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Preface

PRACTICALLY no private owners, and only a few workshops where engines are
prepared, possess dynamometers. Consequently experiments in tuning usually must be
conducted on a trial and error basis, which may have unfortunate results if the work has
been wrongly conceived orexecuted, Thisbook representsanendeavortofill the gapsin the
enthusiasts’ knowledge, or to extend an acquaintance with the subject a little further.

The range of performance equipment available for almost any car or motorcycle is
staggering and often the claims made in advertising various items of equipment areequally
staggering. Obviously there must be certain principles, applying to almost any engine, that
will, if closely followed, bring good results. [ believe that thistype of information should be
available to the tuner, to enable him to choose the best equipment and install it correctly.
With this in mind I have attempted torelate these principles in non-technical Englishand to
illustrate them, using many diagrams.

Certainly it is beyond thescope of this book to give detailed step by step instructions on
the modification of any one specific engine. However, realising the need for additional
information, an extensive Appendix has been prepared.

While I have endeavoured to make this work as complete and as comprehensive as
possible, undoubtedly there will be questions that 1 will have overlooked and left
unanswered. On the other hand there are certain to be times when the reader may feel that I
have dwelt far too long on a particular point. l apologise for this. However, in spite of these
possible failings [ am sure this book will be found both instructive and informative.

A . Gredan W/{'

Maitland
New South Wales




Chapter 1
Introduction

FROM THE outset let me caution you on the need to plan your intended modifications
carefully. Avoid over-enthusiasm and keep in mind that seldom, if ever, is the biggest or
most expensive the best. Compatibility of the intended modifications cannot be over-
stressed. Most enthusiasts’ realise that it is useless installing a full race cam in a standard
motor, vet it is amazing how many will hang hundreds of dollars worth of impressive
looking carburettors off that same standard motor. Then we have the enthusiast who plans
his performance modifications carefully. He has a head, cam, carbs and exhaust that work
nicely together, but in so doing the motor now produces maximum power at 7800 rpm
whereas the crankshaft, rods and pistons have a safe limit of 6800 rpm. Less enthusiasm
with the cam and carburettor size would have produced a motor that was much nicer to
drive, and less likely to blow up.

To get value for money you must first know and accurately assess your engine.
Determine what its good and weak points are and estimate what improvements in
performance the rectification of each weak point would bring about in relation to the
amount of money it is going to cost to rectify that problem area.

Let’s just look at an average motorcycle engine fora moment. The bottomendis good
and solid. Valve sizes are good and the combustion chamber is hemispherical. Thereisa fair
size carburettor feeding each cylinder. The motoris very flexible, with a wide power band,
and the exhaust is arranged through four individual pipes. We are after a 20% increase in
power without much loss of flexibility. Certainly we could get the full 20% increase easily by
using a hotter cam; however this would mean fitting stronger valve springs and fly cutting
the pistons for valve clearance. A better choice would be to use a cam that will work with the
standard springs and won’t lift the valves far enough to bang them into the pistons. Such a
cam gives us, say a 12% power rise. Furthermore, the exhaust system is a bit of a crumb; it
rusts out every twelve or eighteen months because the four individual pipesruntoo cold. A
dandy four-into-one extractor system would pick up power, especially in the mid-range. It’s
nice and quiet and costs about the same as those forever rusting individual pipes. Obviously
a mild cam and a good set of pipes is the way to go.
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[tis amazing how many performance cars have a good carburettor setup, decent cam,
reasonable head etc., all exhausting through a lump of cast-iron. Look at the Lotus Elan;
twin sidedraught Webers, twin overhead cams, excellent head, all connected to a castiron
exhaust manifold. A change to a hotter set of cams, even if quite mild, will only resultinlost
powerinan instance like this. However, a good set of exhaust tubes and a pair of mild cams
will give an 18-20 hp increase.

Once you begin looking for a power increase inexcess of 30%, the choice may not seem
quite so obvious, especially if the modifications must be carried out in two, three or four
stages due to a limited budget. Keeping in mind that there may be a lapse of many months
between each successive stage the need to plan carefully becomes evident.

We have a 2 litre ohc Cortina/Pinto motor and we want around 140 - 145 hp. The
following modifications will be required to get a 45% increase reliably overastock motor :-
forged pistons; balanced crank, rods, flywheel and clutch; heavy duty clutch; head portand
polish; 7000 rpm valve springs; fairly warm cam; vernier timing gears, twin 40 or45 DCOE
Webers; extractor/header exhaust manifold; modify distributor advance curve. This
amount of work obviously will cost a lot of money, so we will break it up into four stages.
The motor has done only 17,000 miles so we canforget about the bottom end strengthening
for the time being. Firstly, we would buy the extractor exhaust manifold. Next would be the
head work including the 7000 rpm valve springs; we should have the twin Weber manifold at
this stage too, so that the manifold and head ports can be matched. Then we would fit the
twin Webers; the main jets will have to be changed though when the cam is fitted. After the
Webers the final stage is to strip the motor and rebuild the bottom end, fit new forged
pistons and balance everything, modify the distributor and fit the new cam and vernier
timing gears,

When we begin to think about fairly big power increases anotheraspect of horsepower
per dollar must be considered. The situation is this; the more power you are after the more
dollars you will spend for each additional horse, so while the first 10 hp may have cost $150,
the next 10 hp will possibly cost $250 and the next 10 hp $400. In this example the last 10hp
costs the same amount of money as the first 20 additional hp, se are you really getting value
for money? If you are running in competition obviously you are stuck with a particular
engine size class limit so there is not much you can do. However, if it’s a road car maybe a
larger motor of similar external dimensions from a wrecking yard could be the answer.
Therefore if you have a 1600 Cortina and you want 130 hp, the cheapest move will be tofita
2000 Pinto motor, suitably modified, to give 130 hp.

Another area for consideration when you set out to plan engine modifications is
always to relate the engine to the vehiclein whichitis going to be used, and plan your hot-up
accordingly.

The firstinfluenceis thesize of the motor. Obviously a heavy vehicle witha smallmotor
will require a power curve biased towards low and mid-range power, rather than to all-out
power, if it is to remain driveable. A larger engine in the same carcould be more extensively
modified and it would produce as much, or even more, power at lower engine speeds.

The engine capacity/vehicle weight relationship must also be reckoned along with
gear-box ratios, the number of gears and steps between gears, and also the final drive ratio.
This is explained more fully later, but it should be clear that it would be useless to modify a
motor to produce maximum powerat 7500 rpmifthe weight of the car, its air resistance, and
diff. ratio are such thatitcould only pull 5500 rpmin top gear. To take this hypothetical case

10 a step further we will assume the gearbox is a three-speed unit and the gear spread is such
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that the motor will drop 3000 rpm between gears. This motor has a 2000 rpm power band,
therefore the motor will bog down between gear changes and be slower than the standard
unit.

Throughout the book I make continual reference to an engine’sstate of tune; standard,
sports, semi-race and full race. These terms mean virtually nothing (with the possible
exception of the first) without some standard against which to measure. Basically, I would
define a sports modification as one that results in a moderate power improvement without
much loss of low speed tractability. This is the degree of modification that I would
recommend for any road-going vehicleand it would be equivalent to thestandard tuneofan
average production high performance car or motorcycle. (eg. Alfa Romeo Alfetta or
Suzuki GS 1000).

Semi-race tune would be recommended only for high spé¢ed road or rally work. The
engine would have very little low speed power and consequently the gearing and vehicle
weight would be an important consideration. An engine in this state of tune would almost
always require modifications to strengthen the bottom end.

Full race tune is just that — for competition only. An engine in a lesser degree of full
race tune would be used ininternationalrallies, '/, mile dirt speedway and other competition
requiring reasonable mid-range power. A less experienced driver or rider, on the lower
speed road circuits, would be better able to cope with the power characteristics ofan engine
in this stage of modification rather than be continually battling to keep within the power
band of a more highly modified motor,

However, there are so many degrees of full race tune that it is not possible properly to
define them. I might add that modifications of this type must be carefully planned to keep
the power band compatable with driver ability, circuit layout, race length, engine
endurance level and even fuel consumption.

As you plan your modifications, tend to be conservative. A slightly larger carburettor
or a cam with a little more duration may give you 5 - 10 hp more at maximum rpm, but you
could be losing something like 25 hp a couple of thousand revs below maximum. I would
trade 5 hp at 7000 rpm for an extra 25 hp at 5000 rpm any day. Any vehicle, regardless of
whether it is being used on the road or the race track, will spend more time running at 5000
rpm thenit willat 7000 rpm. The message is to modify yourengine to produce the best power
in the range at which you are going to be running it.

It may appear a trifle laughable, especially in a book onfour-stroke tuning, toinclude
an explanation of four cycle engine operation. However, I have found many enthusiasts do
not really know what happens inside a four-stroke engine or for that matter why itiscalleda
four cycle engine in the first place. Therefore I think it would be appropriate todiscuss this,
so that there is no misunderstanding when we progress into a consideration of the actual
modification of an engine of this design.

The following is the sequence of operations in each cylinder, every two revolutions of
the crankshaft. First, as the piston goes down, the inlet valve opens fully and the cylinder is
filled with air and vaporised fuel (the induction stroke). On the second stroke (the
compression stroke) the piston rises, and part way up the inlet valve closes, allowing the
piston to compress the fuel/air mixture. As the piston approaches top dead centre, the
spark plug ignites the mixture and drives the piston down on the power stroke. Part way
down on the power stroke the exhaust valve begins to open and as the piston rises to TDC
again, the burned gases are expelled out of the exhaust port (the exhaust stroke). Before the
piston actually reaches TDC, the inlet valve starts to lift off its seat, to allow the fuel/air 1]
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mixture into the engine when the piston descends on the next induction stroke.

Hopefully the following pages will provide you with the knowledge and know-how to
plan and execute successfully any degree of engine modification. As you read on. keep the
message of this Chapter at the back of vour mind. Ignoring any of the foregoing advice
could make the consideration of the following information a wasted effort.




Chapter 2
The Cylinder Head

THE CYLINDER head is the most important area to be considered by the serious
tuner. Its design has more bearing on the end result, performance-wise, than any other
component of the high performance engine. There is no way in which high horsepowercan
be obtained if the head won't flow efficiently, and in turn burn that air/fuel mixture
efficiently.

Many tuners go to extremes. cramming as much air into the cylinder as possible, only
to have a combustion chamber that won't burn the mixture efficiently. Personally, I am
unimpressed by air flow figures; they tell very little about how well a head has been
modified. There is no point in getting a lot of mixture into anengine unless you can manage
to burnit at the right time, and if you try too hard to get high flow figures, you can easily end
up with a combustion chamber that won’t burn effectively. While I believe a gas flow rig is
an aid in head development, I also believe that it is possible to look at a port and decide
whether or not air would like to flow through it. A port that is nice and straight and has no
projections will generally flow well. Most engines start with a head design so horrible thatto
create an improvement should be very simple.

It has been always thought that there is a direct relationship between high air flow
numbers and high power output. In principle this theory sounds correct, but in practice it
doesn’t always work out that way. At one time a factory racing department picked the best
high performance heads off the production line for modification. After being ported. each
head was flow checked. The heads which recorded the best results were kept for the factory
racing team, and the supposedly inferior heads were sold to selected privateers. The
interesting thing is that on the dyno, the engines with the heads that produced the best air
flow figures actually recorded power outputs no better than engines with average flow
heads. After this discovery the factory tested all their heads for power output, before any
were released to the private teams, and they found that some of the *average’ heads they had
been selling produced the best power.

If the valves are enlarged and the ports are hogged out to the limit, then you will get big
power. It is amazing how many people are trapped by this fallacy. TABLES 2.laand 2.1b [3
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indicate the valve sizes that you should be aiming for. Valves of this size in an engine in
racing tune will yield maximum power at 7000 to 8000 rpm. Some motors can, because of
their oversquare design, benefit from the bigger valves listed and on these maximum power
will be gained at 8500 to 9000 rpm.
Using the formula RPM = GS X 5900 X Va
(Y

we can estimate at what speed maximum power will occur fora giveninlet valvearea, where
GS is gas speed in {t/sec, Va is valve area in sq in and CV is cylinder volume in cc. From
TABLE 2.2 you will be able to determine the approximate gas speed by estimating whether
the camshatft is standard, sports, semi-race or full race. Keep in mind that many standard
factory high performance road motors employ sports cams. Valve area is found using the
formula Va = 7 r where m = 3.1416 and r is half the valve diameter in inches.

The next area to look at, having established the correct valve sizes. is the inlet port. A
round port will flow best and should be 0.81 to 0.83 of the valve head diameter for best
performance on the road or the track. I have found this figure to give the best compromise
for high air flow and high gas velocity, whichis important to give an acceptable power band
and good fuel vaporisation at low revs.

There are a few exceptions to this, however. Take the Hillman Imp as an example. In
998 cc form it is possible to fitup to .37 inch inlet valves, which according to TABLE 2.1a
should be aboutright foraracingenginespinningat 9000 rpm. Now herein lies the problem;
the Imp has very small inlet ports, which can be taken out to only 1.0 inch in diameter
because of the closeness of the water jacket. Sowhatis thesolution;doyoufit 1.22 inch inlet
valves to keep the valve to port ratio 100 : 827 No, the valve is always the major restriction;
the small port can flow more air than the valve will allow to pass, but only up to a point. In
this instance I have found on the dyno that a 1.34 inch valve will give the best hp.

More and more motors are turning to the use of oval, rectangular and square ports.
Obviously these will not flow as well as the round port, due to increased surface drag and
turbulence. I have obtained the best results by using a valve-to-port ratio of 100 : 72 or 73,
with a nice oval port, while rectangular and square ports work best at a 100:75 to 76 ratio,
the higher figure being for ports with no radius in the corners at all.

Some of our friends in Detroit have gone absolutely wild with big ports. In 1969 Ford,

TABLE 2.1a Valve sizes. for two valve motors

Cylinder volume (cc) Inlet valve diameter (in) Exhaust valve diameter (in)
125 1.16 1.0

200 1.25-1.31 1.06-1.12
250 1.31-1.37 1.16-1.20
275 1.37-1.45 1.20- 1.25
325 1.45-1.53 1.25-1.32
375 1.56-1.60 1.32-1.37
400 1.62-1.68 1.37-1.42
450 1.70-1.75 1.42-1.50
500 1.75-1.85 1.50-1.56
600 2.00 1.65

700 2.10 1.75

800 2.25 1.85

14 900 2.40 1.93
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TABLE 2.1b  Valve sizes for four valve motors

Cylinder volume (cc) Inlet valve diameter (in) Exhaust valve diameter (in)
250 1.16 1.00
325 1.25 1.06
400 .31 1,12
450 1.35 1.16
500 1.38 1.20
600 1.50 1.28
700 1.60 1.35
800 1.65 1.40

chasing the Trans-Am Championship, introduced the Boss 302 with inlet ports all of 2.5 in
tall and 1.75 in wide. They must have realized their mistake, that you just can’t get
acceptable gas velocities through ports that big, by reducing the inlet valve size from 2.23to
2.191n the next year. Thesesame headsare used onthe Boss 351 and they aresstill useless, but
they do have a very nice combustion chamber which almost makes up for the horrible big
inlet ports.

On the Super Cobra Jet 429 Ford made a similar error butas the combustion chamber
in this head has very little going for it, it is best to fit this motor with the standard small port
429 heads, having Super Cobra Jet 2.25 in inlet and 1.75 in exhaust valves.

A fairly uncommon head layout these days is the siamesed port, where one portserves
two cylinders. This is the arrangement used by BMC or British Leyland as they prefernow.,
This type of head has come in for much criticism over the years, but if carefully modified it
will yield very good power considering how the undersquare design of these motors restricts
the use of large valves. For this type of port the valve to port ratio to look foris 100: 103.

With round ports it is not necessary to use complicated mathematics to work out the
port size: it is just a matter of working to the ratios stated. Therefore a head with 1.5 ininlet
valves will use a 1.23 in inlet port or a 1.55 in port if siamesed.

Heads using oval, square or rectangular ports are a different kettle of fish. First, the
area of the inlet valve must be calculated. With a 2.1 in inlet valve,

area = 7 r’
=3.1416 X 1.05°
=3.461in’

Therefore a 2.1 in valve will require a port area of 2.63 in® using the ratio of 100 : 76.

The size of the exhaust valve and port is currently beingscrutinised by engine tuners all
around the world. For many years it was believed that racing engines required an exhaust
valve at least 85% of the inlet valve diameter for optimum gas flow. A valve of this size
enables the exhaust valve and port to flow around 80 - 85% as much air, on a flow bench as
the inlet tract.

Now it is being questioned if the exhaust flow really has to be so high to make good
horsepower. A few vears ago it didn’t really matter if the exhaust valve was too large, but
presently we are finding ways of keeping racing machines reliable at higher and higher
engine speeds, which makes the use of very large inlet valves a necessity. When all the
available combustion chamber space is already taken up, the only way larger inlets can be
accommodated is by reducing the exhaust valve size. This move does not appear to choke
the motor with unscavenged exhaust gases; in fact it could be beneficial to use smaller |5
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exhaust valves than usually recommended as some engines have actually shownan increase
in mid-range power as a result,

Some tuners maintain there is no power improvement when the exhaust flow 1s
increased to more than 60% of intake flow, others claima loss in power occurs whenexhaust
flow drops to 80-83%. I take a middle of the road position. I prefer about 65 -68% flow for
road and rally engines, and 70 - 73% for racing motors.

To get this sort of flow balance between exhaust and intake, the exhaust valve need
only be (.78 to .82 times the inlet valve diameter in wedge and bath-tub heads. Hemi and
pent roof heads with steeply inclined inlet ports (eg. Cosworth BDA and Lotus Twin Cam)
require a valve (.81 to 0.85 times the inlet size because the flat exhaust portdoes not flow as
well, comparatively, as the inclined inlet port. Motorcycles with either hemi or pent roof
heads, and all wedge and bath-tub chambered heads with semi-downdraught inlet ports
(see FIGURE 2.12) should use an exhaust valve 0.79 to 0.83 of the inlet valve size.

Generally, exhaust ports should be 95% to 100% of the exhaust valve diameter orarea.
Siamesed ports need to be considerably larger, but in most instances there justisn’tenough
metal in the port to achieve this.

When the exhaust port area is being enlarged, gas flow increases dramatically if the
port roof is raised, as this serves to reduce flow restriction. It has been proved that ‘D’ shape
exhaust ports outtlow round ports of the samearea. Thereforesquare and rectangular ports
can be left with a flat floor, and the port roof should be ground round to give the finished
shape of a D" turned onto its flat.

I must point out that it is an incorrect practice to match the exhaust port to the header
pipe. This is definitely one sure way of losing power, particularly in the mid-range. There

Correct. Incorrect.

Combustion chamber wall

Valve centre.

ey

<
=

O W . —

Fig. 2.1 Correctly modified port promotes swirl
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Valve centre. |

Pushrod holes.

Fig. 2.2 Modified siamese inlet port improves
gas flow but deters charge robbing.

must be a sharp step between the exhaust port and theentrance to the header pipe, toreduce
exhaust gas backflow into the cylinder. Exhaust backflow is always a problem at lower
engine speeds and unfortunately long duration camshafts just worsen the situation.

How much power you will pick up because of the mismatch between the port and
header pipe will depend on how large the stepis, but it seemsthe larger the difference in sizes,
the greater the power gain. This is not to say you should choke the engine with an exhaust
port which is too small or build the header with a pipe size that is larger than required,
merely to create a bigstep, butontheotherhand don't enlarge the exhaust port to match the
header.

For instance, you may have a 1600 cc racing engine with 1.43 in exhaust valves and
ports of the same diameter. The header pipes for this particular unit will have an inside
diameter of 1.654 in, which gives quite a good step to impede the backflow of gases, From
my testing I have determined a mismatch of this degree can increase maximum power as
much as 2 - 3%, and mid-range power by around 5%.

It seems the best arrangement is to have the headers built such that the bottom of the
pipe almost linesup with the exhaust portfloor, leaving most of the mismatch to occurat the
port roof. I'm not sure exactly why this 1s so. but it could be that concentrating the
obstruction on one side of the pipe creates a strong pulse wave to bounce back down the
headers and reduce backflow, whereas a small lipright the wayaround the pipemay actasa
constriction and not produce a pulse wave of any magnitude.

TABLE 2.2 Estimated gas speed at inlet valve (ft/sec)

Camshalft Combustion chamber type

Profile Pent roof & hemi *Wedge Bath tub
Standard 200 190 175
Sports 215 210 210
Semi-race 235 225 220

Full race 260 - 280 240 -255 230-240

*Note — in mosi motorcyveles with pent roof & hemi chambers flow is very similar to wedge chamber
fioures.
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Incorrect

Correct

Fig.23 Inlet port should be modified to improve gas flow
around back of valve,

Multi-angle seat,
BOP, 6CP, 45° 30°

cuts. '
/ | | Port throat, .9 of valve
! diameter.

Radiused seat,
radius 10-12%
of valve dia.

/ //
Cor_nbustjon chamber

18 Fig. 2.4 Inlet valve seat profiles.







