with the PSRU, you might skip ahead and read the section on its inspection and installation now. You want to adjust the bell-housing position so that it is exactly centered on the crank (or flywheel).  Mount a dial indicator on the flywheel (a magnetic base will work well) and tap the bell-housing around with a mallet until there is zero runout.  This will take some time, so be patient.  When the bell-housing and crank are concentric you can tighten the bolts ream the PSRU dowel holes using the piloted reamer supplied with the PSRU.  If you did not get the reamer and bushings with the PSRU, inquire with the other builders.  They were supposed to send them back to Dave Bogue when they were done with them anyway.

Pistons and Rods

Next you get to install the pistons and rods.  If you have not already done so you will need to deburr the ends of the rod bearings.  This is particularly true if you have had to chamfer them. Clean the pistons, rods, bearings and rings in the clean parts washer.  

The next step is to install the pin lock(s) on one end of each piston.  JE furnishes double Spyroloks on each end unless you specify something different.  Installing the locks can be a little frustrating until you get the hang of it, and it’s a lot easier to accomplish without the rings installed and the rods dangling. 

Next install the rods and pins in the pistons.  The rod tang orientation with respect to the intake valve pocket in the piston deck should be the same for all of the pistons.  The rod tang will be outboard and the valve pocket will be inboard when installed in the block, so for each piston the rod should be installed with the tang on the opposite side from the valve pocket. Apply a coating of clean grease to the pins, piston and rod bores before you install them, just as you did for the main bearings.  

A quick detour

Before you install the remaining locks you will be wise to make a preliminary check on the minimum clearance between the valves and pistons.  You can do this in any of the cylinders.  Engine builders refer to this as a “valve drop”.  Do the valve drop before you install the remaining locks, because they can be a pain in the ass to remove.  Plus, if you do remove them you will need to get new ones.  Never reinstall a used lock. 

 Temporarily install a rod and piston assembly in a cylinder (it’s conventional to use #1).  The piston installation procedure is described later in this same section, so skip ahead and read that if necessary.  Install the cap and rod bolts with a few ft-lbs of torque. Install a degree wheel on front of the crank (see Figure 42).  You will need to find the exact top-dead-center crank angle for the cylinder you are using.   The best way to do this is using a piston stop. A piston stop is just an adjustable length rod with a blunt tip extending into the cylinder bore.  You can easily make one by threading a bolt into a strap that is held flush with the block deck.  Alternatively, there are commercial piston stops that thread through a spark plug hole in the head.  In either case, finding TDC involves measuring the crank angle when the piston is within some fixed distance of TDC turned in one direction.  The measurement is repeated with the crank rotated against the stop from the opposite direction, then the difference in crank angle is split to determine TDC.  This is much more accurate than trying to find the crank angle which gives maximum piston height using a dial indicator.

Take the head and temporarily install an intake and exhaust valve in the bowl corresponding to your cylinder..  You can just use a couple of o-rings or rubber bands on the stems to keep them from falling out. Install the dowels in the block deck, lay the head gasket in place and place the head on the block.  Install a few of the head bolts with a few ft-lbs of torque.  No need to fully compress the head gasket (which will ruin it).   You want to measure the distance each valve will drop from the seated position until it hits the piston in the TDC position.  You can use dial calipers on the stem to do this.  You have to do one valve at a time.  If you try to lower them both they will hit one another and neither will contact the piston.  Exhaust valve clearance should not be a problem in any of these engines, but you might as well check it.  You are looking for an intake valve drop that is greater than 0.275” at TDC.  If you get it you will be unlikely to have a valve clearance problem with the cam lobe shapes, centerlines and lifts recommended in this write-up.  The actual minimum valve-to-piston clearance will typically occur between 0-20 degrees from TDC, but you will not be able to calculate it without knowing the exact lobe shape.  If you suspect you might have a problem you should put in the cam and time it.  The procedure is covered later in this write-up.  Hopefully you will not have to time the cam at this stage.  Assuming you have at least 0.275” of clearance, rotate the crank and record the valve drop at 5, 10, 15 and 20 degrees from TDC.  After you time the cam you can use these figures to calculate what your minimum valve to piston clearance is.

A final thing to check in the valve drop is the location and radius of the valve pocket in the piston.  If you do have a clearance problem, this may be the cause.  If it is it should not be difficult to fix if you have not installed the remaining pin locks.  Remove the head and put a little bit of modeling clay on the piston around the fillet at the bottom of the valve pocket.  Reassemble and press the intake valve into the clay.  You are looking to see that the valve edge clears the fillet in the valve pocket so that the valve hits the bottom of the pocket in the valve drop.  If it hits the fillet, fixing the problem might be as easy as changing the fillet radius.

End of detour; back to installing the pistons

When you have the pistons and rods assembled and inspected to make sure you have the rod oriented correctly, you can install the remaining pin locks.  I found that these went considerably easier since the pin keeps the lock from moving past the grove. Measure the end-play of the pin in each piston. You should not have more than 0.005”.  

When installed on the piston, the ring end gaps should be in a particular orientation. Figure 39 shows an excerpt from the ring installation instructions furnished with JE rings.  The top and second rings usually have a mark on one face, and that one should be towards the top of the piston.  The easiest thing to get wrong if you have not done it before is the oil expander ring.  The ends must butt against one another, not overlap. Some oil expander rings come with small plastic fillers in each end that make it impossible to install them overlapped, so this is obviously a common error.  Install the oil expander rings first, then the top and bottom oil ring rails.  The rails will hold the expander ring in place.  Next install the second and top rings.  You do not need a ring expander.  Pull them apart with your hands just far enough so that you can work them into the groves.  Orient the end gaps as per Figure 39 or your ring manufacturer’s directions. Finally, clean the rod cap bores with lacquer thinner and a paper towel, inspect for lint and insert the bearings.  Apply clean grease to the ID of the bearings.  Your piston assemblies should now ready for installation.  Make a final check to confirm that the locks are all fully engaged in the groves.

Use lacquer thinner and a paper towel to clean the cylinder bores, then apply a coat of engine oil with your hand.  You can pat some on the piston skirt too.  As shown in Figure 40, you will need to compress the rings before the pistons can be inserted into the bores.  Various kinds of ring compressors are available and their use is pretty obvious.  Place the piston in the bore with the rod tang outboard, and gently tap it into the bore with a soft mallet or plastic hammer.  If you have had the crowns ceramic coated, be especially careful with the tapping.  Seat the rod against the crank journal and install the cap and rod bolts.  Be sure to apply the correct lubricant to the threads and under the heads before you tighten them, and to use the tightening procedure recommended by the manufacturer.  When you have all the pistons and rods installed and torqued, you should measure the 
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Figure 39.  This is an excerpt from the ring installation instructions for JE rings.

The ring orientation diagram shows the top view of the piston. Pardon the oil stains!
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Figure 40.  This shows piston installation using one form of ring compressor.  This one has a conical bore that compresses the rings as the piston is tapped into the bore.  Note that the valve pockets are on the inboard side towards the lifter valley (which is in the bottom of the picture – the engine is rotated 90 degrees from upright).

clearance between the faces of adjacent rods on the same journal using a feeler gauge.  See Figure 41. Rotating the crank several revolutions first will help the rods square up on the journals.  You are looking for side clearance of 0.015 – 0.025”.

The piston deck to block deck distance

Now that you have the pistons installed for the last time, make a final measurement of the piston deck to block deck distance at TDC for each cylinder.  Be sure to account for piston rock (which will be much reduced with the rings installed).  The GM recommended clearance between the piston deck and head deck is 0.035-0.045”, accounting for the compressed thickness of the head gasket.  Most BB head gaskets have compressed thickness of around 0.040”, so you are looking for a measured piston to block deck distance near zero.  You should consult the manufacturer for the compressed height of the gasket you are using.  If you get clearance under 0.035” you should consider using a thicker than standard head gasket.  Fel-Pro makes some of their BB head gaskets with compressed heights of as large as 0.091”.
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Figure 41.  Here we see a feeler gauge inserted in the gap between the number 7 and 8 rods. The GM recommended gap is 0.015-0.025.  Mine were all near 0.025.

Camshaft and Lifters

I’m going to describe the installation of the RCD unit here since that is what I am most familiar with. Chain drives or other gear drives should install in a pretty similar manner.  The first step is to install the gear (or chain sprocket) that goes on the crank. You will need a key for the keyway cut into the crank, and a piece of heavy wall pipe or tube with an ID slightly larger than the crank snout diameter.  The gear or sprocket is installed by tapping it into the key with a good size hammer, using the pipe or tube to transfer the force.  Keep hitting it until it is fully seated against the shoulder of the crank snout.  You can recognize when this occurs by the ringing sound the crank will make.  You will know it when you hear it.

The cam cover is located by a pair of dowel pins, one on each side of the cover.  Install the pins in the block and make sure they will fit into the cam cover.  If you are using a gear driven system with an idler (such as the RCD unit), install the cam cover with a couple of bolts or studs, then measure and record the lash between the crank and idler gear.  Rotate the crank and check to see if the lash is approximately uniform over one revolution.  If there is little run-out in the gears, it should be.  Make sure there is some lash present at all crank angles.
Install the hub for the cam gear (sprocket) on the cam using 20 ft-lbs of torque and oil as lubricant. Ah, maybe easier said than done. It took me over a month to accomplish this simple task. The sprocket or gear hub is fastened to the cam with 3 screws.  I experienced a lot of frustration getting the RCD hub to fit my camshaft.  The problem is that RCD makes the bolt (and locating pin) circle 1.337” diameter, while Crane makes the bolt circle on the cam 1.360 +-0.002.  Basically, they simply do not fit together.  I ended up making my own hub with the proper bolt and pin circle for the Crane cam.  I don’t know what others have done, but it appears that a cam made to the minimum bolt circle specification might just barely fit onto an unmodified hub due to the clearances machined into the holes in the hub.  In the course of investigating this I did try a belt drive hub from Jesel and a chain drive hub from Cloyes.  These had bolt circles of 1.358” and 1.356” respectively, and both fit fine.  All I can suggest to those using the RCD unit is to make sure the register cut in the back of the hub seats uniformly onto the front cam journal, and that the three screws do not bind in the holes.  If you have trouble, call RCD and ask about it.  And if they tell you that this is the first they have heard of the problem, feel free to mention my name. 

Before you install this assembly, wash it off in the clean parts washer and apply the high pressure lubricant recommended by the manufacturer to the cam lobes and bearings.  With a roller cam this is not so important, but it is essential with a flat tappet cam. You can apply some clean grease to the distributor gear.  The RCD unit includes a couple of thrust bearings and sets of hardened races.  Clean the bearings, apply some clean grease and sandwich each between the races.  Install the larger of the two between the front face of the block and the hub.. Feed the cam into the cam bore from the front, starting with the end that has the distributor gear on it. It will help you hold the cam straight so that it will slip into the bearings if you put a Phillips screwdriver through one of the bolt holes in the front hub and use that as a handle.

You should use a dial indicator to check the run-out of the register cut on the hub where the gear mounts.  Mine had a total run-out of 0.0017”, which seems like a lot for a gear drive.  I was told the RCD tolerance is 0.0020”, so it does meet their specifications.  All I can say is that I’ve heard the Summer’s Brothers unit is even worse for run-out.  I guess they both work, but I can’t say I am impressed with either.

Setting the cam timing

The first step in timing the cam is to mount a degree wheel on the crank snout and once again go through the procedure to find TDC on the #1 cylinder.  Figure 42 shows a degree wheel installed on the crank.  

Get your cam card and choose one of the timing specs (at 0.050 lift) to use as a reference.  The opening of the exhaust valve is the one that I will use in this example. The crank on a reverse rotation engine rotates in the CCW direction looking at it from in front.  Rotate the crank to the published figure for 0.050 lift on opening.  For my cam this is 44 BBDC or 180-44 = 135 ATDC, so I rotated the crank 135 degrees CCW from TDC.  Install the exhaust lifter in the #1 cylinder and set-up a dial indicator to measure the lifter travel.  Figure 43 shows one arrangement, but if you do not have a mount like this you can just use a magnetic or homemade screw-on mount on the block deck.  Rotate the cam until the lifter is on the base circle  (e.g. until the lifter is a low as it will go), then set the dial 
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Figure 42.  This sows the degree wheel installed on my crank.  The pointer is attached to the block at 2 o’clock.  Use as large a degree wheel as you can.  The larger they are, the more accurately you can set the cam timing.  You can see the RCD cam drive behind the degree wheel.
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Figure 43.  This shows a commercial cam timing fixture installed on cylinder 1.  Both lifters are on the base circle.  Note the adjustable piston stop in the right picture.  You can easily get along without anything this specialized, but it does speed up the cam timing process.

indicator to zero.  Slowly turn the cam (in the CCW direction for a reverse rotation cam such as is used with a chain or 3 gear drive) until the dial indicator reads 0.050” lift.  Now slip the cam gear into place.  On the RCD unit there are 7 possible orientations to try, and one of them should line up well enough to install the screws securing the gear to the hub.

Before you install the remaining thrust bearing and retaining plate on the cam cover, rotate the crank and make sure there is always some lash between the cam gear and the idler, just as you did earlier for the crank gear and the idler.  If this is OK you can install the retaining plate. Check the cam end play.  The recommended range is 0.000-0.002”.  If you have more than this you will need to install shims between the cam hub and the cover plate.  The RCD kit contains a supply of shims, so I assume they will come with your gear or chain drive.  Check all the timing and lift parameters on the cam card.  Rotate the crank in the CCW direction and record the crank angles when the exhaust tappet passes 0.050” lift.  The difference in opening and closing in crank degrees is the duration.  Rotate the crank to find maximum lift and compare with tappet lift on the cam card.  Pick some convenient distance below maximum lift, maybe 0.050” or 0.100”, and rotate the crank until this lift is observed on the dial indicator.  Note the crank angle on the degree wheel.  Rotate the crank backwards until the same lift is observed on the other side, and note the crank angle.  The lobe center will be halfway between these figures.  Install the intake lifter and repeat the process for the intake valve.   It’s conventional to record lift and crank angle at maximum overlap too.  For this you will need a dial indicator on both the intake and exhaust lifters.  The maximum overlap point is the crank angle at which the both lifters show the same (non-zero) lift.  Note the crank angle and lift for your records.

Since the cam is now timed we can measure the lift profile and use that to calculate the minimum clearance between the piston crown and valves.  Measure the tappet lift at 5, 10, 15 and 20 degrees BTDC for the exhaust valve and the same intervals ATDC for the intake valve.  The clearance is the difference in the valve drop (measured previously) and 1.72 times the measured lift (actually 1.72 x lift, minus lash for solid tappets).  The GM recommendation for minimum valve clearance is 0.060” for the intake and 0.090” for the exhaust.  You will probably be well above that.

You can now permanently install the lifters.  It is important that roller lifters first be soaked for an hour or two in motor oil.  This insures that the bearings will have lubrication when the engine is first started. 

Determining the pushrod lengths

Now that the cam and lifters are in, we can install the heads, make a final determination of the rocker stand height and determine the pushrods lengths required.  The following procedure can be used directly with shaft rockers.  If you are going to use studs, you may have to modify it slightly. Be advised that the real valve springs will bend the flimsy aluminum adjustable pushrod furnished with the Jesel kit.  If you want to use this or a device of similar strength to determine the pushrod lengths, put in a hardware store spring such as that shown on the right in Figure 24.   More substantial adjustable pushrods are available from aftermarket suppliers.

Pick a cylinder and install the valves, locators, springs, retainers and locks in the head.

If you are using the real springs, you will need a special tool to compress them. Professional engine builders usually have a pneumatic tool for this, but you can get less expensive hand tools that will get the job done almost as easily.  When you have the valves in you can mate the head gasket and head to the block.  Be sure the two dowel pins in the block deck that locate the heads are installed.  If you are using Jesel rockers, you will need to remove some of the exhaust rocker stands in order to get the head bolts installed.  It’s best to torque the head bolts to the value specified by the stud or bolt manufacturer with a used head gasket.  If you have to use a new one, just snug the head bolts up for now.  If you torque it down fully you will have to replace the gasket. Rotate the crank until both lifters are resting on the base circle.

Install the rocker stands using your best guess at the correct shims.  Insert the adjustable pushrod in the lifter and install the corresponding rocker in the stand.  The rocker manufacturer should provide a specification as to the allowable range for the adjuster screw.  For Jesels it’s between one-half to two turns out from the fully seated position.  They suggest fitting the pushrods with the adjuster out one turn.  Set the adjuster screw in accord with the manufacturer’s recommendation.  If you are using hydraulic lifters, adjust the pushrod length so that it just makes contact with the adjuster cup when the valve is fully seated.  For solid lifters you need to adjust the pushrod so that the distance between the rocker nose and valve stem corresponds to the recommended lash.

Once you have the pushrod adjusted you can turn the crank over slowly and examine the change in the pushrod geometry with respect to the rocker.  The angle between the pushrod and rocker will typically be considerably more than 90 degrees with the valve seated, and should become slightly less than 90 degrees when the valve is at maximum lift.  The reasoning is the same as explained previously in connection with the rocker tip / valve stem geometry.  You want the angle closer to 90 degrees when you have maximum spring pressure.  A guideline I’ve seen is that the angle should pass through 90 degrees when the valve is at 2/3 lift.

When I did these tests I found that I needed to raise my stand heights about 0.10” above that determined previously using the Jesel stand height tool.  I ended up using 0.250” shims for both the intake and exhaust stands (keep in mind that some of this is due to the extra installed height associated with +0.100 length valves).  Raising the stands this much reduced the distance between the rocker and valve stem, so that I ran out of adjustment.  I had to lengthen the adjusting slot in both the exhaust and intake bases about 0.020” in order to get the rocker tip centered on the stem.

Once you have determined the stand height that gives the proper rocker and pushrod geometry (make sure the pushrod does not rub against the head) you can remove the rocker, measure the pushrod length and order your pushrods.  A number of manufacturers make pushrods in a wide array of lengths.  Generally you can find a stock size that will work, especially if you are using the stock 5/16” tip diameter.  Keep in mind that you do have considerable adjustment.  The Jesel adjusters move 0.040”/revolution, and you have up to 1-1/2 revolutions to work with.  Be sure you get 3/8 diameter pushrods, not 5/16, and that the end diameter is correct.  If you have not installed the heads to full torque, I’d suggest you order pushrods that are a at least 0.050” shorter than what you have determined from the above measurements.  I found there is at least that amount of compression in the head gasket from ‘snug’ to full torque.  Pushrod vendors are good about swapping pushrods for a different length as long as you return them in the original packaging.

Assembling and installing the heads

Professional engine builders “weigh” the springs before they are installed.  This refers to the use of a spring tester to measure the seated and over the nose spring force, and also the compression distance from over the nose to coil bind.  You probably don’t have a spring tester, and you should have already insured that the spring forces are appropriate for your cam and that the lifter will not compress the spring to the point where it binds.  If not, see the section on preparing the heads.

First clean the heads in the clean parts washer and install the valves, spring locators, valve stem seals, springs, retainers and locks. Figure 44 shows the recommended seal design.  These Teflon seals will fit inside double coil springs, whereas some other designs will not.  You have to install the spring seat before you put on the seals.
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Figure 44.  Teflon valve seals are pushed down over the guides using a tube with the ID machined to bear against the shoulder of the seal.

Install the assembled heads on the engine.  My engine guru recommends the following procedure using Fel-Pro head gaskets.  First clean the block deck with lacquer thinner and apply two coats of  ‘Gasgacinch ‘ gasket compound.  This is a rubber cement like material.  Take a length of medium weight sewing thread and coat that with the same material.  Place circles of thread around all the water passages in the block deck, making each circle large enough so that it will bear against the gasket.  An example of this is shown in Figure 45.  Rub both sides of  the gasket surface with Scotchbrite, and apply two coats of gasket sealer to both sides.  After the compound has dried you can put the gasket on the block deck.  Make sure all the water passages are clear.  Some gaskets will obstruct certain of the passages.  If you encounter this problem you will have to decide if it warrants modification of the gasket or use of a different gasket. Figure 46 shows the head gasket installed on my block.  Note that one of  the coolant passages is partially obstructed.  In this case the obstruction is not altogether bad when the location of the water inlet is considered.  We used it as is.   Repeat the same procedure for the head deck.  Once the heads are on, install the bolts (or nuts if you are using studs). In either case a hardened steel washer must be used with aluminum heads.  If you glue the washers to the heads using RTV, it will make it easier to retorque the heads. Be sure to apply some assembly lubricant to the threads and under the bolt heads or nuts.  Torque to the value recommended by the manufacturer (usually the fastener manufacturer).  ARP recommends 65 ft-lb for 190,000 psi bolts or studs using ARP assembly lube.  

[image: image46.jpg]



Figure 45.  The deck has been coated with Gasgacinch and a loop of thread has been laid down around the coolant holes.  This is reported to eliminate problems with coolant leaks in the head gasket area.
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Figure 46. This shows the Fel-Pro 10171 head gasket on a World Products Merlin block.  Note that one of the coolant holes does not line up perfectly.  The gasket fits Brodix BB-1 heads perfectly.  Also note the difference in size of the inboard and outboard coolant bleed holes.

The recommended torque is somewhat higher using engine oil for lube.  Figure 47 shows the sequence in which the head bolts should be tightened.  You should do this in increments of about 10 ft-lb.  If you are using the two extra head bolts per bank, you will probably have to install 7/16x14 cap screws as shown in Figure 48.
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Figure 47.  Here is the recommended torquing sequence for the head bolts.  Tighten them all down to about  ft-lbs, then in increments of about 10 ft-lbs until you reach the manufacturer’s recommended torque.
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Figure 48.  This shows one of the extra head bolts installed from the lifter valley.  If you use Jesel dogbone lifters you will have to pull the studs to get these bolts in.  I used the cap screws and the same torque and lubricant as for the main studs.

There is usually not enough room to get a conventional hex head bolt in, but a 12-point head might work.  Complete the job by installing the rocker stands, pushrods and rockers.   Set the valve lash if you are using solid lifters.

With Jesel shaft rockers you will have to remove some of the rocker stands to install the head bolts or nuts.  After you get the heads on you can reinstall the rocker stands , pushrods and rockers. Before you tighten the Torx bolts holding a rocker shaft to the stand, be sure that the corresponding lifter is sitting on the cam base circle and that you apply oil to the Torx bolts.   If you are using solid lifters you can set the lash at the same time. Here is the procedure I used, which works OK with the relatively short duration cams best suited to our application.  Before you install the rockers, back out the adjuster screw all the way.  Rotate the crank until the valves on one cylinder are about in the middle of the overlap range.  Watch for the exhaust lifter (or pushrod) to come up and then go down.  When it is nearly all the way down (e.g. the exhaust valve would be nearly closed) you should see the intake lifter start to rise (e.g. the intake valve would be starting to open).  The range of crank angle when both lifters move simultaneously is the overlap region. Rotate the crank until you reach the middle of the overlap region.  At this crank angle the opposite cylinder in the firing order should be very near TDC between the compression and power strokes.  Both lifters for that cylinder should be on the cam base circle.  For example, with a standard reverse rotation firing order of 1-2-7-5-6-3-4-8, the lifters for cylinder 6 should be on the base circle when cylinder 1 is in overlap, and vise-versa. The same goes for pairs 2-3, 7-4  and 5-8.  Valve lash specs usually apply to a hot engine.  You should be able to come close to the specification by subtracting about 0.005” from the recommended figure and using that to set the lash with the engine cold.  The lash obviously has to be set with the lifter on the base circle, hence the above procedure.   Insert the proper thickness feeler gauge between the top of the valve stem and the nose of the rocker, then tighten the adjuster screw until you get a very snug fit.  Holding the adjuster screw with an Allen wrench, tighten the locking nut to the recommended torque.  With the Jesel system, the act of tightening the locking nut often increases the lash slightly.  When the lash is correct, you should be able to insert the feeler gauge between the valve stem and rocker, but only with the use of considerable force.  You should have to push hard enough so that there is some danger of the gauge bending.

Installing the oil pan

The oil pan installation varies according to the pan.  Some of the pans with internal bolts can be tricky to install (see Figure 49).  The idea behind internal bolts is to get increased clearance between the pan sides and  the crank counterweights. Unless you are using a very long stroke (greater than 4.5”) you should not need internal bolts or the DRCE bolt pattern.
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Figure 49.  This is a fabricated stainless-steel dry sump pan derived from a marine pan made by Baker Engineering.  The windage tray has been removed so that you can see the scavenge lines. This one has internal bolts which are reached through the access holes along the sides.  There are pickups at the front and rear, but all the outlets are on the front.  This pan is wide enough so that Tilton starters will fit in only one orientation, one that barely clears the bed mount on the S51.  

Experiment with it until you find a technique that will work. You should have already made sure that the crank counterweights do not hit anything in the pan and that the pan fits the bolt holes or studs in the block.  I’ve seen several fabricated oilpans, and have yet to see one that fit without having to relieve several of the bolt holes.  Also, make sure the pan does not interfere with mounting the starter.  On some you will have to relieve the pan rails to make room for the starter mounting block. Make sure the pan is clean.  With a fabricated pan you should look for welding slag that might come loose in the rather severe vibration environment in which the pan lives.  Grind or sand the welds so that nothing is sticking out that might come loose. After cleaning the pan, replace the windage screen using red Loctite on the screws. Clean the block pan-rails with lacquer thinner and lay down a bead of sealant.  RTV works well.  Another product that works great in areas where no large gap exists is Threebond 1215.  The main advantage of the Threebond product is that it is relatively easy to remove, but it’s not good for large gaps such as you may well find in the semi-circular cutouts.  With external bolts, make sure you run the bead around both sides of the bolts or studs.  Install the gasket on the block.  Give the pan rails the same treatment with sealant, and add a large enough bead to the semi-circular surfaces so that you are sure it will fill the gap when the pan is mated.  The pan bolts are 5/16x18, except of a couple of 1/4x20s in the front.  If you use cap screws, 20 ft-lb with oil will work OK for the 5/16x18s..

Installing the intake manifold and fuel system 

This is your last chance to get to anything in the lifter valley!  Make sure the pushrods are installed and seated properly.  Turn the crank and make a final check for interference between the pushrods and heads.  Have a last look for foreign matter in the lifter valley.  The technique for mating the manifold and heads is similar to that used for the head gaskets, except that it is not necessary to use thread around the coolant passages.  Clean the mating surfaces and give each a couple of coats of Gasgacinch.  Do the same with the manifold gasket.  Use a small amount of RTV under the gasket at the front and rear.  Gasket kits usually come with pieces of cork that go between the manifold and block at the front and rear.  Toss these out and just apply enough RTV directly to the block so that the manifold will seal..   The only tricky part is putting in the manifold bolts.  The holes are not perpendicular to the head or manifold surfaces, so be careful you do not cross-thread them.  Use 25 ft-lb with oil.

Valve covers

If you are using a standard deck block, the least expensive alternative is to use the stamped steel low profile valve cover by Rex Marine.  This should fit under the cowl with adequate clearance for shaft rockers.  For a tall deck engine with shaft rockers the Rex marine valve cover will not fit under the S51 cowl without modification at the left forward outboard corner (as viewed from the cockpit) in the area of the #8 exhaust rocker and spring retainer.  You can cut and weld on something like the Rex Marine cover, or you can use Zack’s cast aluminum cover.  This one should provide minimal clearance with the #8 valve and maximum clearance with the cowl.  Even the maximum possible cowl clearances are going to be less than you would like..  Internal clearances are minimal, so it is especially important that you check for interferences.  As designed, the closest clearance is with the outboard edge of the #8 exhaust retainer.  You should check clearances at the top of the exhaust rocker nose when the valve is seated, and the #8 adjuster stud or nut when the valve is at full lift. Figure 50 shows fixtures that can be used for a preliminary check.  
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Figure 50.  The left half of the picture shows the clearance you can expect with Zack’s valve cover and a gasket with a compressed thickness of 0.145” such as the one sold by Earl’s. The circles indicate where clearances should be checked with modeling clay.  The adjuster nut should obviously be checked at full lift. The right half of the picture shows a pattern made to check both internal and external clearances.

A final check should be performed with the actual cover and gasket you intend to use.  I think the best way to do the check is to rotate the crank until the #2 exhaust valve is at full lift and the #8 exhaust valve is on the seat.  With the gasket in place, you can scoot the cover around and make sure it clears the #2 adjuster nut before you tighten it down.  Assuming is does, you can put modeling clay in all of the areas mentioned previously and tighten down the cover.  Removing the cover and examining the clay will then give you a good idea of the actual internal clearances.

Distributor and Ignition System

If you are using a distributor you can install it now.  Those using reverse rotation cams should have already changed the distributor gear.  The first step is to adjust the length of the neck so that the distributor gear meshes properly with the one on the cam.  Using a thick layer of grease on the distributor gear to identify the degree of meshing is usually what is recommended in the installation instructions.  However I was told to use the following easier and more objective method. On the rear of the block (the end the distributor is on) locate the quarter inch pipe fitting that terminates the even side lifter oil gallery bore.  It will be at 2 o’clock on the cam bore looking at the block right side up and from the rear.  Remove the pipe plug if it is installed.  Looking at the neck of the distributor, you should see a small oiling hole drilled in it an inch or two above the gear.  On some distributors it will be located approximately midway between two o-rings.  Orient the distributor so that the oil hole faces the rear of the block and insert it into the intake manifold.  You want to insert the distributor far enough into the block so the oil hole is just centered in the lifter oil gallery bore.  You should easily be able to see this with the aid of a small light.  When the oil hole is centered in the lifter you can move the locking collar against the manifold and tighten it.  The gears should now be fully engaged.

The initial ignition timing is set by making the rotor point at the number one cylinder when it is at TDC and the distributor is fully seated in the block.  First set the crank at TDC on the number one cylinder.  This does not have to be done too accurately.  You can just use a previously established reference mark if you have one.  Remove the distributor and reinstall it so that the rotor points to the number 2 or 4 cylinder when the gears begin to engage.  As the distributor is seated it will rotate in the CCW direction, and a little experimentation will get it pointed at the number one cylinder when it is fully seated.  Once this is accomplished you can rotate the distributor head so that whatever socket you want points to the number one cylinder.  That one should be connected to sparkplug number #1.  Proceed in a CW direction around the distributor cap connecting the sockets to the plugs in the firing order. For a reverse rotation engine, that would normally be 1-2-7-5-6-3-4-8.

You want to use high quality, spiral wound, 8 or 8.5 mm plug wires.  To guard against cross-fire, where the magnetic pulse from the current flowing through one lead induces a current in an adjacent lead, you want to keep the wires separated.  Don’t lace them tightly together with tie-wraps.  The ignition manufacturers make wire combs that will keep the plugs wires neat, evenly spaced and separated from one another..  Be particularly careful not to route the leads for cylinders 5 and 7 close to one another.  Since these cylinders are next to one another in the engine, it’s tempting to route the leads together.  But since they are also adjacent in the firing order, cross-fire has the potential to do a lot of damage.

Harmonic damper installation

First, if you are using the RCD gear drive for the cam along with an 8” damper, you will not be able to use the timing pointer that comes with the RCD unit.  Take it off the cam cover and set it aside.

The harmonic damper (also referred to as the harmonic balancer) should have an interference fit of around 0.001” on the crank snout.  If it’s substantially more than that, be prepared for a hard time.  You must use a high pressure lubricant (e.g. anti-seize or cam lobe lube) in the assembly, and you will also need a special installation tool.  First rotate the crank to TDC on the number one cylinder and lubricate the snout and damper bore.   Place a couple of keys in the keyway slot and slip the damper onto the crank snout with the damper itself oriented forwards.  The zero timing mark should be at about 2 o’clock facing the front of the engine. The assembly tool is a jackscrew arrangement which smoothly and squarely draws the damper onto the snout.  Don’t even think about using a hammer. Be sure to use high pressure lubricant on the jackscrew and between the nut and the thick, hardened washer that it rides on.  Draw the damper onto the snout until it is fully seated against the gear (or sprocket) on the crank.  To do this you will have to keep the crank from turning.  If the engine is on an engine stand the easiest way is to just put a long bolt in crank flange at the rear of the engine and let that jam against the engine stand.  If you encounter a large increase in resistance before the damper is fully seated, I’d suggest taking it back off (use a steering wheel puller), and looking for any sign of galling.

Once you have the damper installed and the installation tool removed, clean the lubricant from the damper bore and crank shout.  Apply a bead of RTV between the damper and the snout, making sure that the keyway is sealed.  This will prevent an oil leak if it gets past the seal on the cam cover and works its way down the keyway. The last step is installation of a ½-20 bolt and hardened washer to keep the damper in place.  The nominal recommended torque is 85 ft-lb with red Loctite.

Flywheel and PSRU damper installation

This is straightforward unless you have a PSRU that has been modified by PAE to accommodate a different manufacturing technique for cutting the splines in the in the steel hub that mates to the damper.  If you do, you will have to make and install a spacer between the flange and damper in order to get full engagement of the splines.   I doubt if any of you have a PSRU with this modification, but if you do I have a drawing for the adaptor.  You need special low head profile bolts to install the flywheel on the crank hub.  I used ARP 100-2801 bolts, which install with 60 ft-lb torque using ARP assembly lube.

Checking out and fitting the Bogue/Stewart PSRU

A lot of questions have arisen about the spur gear propeller speed reduction unit designed for the S51 by Dave Bogue and Jim Stewart.  These boxes were originally sold by Florida Airboat Power.  A damper assembly which couples the flywheel to the geartrain was provided as part of the assembly. The first boxes shipped used a dry spline to couple the damper and geartrain.  Running the spline dry apparently caused a fretting corrosion problem, so the design was changed so that the spline runs wet, e.g. in oil.  All units were recalled and modified by FAP, but some may not have gotten the word so it’s possible that some unmodified units are still out there.  You can easily tell if the modification has been accomplished by looking for an oil seal just inside the case at the base of the male spline.  Also, the female splined hub on the damper should be caped at one end.  I think some changes to the bearings were made at the same time, however as far as I know the original bearings worked just fine.

	

	


Experience has shown that the PSRU must be opened up and inspected before installation.  This applies even to brand new units straight from the manufacturer.  Many, if not most units have quite a bit of dirt inside the case as shipped.  At FAP they were apparently assembled in the grinding room, so this is hardly surprising.
Problem: Some gearboxs were shipped loaded with crud, presumably from assembly.  You must split the case and inspect for dirt.  Spin the bearings and feel it they run smoothly.  Any sign of roughness is an indication of dirt or grit in the bearings. Clean the unit in a tank with clean solvent.  Dissassemble and clean in a clean solvent tank.   Dirty bearings can be cleaned by simultaneously flooding them with solvent and a jet of compressed air while they spin.  This is messy, but effective.

To split the case just remove the nuts from the studs or bolts and pull the assembly apart.  It should come apart readily after the RTV sealant between the case halves is broken. If ti does not, it may help to heat it up a little. Just use a space heater or set it out in the sun on a hot day. Figure 51-2 show what you will find when you split the case.  
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Figure 51.  The front half of the PSRU.  The pinion gear and the race for the rear prop drive roller bearing (shown) stay with the rear case half.
Disassemble and inspect all the oil jets, 4 oil in all.  It’s not unusual to find some partially plugged with dirt, which can result in a burned bearing.  One unit (mine!) was assembled with an oil jet missing. This will result in zero, or nearly zero pressure, including in the engine if you are using that oil system for the PSRU. The jet itself is sealed to the case exterior with RTV, and the other face of the jet flange is sealed to the cap/AN adaptor with an o-ring.

You may want to consider reaming out the jets to a larger diameter.  The original jet diameter provides plenty of oil to lubricate the gears and bearings, however the holes are small enough  to be easily plugged.  Increasing the diameter helps guard against plugging, but will require increased oil pump capacity.  This is not a problem if a separate oil system is used, but if engine oil is used you need to first consider the requirements of the engine.

As illustrated in Figure 53, the oil jets have particular orientations that need to be preserved if you ream them.
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Figure 52.  The rear case half attached to the bellhousing.



Figure 54 show the oil seal at the base of the spline shaft.  Users of this PSRU have found that the seal typically begins to leak after a few hours.  The solution to this problem is to retrofit a better quality seal, one with a spring around the circumference which helps hold the lip of the seal against the hub OD.  The Chicago Rawhide CR22367 seal is a higher quality  replacement for what was originally installed. To replace the oil seal, first split the case and press the pinion shaft out from the back. The rear pinion bearing will come out of its pocket and you can remove the entire pinion assembly. The oil seal will
be visible in the rear case half. Simply press out the old seal and press in the new one. Be sure the lip of the seal is oriented to the front of the box.

In my case the register on the bellhousing (where the rear half of the
PSRU mates with the bellhousing) was not round. This obviously makes it
hard to center the bell housing register on the crank when you ream the
case for the bellhousing dowl pins. My box had a new, deeper bellhousing cast by PAE. This casting should probably be stress relieved before the register is cut, and I expect PAE did not do this. As a result, when the bellhousing only is lightly bolted to the block the register was several thousandths out of round. Roundness improved significantly when all the bolts to the block were tightened, and will presumably improve further when the rear case half is installed (since the register on that part is round).   This may or may not be a problem with the FAP castings.  In any case, there is nothing that can easily be done about it. I just centered the bellhousing on two axies normal to one another, e.g. on one axis there is zero runout and on the other I think there was +0.002 on both sides. This should work if the bellhousing has a regular shape, such as an ellipse. Actually I think 0.001 or 0.002 total run-out is the best you can do with the machining marks in the register.
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Figure 53.  This shows an oil jet.  The wire extending from the jet orifice shows the jet orientation.

I have plenty of excess oil pump capacity, so I reamed my jest with a #58 drill.


In a few cases the hub that mates to the damper (Figure 55) was found to be  not concentric with the flywheel when they are mated through the damper. This will result in run-out between the pinion shaft and hub. I observed this on my PSRU, but attributed it to the rather extensive modifications made by PAE.
 

To fix this it is necessary to find the cause of the excentricity. It could be the shoulder bolt pattern in the flywheel and/or damper, slop in the fit between the hub and the bore it fits in the damper, excentricity between the shoulder bolt circle and the hub bore, hub out of roundness and probably some others I have not thought of. This can be quite a job, and you will likely need the assistance of a competent machinest equipped with the necessary measurement equipment.  Depending on the cause or causes of the problem, you may be able to reduce run-out to an acceptable level by clocking the damper on the flywheel and/or the hub on the damper. I think I ended up with 0.002 total runout at the hub, which in my opinion is acceptable.  One builder traced an excentricity problem with his box to non-uniform wall thickness in the reamed tubing inside the urethane damper biscuits.


[image: image55.jpg]wve these screws

This shaft runs wet in current PSRUs

Oil seal. Press out from this side once shaft is removed.
Reinstall with lip pointed down, .e.g into the case.
" Use Chicago Rawhide CR22367 seal, which has a spring under the lip.





Figure 54.  This shows the spline shaft and the associated oil seal.  With the case split, you can easily press the spline shaft out, then press the oil seal out from the interior surface, then press in the new one from the exterior surface.  It is not necessary to remove the cap screws shown in the figure.

The early boxes had custom manufactured 5/16x18 to 1/4x28 studs holding the
case halves together.  It’s not unusual to find some of the threads stripped on these studs.  Apparently whoever put them together sometimes got a little overly ambitious with the wrench. On later boxes these studs were replaced by -4 AN bolts with the heads recessed  into the rear face of the rear case half. This seems to be more durable as well as being a whole lot cheaper.

I understand these studs were custom made, and as far as I know there are no commercial replacements. Norm Hall has pulled the studs from has case and installed vibration resistant (red) 5/16x18 Helicoils the rear half.  He uses  5/16x18 cap screws all the way around.  If you do not want to do this and need replacements studs, I’d suggest talking to Norm.  He should have quite a few salvaged from his box.
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Figure 55.  This shows the damper assembly that fits in the spline shaft.  Note that the hub is not capped on one end, indicating this assembly has not been modified for a wet spline.  Before you attempt to mate the PSRU to the engine you should mount the damper on the flywheel and measure the hub run-out.  If you see more than .001-.002”, you need to fix this before you attempt to align the damper with the bellhousing and ream the case for the engine dowels.

The accessories

Driving the accessories it one of the bigger issues on building a BB engine for the S51.

All I can suggest is that it is probably wise to stick with something that you know works.

The PAE gear driven system had a lot of promise but apparently proved too difficult to develop, both in terms of time and money.  I am using a enclosed belt driven system developed by Jim Czachorowski and shown in Figure 56-7.  Here the water pump and PSRU oil pump are driven directly off the crank and the engine oil pump is driven directly off the cam.  The other accessories are belt driven, all at cam speed except for the alternator which runs at crank speed.   This represents a compromise between reliability, complexity and cost.  Failure of the directly driven accessories is unlikely.  Failure of the main drive belt will cause loss of the vacuum and mechanical fuel pumps along with the alternator and prop governor.  The mechanical fuel pump has an electric backup, and anyone that flys IFR would presumably install at least one electric gyro as a backup. The ignition system, whether magneto, electronic or both, must be tolerant of an alternator failure, at least for a reasonable period of time.  So the belt driven accessory of major concern is the prop governor.  If the governor stops, the S51 props are set up to go to high pitch. The bad news is that you will probably have to keep you speed up by descending in order not to load the engine and cause detonation.  The good news is that a rapid decent should not be necessary, and that with reasonable terrain clearance you should be able to go a long way before you run out of air. 
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Figure 56.  The innards of the accessory drive system I am using.  The belt on the right only drives the alternator.  All of the accessories rotate in the CCW direction viewed as shown in the picture.

So far, the only complaint I have with this system is that the fuel pump should run faster than cam speed in order to provide satisfactory fuel pressure to the injection system and idle.  It turns out the engine will run at idle, but the fuel pressure is significantly below the lower limit recommended by Airflow Performance.  To possible solutions to this problem are to increase the idle speed above 1000 engine rpm, or simply to run the boost pump on the ground.  This system is designed around the following accessories.  The alternator is a 50A Jasco aircraft alternator.  It’s heavy, but id designed to be pad driven. These alternators are widely used in the T-6 and Cessna 195, among others.  The fuel pump is driven from a standard aviation pad, so that any aircraft fuel pump of sufficient capacity can be used.  Airflow Performance recommends the Romec 9080 series, and that is what I am using.  As best I can tell from conversations with overhaulers, the 9080J5 has the highest capacity and is more than adequate (by FAA standards) for a 500 hp engine.  For 600 hp and above, the Romec 9080 series pumps my be marginal in terms of capacity.  Don’t be fooled by a label that says the capacity is 100 gal/hr or so.  That is at zero head, or zero pressure at the outlet.  You want to see 35-45  psi  at the outlet, and at this pressure the 9080 series tops out at about 60 gal/hr.  My engine actually consumes about 40 gal/hr at full throttle and sea level, so with the FAA recommended 50% over capacity I am right at the 60 gph maximum.  Romec pumps can run CW or CCW.  Be sure he overhaul shop understands you want it to run CCW.
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Figure 57.  This shows the accessories installed on the case.  The alternator, fuel pump and fuel pressure regulator are shown in the foreground.  The water, engine oil and vacuum pumps are shown in the center. Behind these (barely visible) is the prop governor.

Romec pumps have a built in pressure regulator, which work by internally shunting fuel from the high pressure outlet side to the low pressure inlet side in order to keep the outlet at a specified pressure.  Although shunting fuel internally may work fine when the pump is cold and/or the actual throughput is high, many injection system manufacturers recommend that you do not rely on this arrangement because it can be prone to vapor lock.  Airflow and Kinsler, to name two prominent manufacturers, recommend that excess fuel flow be returned to the tank, where it will mix with cooler liquid. 

If you use a fuel pump (either mechanical or electric boost) that is capable of putting out over 45-50 psi, you will need a fuel pressure regulator to protect against blowing the seals in the throttle body.  The regulator shown in Figure 57 is made by Mallory.  It is a has a simple spring loaded poppet which shunts fuel out the bottom fitting in order to control the outlet pressure.  The return fuel goes back to the tank in my system. I set my Romec pump regulator to 35 psi and the downstream external regulator to 40 psi.  Under normal operation at cruise rpm I see 35 psi on the fuel pressure gauge and the excess fuel recirculates within the mechanical pump.  With the boost pump on I see 40 psi on the gauge and excess fuel circulates through the mechanical pump and downstream regulator, then returns to the tank.  I like this arrangement because I can tell if the boost pump is working on the ground.  During takeoff and landings or at any time symptoms of vapor lock are observed, the boost pump should be on and fuel will be purged through the entire system.  I use a big Paxton boost pump that puts out well in excess of the FAA recommended 150% of full power fuel flow, so I do not expect any problems with vapor lock.  Note that vapor lock was apparently responsible for the loss of one S51, which I understand had no arrangement for returning excess fuel to the tank.

Any aviation vacuum pump made for CCW operation should work with the accessory drive.  The one shown is a model 211CCW overhauled by Rapco.

The engine dry sump pump shown in Figure 57 is a Barnes xxx, with two scavenge and a single high capacity pressure stage.  The outlets of the scavenge stages are connected internally, so that only one scavenge line need go to the dry sump tank.  This is necessary since the fuel pump blocks access to one of the outlets.  The pump is driven off a standard aviation spline, same as the fuel and vacuum pumps.  Barnes pumps come with a hex on the end of the drive shaft, so the drive shaft has to be replaced before it can be used.  The Barnes pumps ca be switched between CW and CCW rotation by rearrangement of internal parts.

With the accessory case shown in Figure 57, the water pump obviously cannot be mounted in the stock location. The water pump shown is another Jim Czachorowski design.  It is a very high performance product and is far superior in performance to any stock or aftermarket pump with which I am familiar. The design is easily changed between CW and CCW operation by replacing the impeller and swaping the inlet and drive ends.  I highly recommend this pump. The coolant block pressure varied linearly from 12 psi at 2000 rpm to 40 psi at 4750.  The flow restriction is thought to be where the coolant exits the block, which is 1.57 square inches in area.  This indicates a very healthy coolant velocity in the heads, which in my humble opinion is key to operating these engines reliably at relatively high continuous power levels.  Also it is apparent that there is considerable flow restriction in the block, so we should not have to worry about overpressurizing the radiators that came with the kit, even with a 30 pound pressure cap.  

Prop governors by the three major US manufacturers are shown in Figure 58.  Note that the Hartzell governor is by far the least compact.  Apparently this governor has not changed from WWII.  The Woodward and McCauley governors are much more compact, which is a real advantage since space tends to be at a premium between the engine and firewall in S51 installations.  Mine is not exception.  I simply do not have room for the Hartzell governor.  They all mount on the same pad and basically do the same job.  Santa Monica Propeller in Santa Monica, CA is experienced in setting up the Hartzell and McCauley governors for use in the S51.  If you need a still smaller governor, I understand that there is new a Czech unit that is even more compact and fits on the standard pad.  I don’t know about parts and overhauls, but I was buying a new unit I would certainly investigate further.  The governor shown in Figure 57 is the McCauley.
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Figure 58.  From left to right, the McCauley, Woodward and Hartzell prop governors.  In addition to the size difference, the arm on the McCauley and Woodward can be clocked in any direction whereas the Hartzell can only be clocked at 90 degree intervals.

Dynamometer runs and performance figures

It should be obvious that airplanes are a poor test bed for engines. I strongly recommend you test run your engine on a dynamometer.   This will make it much easier and safer to find and fix leaks, adjust the mixture, determine how uniform the mixture is between cylinders, identify conditions which  may lead to detonation, adjust fuel and oil pressures, etc., as well as providing optimum break-in conditions and the data from which an initial assessment of the performance can be made  As an added bonus, the dyno usually comes with some experienced help.   

In this section I present some of the useful data obtained in my dyno tests. The subject engine is the one described in this write-up; a normally aspirated 540 CI V-8..  

Figure 59 shows the engine on the dynamometer. The complete engine, including PSRU, the accessory drive, all accessories and perhaps a gallon or two of oil, weighs 965 lbs.  This is with an iron World Products tall deck block.  You could save about 135 lbs using one of the aftermarket aluminum blocks, or around 30 lbs using a standard deck GM iron block.  In these runs the spark timing was set at 36 BTDC and did not vary between 2000 and 4750 engine rpm. The mixture was adjusted so that the engine ran well, around 20% of full travel from the rich stop.
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Figure 59.  The engine and PSRU pictured running on the dyno.  Note that exhaust headers are used in these tests.

The measurements were taken through the PSRU, so losses associated with the gearbox are accounted for even though I am reporting engine rpm and torque.


Some full throttle results are shown in Figure 60 along with corresponding numerical simulations produced by Performance Trends Engine Analyzer v3.0.  I used the numerical simulations primarily to specify the cam geometry.  Generally the engine ran stronger than predicted.  One reason for this is the fact that headers were used on the dyno runs (see Figure 59) instead of short pipes or “zoomies”.  Properly designed headers can increase observed horsepower significantly, but of course there is no room for them on the S51. The simulations were based on stock out-of-the-box Brodix BB-1 OEFI heads.  I did some work on mine, mostly blending the interior surfaces and removing any sharp edges.  This should also increase power and torque.  The peak torque observed was 605 ft-lbs, centered at about 3600 rpm.  This is exactly where I wanted it, e.g. where I expect to run in cruise flight.  The peak torque on the dyno out of the PSRU was 1288 ft-lbs, which set a record for this particular dyno.  Steam was poring out of it but it was able to hold the torque, at least for a few minutes at a time.  Above 4000 rpm the torque drops off, but the power (torque x rpm x 5252) continues to increase.  The peak power observed was 480 hp at 4692 rpm, or 496 hp when corrected to the standard sea level conditions corresponding to the simulations.  In round numbers we get about 500 hp at the maximum rpm of 4750 under standard conditions.
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Figure 60.  Performance figures for full throttle operation under standard sea level conditions. 

Figures 61-64 show performance figures for unthrottled and throttled operation at sea level and (unless otherwise noted) standard conditions.  These curves are based on interpolation of the dyno data.  The throttled curves can be used as a first approximation to the results expected at altitude.  For example, the standard pressure at 18,000 msl is about 15 in Hg, so that would be the upper limit of the unthrottled manifold pressure at that altitude.  Brake horsepower is shown in Figure 3.  Brake horsepower is the net engine power after accounting for all energy losses within the engine.  Losses include heat transfer to the coolant and oil, friction in the engine and PSRU, energy required to drive the accessories, etc. One interesting thing to note is that as the manifold pressure is lowered, less advantage in terms of brake horsepower is obtained by operating at high rpm.  In fact, at 15” manifold pressure the dyno results suggest that power decreases between 4400 and 4750 rpm.  This makes sense when the engine is starved for air.  At FL180 you could expect a maximum of 40% power at 4400 rpm.  If you want more power (normally aspirated) at this altitude with the same size engine and cam, you would need to install a less restrictive intake system and operate at a higher rpm.  
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Figure 61.  Brake horsepower corrected to standard sea level conditions vs engine speed.

According to Figure 62, the rpm corresponding to maximum torque increases as the manifold pressure is lowered.  It seems as if the engine speeds for maximum torque and power approach one another at low MP, similar to the way that Vx and Vy approach one another at the service ceiling. 
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Figure 62.  Brake torque corrected to standard sea level conditions vs engine speed.
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Figure 63.  Actual fuel flow in lbs per hour vs engine speed.  To get the fuel flow in gallons/hr, divide by 6.

Figure 63 shows the actual fuel flow in lbs/hr, not corrected to standard conditions.  At full power you can expect to guzzle a little over 40 gal/hr.  At a reasonable cruise condition, say 60% power and 3600 rpm at sea level, you would use 22.5” MP and expect fuel consumption of about 25 gal/hr.

Figure 64 shows the brake specific fuel consumption in lbs fuel per hp-hr.  Lower figures indicate better performance in terms of fuel economy.  The best conditions are at low rpm and open throttle.  If you reduce engine speed at constant manifold pressure you will eventually experience detonation and the SFC will increase rapidly. The fact that this is not observed indicates we are not knocking under any of our operating conditions (all at 36 degrees BTDC spark timing,100LL fuel and 180 F coolant). SFC generally increases slightly with rpm and increases greatly as the engine is throttled at fixed rpm.  The latter dependence is easy to understand as the frictional losses in the engine scale with the rpm.  If at fixed rpm you reduced the manifold pressure so that the power net power output of the engine were zero (e.g. the power generated was just sufficient to cancel the losses within the engine), you would have a brake horsepower of zero and an infinite brake specific fuel consumption.  
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Figure 64.  Brake specific fuel consumption vs engine speed.  BFSC is the fuel flow in pph divided by the resulting brake horsepower.

In addition to performance parameters such as described above, the dyno tests can identify potential problems with the engine.  After all, it may not “run flawlessly” as they say in the press releases.  I had several leaks, each of which was relatively easy to find and fix.  The fuel pressure problem resulting from turning the mechanical pump too slowly at idle was uncovered in the course of the tests. The Airflow FM300 system operated perfectly and needed no adjustment besides increasing the idle speed.  The stock main jet resulted in a overrich mixture at full rich, as expected since the throttle bodies are presumably set up for air cooled engines.  From Figure 63, the leaned fuel flow at 4633 rpm and full throttle  is 255 pph or 42.5 gal/hr.  Under the same conditions but with a full rich mixture the measured fuel flow is 283 pph or 47.2 gal/hr, so you would be wasting about 5 gal/hr at full rich. 

I used two separate oil systems. One runs standard 20W50 engine oil for the engine and piston cooling.  The other runs 80W90 gear oil for the PSRU and prop governor.  The dry sump pump for the engine was set at 83 psi, which seemed like a reasonable number, so that’s where I left it.  The limiting factor here is the 100 psi pressure rating of the oil-water heat exchanger in the airplane.  I have it on the high pressure side or downstream of the dry sump pump.   The reason for this is that heat transfer in the oil improves significantly onw it is purged of air bubbles. I set the PSRU oil pressure to 50 psi, mainly because that is what the shop that overhauled the prop governor recommended.

.I had no trouble with that at all.  After we finished running I tore it down and had a look inside.  The belts were in perfect shape.  The only potential problem I saw had to do with possible excessive wear on the splines which drive most of the accessories.  In particular, the alternator spline had largely worn off the back oxide coating on the inside of the drive shaft.  Once I cleaned off the black powder there was not much sign of wear, but I did not examine the original condition of the splines closely enough to make a definitive statement.  These splines run dry and are probably subject to greater wear that those in aircraft engines, which as far as I know always run in oil.  I’m going lubricate the splines with grease prior to subsequent runs, but plan to keep an eye on this.  Other than that, the accessory case ran perfectly and makes a really neat package. 
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Component specifications for my engine

Item


Manufacturer

Part number

Block


World Products
Merlin-Pro (tall deck, 4.490” bore, 292#)

Crank [1]

Velasco 

custom billet

Rear main seal 
Fel-Pro 

17740 (reverse rotation)

Main bearings 

Clevite 

MS829H and MS829H-1

Dogbone lifter
 [2]
Jesel


LFD-46501

Dogbone retainer
Jesel 


KDR-56112

Installation kit

Jesel 


KIT-40000 (returnable for credit)

Heads [3]

Brodix


BB1 OEFI, unported

Seats [4] 

Tucker 
 
T-1764 and T-2097

Head studs

ARP


235-4702

Head gasket

Fel-Pro

10171

Exhaust valves 
Manley 

11737-8 exhaust (OD machined to 2.190) 

Intake valves

Manley

11850-8 intake

Locks 


Del West 

Super 7 Std height

Retainers 

Isky 


275-ST

Springs [5]

Isky 


9925

Spring locators 
Isky 


800-VSL

Valve seals

Pioneer Auto Prod
OS-1066

Rockers [6]

Jesel


KRA-01911

Pushrod [7]

Manton

custom

Pistons
[8]  

JE Pistons

206798  (job # 345437)

Top rings

JE 


S14500-5-116DMB

2nd rings

JE 


P24500-5-116IPT

oil rings

JE


S34500-0-316CUS

Pins


JE


990-2930-21-BTS, 158.0 g

Locks


JE 


990-042-CS, 4.7 g

Cam [9]

Crane Cams 

98061 

Cam bearings

Childs & Albert 
C-4540M-STD

Cam drive

RCD Engineering
4003-0001A

Cam drive cover
RCD Engineering
4110-0003A

Rods


Oliver Racing Parts
C6535BBHV8 (6.535”, lube tube, 880.8 g)

Rod bolts

Oliver 


BLT006 (ARP3.5 7/16)

Rod Bearings

Clevite 

CB1282P and CB1281P  (50.7 g/pair)

Throttle body

Airflow Performance
530005 (FM300)

Flow Divider

Airflow Performance 
3090009


Nozzle line fitting 
Airflow Performance 
1090104

Cone


Airflow Performance 
1090102

B-nut


Airflow Performance 
1090103

Injector nozzle

Airflow Performance 
1090152 (0.028 diameter)

Plenum base casting
Airflow Performance 
4090020

Plenum cover casting
Airflow Performance 
4090021

Inlet casting 

Airflow Performance 
4090029 (low profile)

Intake manifold
Wieand

7554

Tall deck adaptor: 
Wieand 

8206

Intake man gasket
Fel-Pro

1210

Ignition module
MSD


6460 (marine)

Ignition module
MSD 


6470 (off-road)

Coil


MSD 


8207

Coil selector

MSD 


8210

Distributor

MSD 


8356

Distributor gear
Crane Cams

98075 (reverse rotation)

Distributor clamp
Moroso



Plugs


Champion

C63CX

Plug wires

Moroso

73231 (8 mm, spiral core)

Valve covers [10]
5150

Valve cover gasket
Earls

Oil filter block-off
Moroso 

23782

Oil filter

Aviation Dev Co


Piston oil jets 

MSPD


401-326

Exhaust gasket
Fel-Pro

1411

Freeze plugs

Discount Auto

DOR 565-030

Harmonic Damper
Fluidamper

712100

Damper bolt

ARP


135-2501

PSRU


FAP/PAE

(bellhousing lengthened 0.625”)

PSRU damper

FAP/PAE

(spline remanufactured)

Flywheel [11]

LSC


30 lb, internally balanced

Flywheel bolts

ARP


100-2801

Starter


Tilton


54-21001 (reverse rotation)

Accessory case
5150

Water pump [12]
5150

Fuel pump

Waterman

250400

Prop governor

Hartzel


F-6-72X

Prop gov gasket
Hartzel


A-3155

Alternator

Jasco


6555T

Oil pan
 [13]

Baker Engineering
custom

Oil Pan gasket

Fel-Pro 

1893

Oil pump

Barnes


(engine)

Oil tank

Peterson 

08-0008 (engine)

Oil pump

Barnes


(PSRU)

Oil tank

Peterson

08-0003 (PSRU)

Oil tank mount
Peterson

08-0100

Oil cooler

Fluidyne

DB30503

Coolant tank

Moroso

63651

Notes on component specifications

[1]  BBC 9325 billet crank.  4.25” stroke. Reverse rotation, internally balanced, cross-drilled.  2.7480-2.7482” main journals, 2.1990-2.19992” rod journals. Journal widths, #1=1.2000, #2-4=1.234, #5=1,821, all with 9/64 fillet radius. Maximum counterweight circle =7.330.

[2]  Dogbone style solid roller lifters, 0.9032 diameter, 0.820 wheel, 3/8 adjuster cups

[3] 115.8 cc chamber as installed.

[4]  Intake 2.384ODx1.937 IDx0.406.  Exhaust 2.024ODx1.594IDx0.406. Std tungsten, chromium, molybdenum, vanadium in tool steel base.  R42 initially.  Work hardens to R50.

[5]  Intake: 170# on the seat and 430# at 0.534 lift.  Exhaust: 160# on the seat and 425# at 0.545 lift. These are measured values.

[6]  Shaft rockers, 3/8 adjusters, 1.72 ratio

[7]  3/8 dia, 3/8 ends, intake 9.04 length, exhaust 10.04 length

[8]  Custom pistons similar to JE part number 181998.  wt 698 g bare, rings 58.0 g/set. 4.500 dia.  Inverted dome depth = 0.105, compression height =1.542, valve pocket from deck; intake 0.300 at 26 degrees, exhaust none.  Top ring 0.064 grove & 0.350 land. 2nd ring 0.064 grove and 0.170 land.  Bottom ring 0.188 grove and 0.100 land.  HPC thermal barrier coating top of crown only.

[9]  For solid lifters with reverse crank rotation and reverse cam rotation. Intake duration is 222 degrees (at 0.050” tappet lift) with 110 lobe center.  Exhaust 230 duration with 114 lobe center. Intake tappet lift is 0.326”, or 0.554–0.020 = 0.534” valve lift with a 1.7 rocker ratio and 0.020” lash.  Exhaust lift is 0.353 at the tappet or 0.560 valve lift. Overlap tappet lift is 0.0545” at 4.5 ATDC. Intake grind SR-220/326.  Exhaust grind SR-229/338.

[10]  As far as I know these are the only valve covers that will fit with Jesel shaft rockers and still clear the cowl with a tall deck block. Earl’s valve cover gasket (0.145” compressed thickness) required for internal clearance.

[11] The manufacturer will drill and tap for the FAP damper.  Includes 153 tooth starter ring gear. 40# available.

[12]

[13]  Similar to the #9290 marine pan


Clearances and torque specifications from my build sheet

Crank end play; 0.005-0.007 recommended by GM; Measured 0.005

Main clearance; 0.002-0.003 recommended by GM at 110 ft-lb, VD recommends 0.0025-0.0030 

No
Bore

Bearing
Crank

Clearance

1
2.9373

2.7508

2.7482

0.0026

2
2.9372

2.7511

2.7481

0.0030

3
2.9372

2.7507

2.7480

0.0027

4
2.9372

2.7507

2.7480

0.0027

5
2.9372

2.7508

2.7480

0.0028

Rod Side Clearance; 0.015-0.025 recommended by GM 

No
Clearance

1-2
0.025

3-4
0.022

5-6
0.023

7-8
0.024

Rod Clearance; 0.002-0.003 recommended by GM (at 0.0060-0.0065  

stretch with Oliver lube, this is for 7/16 ARP3.5 bolts)

No
Bore

Bearing
Crank

Clearance

1
2.3247

2.2019

2.1990

0.0029

2
2.3247

2.2018

2.1990

0.0028

3
2.3247

2.2015

2.1990

0.0025

4
2.3247

2.2017

2.1990

0.0027

5
2.3248

2.2019

2.1991

0.0028

6
2.3247

2.2019

2.1991

0.0028

7
2.3247

2.2015

2.1990

0.0025

8
2.3248

2.2019

2.1990

0.0029

Rod bolt stretch. 0.0060-0.0065 for ARP3.5 per Oliver

No
Tang

Opposite

1
0.0062

0.0060

2
0.0060

0.0060

3
0.0060

0.0060

4
0.0060

0.0060

5
0.0060

0.0060

6
0.0060

0.0062

7
0.0060

0.0065

8
0.0060

0.0060

Pin Clearance; 0.0010-0.0012 in rod recommended by VD for pressure lubrication.  VD recommends 0.0008 in piston

No
Rod Bore
 Pin

Clearance
Piston Bore
Clearance






in rod



in piston

1
0.9910

0.9901

0.0009

0.9909

0.0008

2
0.9911

0.9901 
0.0010

0.9909

0.0008

3
0.9911

0.9900

0.0011

0.9910

0.0010

4
0.9910

0.9900

0.0010

0.9910

0.0010

5
0.9911

0.9901 
0.0010

0.9909

0.0008

6
0.9911

0.9901

0.0010

0.9909

0.0008

7
0.9911

0.9901

0.0010

0.9910

0.0009

8
0.9911

0.9901

0.0010

0.9910

0.0009

Piston Clearance; 0.006 recommended by JE

No
Bore

Piston

Clearance

1
4.5010

4.4947

0.0063

2
4.5013

4.4951

0.0062

3
4.5010

4.4947

0.0063

4
4.5013

4.4951

0.0062

5
4.5010

4.4948

0.0062

6
4.5015

4.4950

0.0065

7
4.5010

4.4949

0.0061

8
4.5016

4.4952

0.0064

Pin end play; 0.0-0.005 recommended by GM; measured < 0.005 for all

Piston to deck clearance at TDC, 0.0035-0.0040 (w/ head gasket) recommend by GM

No
Clearance 
Piston to head deck (w/ 0.041 head gasket)

1
-0.004

0.037

2
-0.004

0.037

3
-0.004

0.037

4
-0.002

0.039

5
-0.004

0.037

6
-0.002

0.039

7
-0.003

0.038

8
-0.001

0.040

Measured cam specs; 

Cam end play = 0.001”

Overlap = 0.0545" lift @ 4.5 ATDC




Intake


Exhaust

Opens @0.050

3 ATDC

44 BBDC

Closes @0.050
45 ABDC

6 ATDC

Duration

222


230

Lobe Center

110


114

Valve clearance; GM recommends >0.060 intake and >0.090 exhaust

Crank Degrees
      Lift

   
Valve Drop

Valve Clearance (Drop-Lift)



Intake
Exhaust
Intake 
Exhaust
Intake
Exhaust

20 BTDC

0.133

0.529
0.840


0.707

15 BTDC

0.114

10 BTDC

0.098

0.413
0.703


0.605

5 BTDC

0.080

TDC

0.044
0.066

0.376
0.658

0.332
0.592

5 ATDC
0.055

10 STDC
0.069


0.413
0.703

0.344

15 ATDC
0.084

20 ATDC
0.100


0.529
0.840

0.429

Ring materials;

Top

ductile iron, moly, chrome

Second 
cast iron, moly, chrome

Oil 

chrome plated
carbon steel


Ring gaps;

No

Top

Second

Oil

1

0.025

0.023

all >=0.025 

2

0.025

0.024

3

0.026

0.023

4

0.025

0.024

5

0.025

0.023

6

0.025

0.023

7

0.025

0.023

8

0.025

0.023

Rec by JE
0.025

0.022-.023
>0.015

Valve lash; 0.020 (hot) recommended by Crane; initially set to 0.015 (cold)

Lifters; 0.0020 minimum clearance recommended by Jesel

No 
Bore

Lifter

Clearance

1i
0.9054

0.9034

0.0020 

1e
0.9053

0.9033

0.0020

2i
0.9050

0.9030

0.0020

2e
0.9050

0.9030

0.0020

3i
0.9052

0.9032

0.0020

3e
0.9052

0.9032

0.0020

4i
0.9050

0.9030

0.0020

4e
0.9051

0.9031

0.0020

5i
0.9053

0.9033

0.0020

5e
0.9053

0.9033

0.0020

6i
0.9051

0.9031

0.0020

6e
0.9051

0.9031

0.0020

7i
0.9052

0.9032

0.0020

7e
0.9052

0.9032

0.0020

8i
0.9052

0.9032

0.0020

8e
0.9052

0.9032

0.0020

cylinder CC to deck (#8 w/ #8 rod and piston at TDC); measured 16.4 CC

Head measurements

No

  Seat Depth

Combustion chamber CC



Intake 
Exhaust 



1

0.031
0.496

115.8

2

0.030
0.497

116.4

3

0.032
0.495

115.6

4

0.030
0.499

115.0

5

0.031
0.497

115.8

6

0.037
0.498

115.1

7

0.035
0.497

116.0

8

0.040
0.508

115.8

Average 
0.0332
0.4984

115.7

Valve Springs; intake lift = 0.542", exhaust lift = 0.560"

No
Installed height
  Seat force(#)
 
 Full lift(#)
  
To coil bind


Intake
Exhaust
Intake Exhaust

Intake Exhaust

Intake Exhaust

1
2.034
2.075

170
160

425
425

0.32
0.30

2
2.035
2.073

175
160

430
425

0.30
0.32

3
2.034
2.073

175
160

430
425

0.32
0.31

4
2.034
2.079

175
155

435
415

0.30
0.32

5
2.035
2.074

165
165

430
430

0.32
0.29

6
2.041
2.076

165
150

425
415

0.32
0.33

7
2.034
2.073

165
150

425
420

0.30
0.31

8
2.038
2.084

165
150

430
415

0.31
0.31

Pushrod length (adjuster out 1 turn, 0.020 lash); Intake = 9.040, Exhaust = 10.092

Fastener





Torque or Stretch

Rod caps: Oliver BLT006 (ARP3.5 7/16)

0.006" Stretch w/ Oliver lube

Main caps: with Merlin block



110 ft-lbs w/ oil

RCD hub bolts to cam: 5/16x18 cap screws

20 ft-lbf w/ oil

RCD hub to gear: 5/16x24 12 pt furnished with hub

Head studs: ARP item # 235-4702


82 ft-lbf w/ oil

Intake manifold: 3/8x16 cap screws


25 ft-lbf w/ oil

Plugs: Champion C63CX



15 ft-lbf w/ antisieze

Rocker stand bolts: w/ Jessel KRA-01911

65 ft-lbf w/ oil

Rocker Torx bolts: 5/16 w/ Jessel KRA-01911
27 ft-lbf w/ oil

Rocker adjuster nuts: Jessel ADJ-20265

10 ft-lbf w/ oil

Lifter dogbone nuts: 5/16x18

Oil pan bolts: 5/16x18 cap screws


14 ft-lbf w/ oil

Flywheel bolts: ARP 100-2801


60 ft-lbs w/ ARP lube

Valve cover bolts: 1/4x20 cap screws

Harmonic damper bolt: ARP 135-2501
100 ft-lb w/ red Loktite / oil under washer

PSRU damper hub bolts: 3/8x24  Grade 8

25 ft-lbs w/ oil

PSRU damper shoulder screws: 5/16x18 

20 ft-lbf w/ red Loktite

PSRU damper cover screws: 1/4x20 cap screws
60 in-lbs w/ oil

Rear mount: 3/8-16 shoulder screw

Fron mount: 3/8-16 shoulder screw
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