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WARNING—Important Safety Notice
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The information in this hook represents a general summary
of engineering principles involved in turbocharger system
design and construction and their application to vehicles,
using examples and instructions which we believe to be
accurate. However, the examples, instructions, and ather
information are intended solely as illustrations and should be
used in any particular application only by personnel who are
experienced in the repair and modification uf vehicles and
who have independently evaluated the modification or
accessory. Implementation of a moedification or attachment of
an accessory described in this book may render the vehicle,
attachment, or accessory unsafe for use in certain
circumstances.

Do not uze this book unless you are familiar with basie
automotive repair procedures and sufe workshop practices.
This book is not a substitute for full and up-to-date

s afarmation from the vehicle manufacturer or aftermarket
supplier, or for proper training as an automotive technician,
Note that it is not possible for us to anticipate all of the ways
or conditions under which vehicles may be modified or to
provide cautions as to all of the pussible hazards that may
result. The vehicle manufacturer and aftermarket suppliers
will continue to issue service information updates and parts
retrofits after the editorial closing of this hook. Some of these
updates and retrofits will apply to procedures and
specifications in this book. We regret that we cannot supply
updates to purchasers of this book.

We have endeavored to ensure the accuracy of the
information in this book. Please note, however, that
considering the vast quantity and the complexity of the
‘nformation involved, we cannot warrant the accuracy or
completeness of the information contained in this book.

FOR THESE REASONS, THE AUTHOR AND PUBLISHER MAKE
NO WARRANTIES, EXPRESS OR IMPLIED, THAT THE INFOR-
MATION IN THIS BOOK IS FREE OF ERROR, OR THAT IT WILL
MEET THE REQUIREMENTS FOR ANY PARTICULAR APPLICA-
TroN. THE AUTHOR AND PUBLISHER EXPRESSLY DISCLAIM
THE IMPLIED WARRANTIES OF MERCHANTABILITY AND OF
FITNESS FOR ANY PARTICULAR PURPOSE, EVEN IF THE AU-
THOR AND PUBLISHER HAVE BEEN ADVISED OF A PARTICU-
LAR PURPOSE, AND EVEN IF A PARTICULAR PURPOSE 15
DESCRIBED IN THE BOOK. THE AUTHOR AND PUBLISHER
ALSO DISCLAIM ALL LIABILITY FOR DIRECT, INDIRECT, INCI-
DENTAL, OR CONSEQUENTIAL DAMAGES THAT RESULT
FROM ANY USE OF THE EXAMPLES, INSTRUCTIONS, OR OTH-
ER INFORMATION IN THIS BOOK. IN NO EVENT SHALL OUR
LIABILITY, WHETHER IN TORT, CONTRACT, OR OTHERWISE,
EXCEED THE COST OF THIS BOOK.

Your common sense and good judgment are crucial to sale and
successful automative work, Read procedures through before
starting them. Think about how alert you are feeling, and
whether the condition of your vehicle, vour level of
mechanical skill, or vour level of reading comprehension
might result in or contribute in some way to an occurrence
which might cause you injury, damage your vehicle, or result
in an unsafe modifieation, If vou have doubts for these or

other reasons about vour ability te perform safe work on your
vehicle, have the work done at an authorized vehicle dealeror
other qualified shop.

‘I'his book is only intended for persons who are experienced in
repairing automobiles, and who are seeking specific
information about turbocharger systems. It is not for those

REPAIR AND MODIFICATION OF AUTOMOBILES 15
DANGEROUS UNLESS UNDERTAKEN WITH FULL KNOWLEDGE
OF THE CONSEQUENCES.

Belore uLl_u“].'l_].lj”ﬂ any wink on vour 'l.-'t!l‘tll;:lﬂ, read the
Warnings and Cautions on the inside front cover and any
warning or cattion Lhal accompanies n procedure or

deseription in the book. Review the Warnings and Caulions.
citech time you prepare Lo work on your vehicle,

whio are looking for general information on automaobile re pair
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INTRODUCTION

A turbocharger is a simple device. It is nothing more than an
air pump driven by energy remaining in the exhaust gases as
they exit an engine. Of the energy released in the combustion
process, approximately one-third goes into the cooling system,
one-third becomes power down the crankshaft, and one-third is
dumped out the tailpipe as heat. It is this last third that we can
use to power the turbo. Consider that a 200 bhp engine dumps
approximately 70 bhp equivalent of raw heat straight out the
tailpipe. That is a tremendous amount of energy that could be
put to better use. By comparison, when was the last time you
saw an air fan operated at 70 horsepower? Thus, it is not so hard
to imagine the turbo’s potential for moving huge amounts of air.
A turbocharger system consists of a turbocharger and the
parts necessary to integrate it into the engine's operation. A
turbocharger system is not a simple device. Nowhere in these
pages, however, do I discuss such things as the shapes of vortices
Authaor Corky Bell created by the tips of the compressor wheel. Therefore, you may
read on with confidence that this is not an engineering treatise on the mMys-

teries of the inner workings of the turbocharger. The specific contribution 1

intend this book to make is as a handbook on the practical aspects of apply-

ing the turbocharger to the internal combustion engine. The turbocharger

An intervooled twin-
turbo big-bloek is a
SETLOUE POWEr proposi-
fion. The big Pontiac
V-8 has a liguid-to-arr
tntercooler and came
within 1 mph of exceed-
ing 300 mph with a
stock Firebird body.,




Vi INTRODUCTION

A modern fuel-injected
twin furbo system creai-
ed by Ivan Tull of San
Antonio for the small-
block Chevy. The system
features Gale Banks
exhaust manifolds,
(rarrett AiResearch
turbos, Dean Moon
cross-flow intake mani-
fold, and TWM throttle
bodies. This level of
preparation (incl, inter-
cooler, not shown) is ca-
pable of 800+ bhp on
streel gasoline,

The Indy car is

today's best example

of engineering of turbo-
charged power plants
within the restrictive
rudes of the racing-
series sanctioning
elubs.

has, pure and simple, greater potential for improving the power output of an
engine than any other device.

What the turbo is, how it does its magic, and the equipment necessary to
civilize it are the focal points around which this book is written.




Turbo Power
Output

Fig. 1-1. Porsche TAG
turbo Formula 1 engine

AN ENGINEERING LOOK
AT THE BASICS

The power-enhaneing capability of the turbocharger has been most thor-
oughly demonstrated by the Grand Prix racing cars of the 1977 to 1988 era of
Formula 1.

The comparison of the power output of a top fuel dragster with that of a For-
mula 1 race car will establish the turbo’s credentials. Current output of top
fuel cars with 500 cid (cubic inch displacement) engines is suggested to be in
the 5000-6000 bhp range, which caleulates to around 10 bhp per cid. These
numbers are not favorable compared to the 1300-1400 bhp, 90 cid qualifying
engines of the 1987 Formula 1 cars. These outputs represent 14 to 15 bhp per
cubic inch. That the champion is crowned is obvious even to casual observers,
However, for the potential street turbo user, large questions remain. Answers
to these questions will indicate why turbocharging is equally useful to the fast
car enthusiast who relies on his car for daily commuting, to the racer, and even
to the outer fringe of street power freaks.

Why does the turbo produce more power than other forms of enhancement?
The power output potential of any supercharger is measured by the amount
of airflow the device creates after factoring out the power required to drive it
and the extent to which it heats up the air while creating the flow and pres-
sure. While it might appear that the turbo does not drain power from the en-
gine, since the exhaust energy is lost anyway, this is far from correct. Heat and
airflow drive the turbine. When air is forced through the turbine section of a
turbo, reduced-flow areas inherent in the design create back pressure. This
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Withstanding
Power Output

Fig. 1-2. The relation-
ship of engine loads to
engine components fhas

three significant piston)

crankshafl positions.

causes a small loss in power that would not oceur if the turbo had a power
source other than the engine into which it is pumping. The power loss increas-
os as the size of the turbo decreases, because the decreased size creates ereater
back pressure. Conversely, larger turbos create much less back pressure and
therefore less power loss. The power loss inherent in a turbocharged engine is
substantially less than the loss incurred by driving a supercharger with a belt
or by some other means.

That an air pump always heats air it compresses is a thermodynamic fact
with which we are stuck. Different kinds of air pumps heat air different
amounts for the same flow rates and pressure ratios. These differences are due
largely to the different efficiencies of various types of pumps. The classic
Roots-type supercharger usually rates officiencies of about 50%, whereas the
turbo runs efficiencies in the mid-70s. The higher the efficiency, the less the
heating effect on the air. Efficiency is of paramount importance to the real
power enthusiast, since heat in the intake charge is the enemy of performance.
The density of an intake charge is less as the temperature rises; thus, an en-
gine actually consumes less air at the higher temperature, even if the pres-
sures are the same. A second problem is that higher temperatures promote
detonation of the air/fuel mixture. Engines cannot withstand the thermal and
pressure shocks of detonation for more than very short periods.

How can the engine structure withstand these huge power outputs?

To understand why the structure of an engine is not seriously affected by
{he increased power output permitted, within logical limits, by the turbo, it is
necessary to look at the basic loads in an engine while it is in operation.Two
basic loads are relevant to engine structure: inertial load and power load. Iner-
tial loads can be tensile (produced by pulling) or compressive (produced by
pushing). Power loads can only be compressive. They must be understood both
individually and in their interaction. This is necessary for a clear view of why
the turbo does not send the crank south.

INERTIAL Loap. An inertial load results from an object’s resistance to motion.
To examine the inertial loads, it is convenient to divide a cylinder assembly
into an upper half and a lower half. Imagine the two halves separated by an
imaginary line called the center stroke.

The piston always accelerates toward the center stroke, even when travel-
ing away from the center stroke. In other words, when the piston is above the

Top dead center Center stroke Bottom dead center

Top dead center
= | L
Yo stroke

A@T t Full stroke
_@T_ - T—

Q



Fig. 1-3. Connecting-
rod inertial loads.
Inertial loads applied
to the connecting

rod are closely
approximated by the
sune wave curve of load
versus crank angle,
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center stroke, it will always be accelerating downward. When it is below the
center stroke, even at bottom dead center, it will be accelerating upward. Ac-
celeration is greatest at top dead center and bottom dead center, when the pis-
ton is actually sitting still. When acceleration is greatest, the loads will be
highest. Similarly, acceleration is zero and velocity is greatest as the piston
passes the center stroke.

The size of the loads generated by these motions is proportional to the rpm
of the engine squared. For example, if engine speed is increased threefold, the
inertial load will be nine times as great. The action of the piston’s being pulled
(forced to accelerate) to a stop at fop dead center and then pulled down the
bore toward the center stroke will put a tensile inertial load into the con-
rod/piston assembly. Similarly, as the piston is pushed to a stop at bottom dead
center and then pushed back up the bore toward the center stroke., the inertial
load will be compressive. Thus, any time the piston is above the center stroke
the inertial load will be tensile, and below the center stroke, it will be COMpres-
sive. The largest tensile load induced into a con rod is at top dead center on the
exhaust stroke (because at top dead center on the compression stroke, the gas
is already burning and creating combustion pressure to oppose the inertial
load). The largest compressive load is generally at bottom dead center after ei-
ther the intake or power stroke.

These inertial loads are huge. A large-displacement engine running 7000
rpm can develop con-rod inertial loads greater than 4000 pounds. (That’s like
a Cadillae sitting on your rod bearing.)

PoweR LoAD. A power load results from the pressure of the burning gases ap-
plied to the piston. An example would be the compressive load put into a con-
necting rod as the burning gases force the piston down the bore of the evlinder.
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Fig. 1-4. Burning gas
induces a compressive
load tn the connecting
rod,

Fig. 1-5. Combined
power and inertial
loads. Note that power
and inertial loads
generally subtract from
one another

Buming gas pressure

O
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Compressive load

Pressure created by the expansion of the burning gases applies a force to the
top of the piston equal to the area of the bore times the chamber pressure. For
example, a eylinder with a bore area of 10 square inches (3.569-inch bore) with
800 psi of pressure would be subjected to a compressive power load of 8000

pounds.
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Fig. 1-6. Torque inpui
into the crankshaft
versus crank angle ai
approximately fwo
atmozspheres of pres-
sure. Note that for the
turbo engine, maxi-
MU Pressure occurs
at about 20° ATDC,
yet only about 200 of
the mixture will have
burned, Even with high
boost pressures, the
small amount burned
will not result in large
IMAXLIMm pressure
changes. As the burn
nears completion, the
greater mixture densily
can raise the pressure
three- to fourfold at
crank angles near 90°,
such that torque input

to the erank at that posi-

tion can be twice as
greaf,

WITHSTANDING POWER QUTPUT B

The peculiar relationship of the inertial and power loads is of most interest
in the upper half of the power stroke. Here we have the odd circumstance that
the two loads acting on the con rod are doing so in different directions. Re-
member that an inertial load is tensile above the center stroke, while a power
load is compressive in all cases. Power load peaks at the torque peak and fades
a little as rpm increases but is generally greater than the inertial load. The dif-
ference between these two loads is the real load in the con rod (fig. 1-5).

Clearly, the inertial load offsets some of the power load. It is further appar-
ent, as indicated above, that on the exhausl stroke, when the con-rod/piston
reaches top dead center and is unopposed by combustion pressure (because
both valves are open), the highest tensile load is reached. This load is the most
damaging of all, because tensile loads induce fatigue failure, whereas compres-
sive loads do not. For this reason, when a designer sits down to do the stress
analysis on the con rod and con-rod bolts, the top dead center and bottom dead
center inertial loads are virtually the only ones he is interested in knowing.
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The thought of doubling an engine’s torque (doubling the power at the same
rpm) easily gives one the idea that the power load will double, Thank goodness
this is not true. To show how power can double without the combustion cham-
ber pressure’s doubling is much easier done graphically, Any significant design
load changes would be based on peak pressure in the chambers, and it can be
seen in figure 1-6 that with twice the mixture in the chamber, peak pressure is
up only about 20%. There are two reasons for this disparity
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Long-Term
Durability

First, power is a function of the average pressure over the entire stroke of
the piston, not just peak pressure. The average pressure can be dramatically
increased due to the much higher relative pressures near the middle or end of
the stroke, while the peak does not gain significantly.

Second, peak pressure is generally reached after only 18-20% of the mix-
ture has burned. If the mixture quantity is doubled, 18-20% of it, too, will have
burned by the time peak pressure is reached. Since the total chamber pressure
consists of the compression pressure plus the burning gas pressure, it 1s 1mpos-
sible to double the total pressure by doubling only one of its constituents.
(Clearly, mother nature has a soft spot in her heart for con rods and con-rod
bearings.)

A careful study of figure 1-6 will show that at crank angles nearing 907,
chamber pressure is perhaps three to four times as great when operating un-
der boost. This is, however, noticeably less than peak pressure. Therefore, it
does not create a damaging load. The part of the power stroke near 90° 1s
where the real turbo engine power increases take place. If a physics type looks
at the graph, he will tell you that the area under the respective curves repre-
sents the power. Thus, the difference in the two areas represents power gain
due to the turbocharger, Tt certainly is a neat deal that we can double the pow-
er but not the load!

The preceding discussion establishes that the increased combustion cham-
ber pressure due to a turbo, and thus the power load, will have only a moderate
adverse effect on the structure of the engine.

v RULE: Power loads generally won't tickle the engine structure’s tummy.

Long-term durability: Is it there, and how is it attained? The answer to “Is it
there?” is relatively easy to show by citing a few examples. Someone at Porsche
once stated that a racing mile was about equivalent in wear and tear to 1000
street miles. Porsche’s turbocharged race cars have won so many twenty-four-
hour endurance races that only a racing historian can keep up with the num-
ber. These cars generally cover over three thousand miles in such races. A
street car with three million miles on it may seem to be stretching the point,
but the idea doesn’t fail to impress. To stand along the banking at Daytona
when a Porsche 962 turbo comes whistling by in excess of 200 mph can easily
leave one aghast to think that these things are going to do this for twenty-four
hours. The violence and speed can give the initial impression that nobody will
finish this race. Yel, chances are a turbocharged racer will take the checker
firet. This book is primarily about street turbocharging, not race cars, but the
problems are the same, even if different in magnitude. Street cars, by compar-
ison, are a piece of cake. Chrysler even put a 70,000-mile warranty on some of
its turbo cars.

How durability is attained is not quite so easy to answer as is the question of
whether it exists. In a broad sense, durability boeils down to the control of heat
in the engine/turbo system. Each aspect of the system in which heat plays a
part is a candidate for the Achilles’ heel. For long-term durability, each of these
[actors must be optimized. They include turbo compressor efficiency, inter-
cooling, control of end-gas temperatures, turbine bearing temperatures, and
many others, and will be discussed in the following chapters. We should call
the answer to the entire heat problem “thermal management.” In reading this
bool, it will prove useful to keep nppermost in mind that virtually the entire
suceess of a turbo/engine system lies in thermal management.



Power Gain

Fig. 1-7. "PLAN" is the
key to the source of all
power output.

POWER Gain 7

Where does the power gain come from? What is the equation for the power of
any given engine, and how does the turbo influence that equation? (Don’t let
equations scare you off—these are both neat and easy.)

It is revealing to examine the simple equation that relates power to the pa-
rameters describing the internal combustion engine.

Power = PxLxAxN

F is brake mean effective pressure, or bmep. An easy way to imagine bmep
1S as an average pressure pushing the piston down the bore.

L is the length of the stroke. This tells you how far the pressure is going to
push the piston.

A is the area of the bore. This is, of course, the area the pressure has to work
11,

N is the number of putts the engine makes in one minute. This represents
how fast the engine is running and how many cylinders it has.

N = number of cylinders x fj%ﬂ_“ﬂ

(For a 4-stroke engine, the rpm is divided by 2 because each cylinder fires
only on alternate revolutions.)

Now, there are several interesting relationships here! For example, take the
P and multiply by the A and you have a pressure times an area, which is noth-
ing more complicated than the average force pushing down on the piston. Now
multiply the PA (force) by the length of the stroke, L (distance), and you have
a number that represents the torque output of the eylinder. Then take this fig-
ure and multiply by the N (how fast the job is getting done), and the result is
Power, the thing we are really after,

Please note that this means

Power = torque xrpm

Burning gas pressure ("P")

Il

|

lLenath of
stroke ("L")
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Driveability
Limitations

Fig. 1-8. One typieal
example of the
difference in torgue
curves for a turbo-
charged and an
atmospheric engine.

Since the whole purpose of this exercise is to get more power, let’s examine
what this PLAN gives us to work with.

First, lel’s check out what working with the N can yield. There are two ways
to get more putts per minute: add more cylinders or rev the engine higher. That
leaves little to work with, as the whole field of endeavor known as blueprinting
1s almost solely for the purpose of allowing higher rpm with some degree of safe-
ty. Consider that those nasty inertial loads go up with the square of the rpm in-
crease. That means that at 7200 rpm, the inertial load will be 144% greater
than at 6000 rpm. Wear and tear lies up there. Ultimately, it is neither cheap,
pleasant, nor durable long-term to increase power output by increasing the N.
Since we cannot, for practical reasons, increase power significantly with N, the
only remaining choice is to increase torque by doing something with the PLA.

So we must go back and look at the PLA a bit more. We can change the A.
Bored, 1t’s called, but how much does it help? Change A by an eighth of an inch
and maybe you'll gain 10%. Not worth the trouble, We can also change L.
stroked. Another 10%, maybe. Obviously, then, if we're pursuing real power,
the A and the L don’t hold much promise. Changing P becomes our only hope.

How to successfully change P is the crux of this book. P can be changed by
factors of 1.2, 1.5, 2, 3, 4, 5. . . . The real potential is not known, since engineer
types push the envelope every year. The Grand Prix racing cars of the "87 sea-
son took turbo development to the highest levels ever achieved, with power
outpuls of nearly 15 bhp per cubie inch. Suffice it to say, then, that doubling
the power of a street engine, while not exactly child’s play, is well within our
reasonable expectations.

It is essential here to make clear the fact that we are dramatically increas-
ing power without changing rpm. Therefore, it is torque (PLA) that we are re-
ally changing.

= RULE: T'urbos make torque, and torque makes fun.

What are the driveability limitations of a turbocharged engine?

The nice driveability of most cars today is something we have grown to ex-
pect under all conditions. Get in, turn on, drive off smoothly. Nothing else is
acceptable anymore—exactly as the situation should be. It is often perceived

ca
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DRIVEABILITY LIMITATIONS ©

that real power and nice driveability are not compatible in the same automo-
bile. This is frequently true in atmospheric engines but decidedly not true in
turbocharged engines.

Consider the facets of an engine that create driveability: conservative cam-
shaft profiles, small intake ports, fuel system flexibility and calibration. A
proper turbo engine has a short-duration, low-overlap cam, generally referred
to as an “economy cam.” Port sizes are usually small, to create good cylinder
filling at low speeds and to let the turbo pack it in when high pressure is want-
ed. Fuel system calibration must always be spot on, at least with electronic fuel
injection. Obviously, then, the factors creating nice driveability are present in
turbocharged cars. The fact that a turbo is available to push more air in when
desired has no influence on “Get in, turn on, drive off smoothly.”

Two factors affecting driveability do come into play when the turho is in
use: boost threshold and lag. These do not significantly degrade atmo engine
performance, since the cam, compression, ignition timing, and fuel mixture re-
main virtually the same. If you stick a rock under the throttle and go for a trip
around the block, you just can’t tell the difference.

Boost THRESHOLD. Boost threshold, defined in the glossary, is essentially the
lowest engine rpm at which the turbo will produce boost pressure when full
throttle is applied. Below that rpm, the turbo simply is not supplied with
enough exhaust gas energy to spin fast enough to produce above-atmospheric
pressures in the intake manifold (see fig. 1-8). Up to the boost threshold, the
engine’s torque curve remains virtually the same as that of an atmospheric en-
gine. To accelerate through this range at full throttle, the driver would feel a
surge in power as the torque curve takes an upward swing at the boost thresh-
old. If full throttle is not used, the turbo makes no contribution to the torque
curve, and acceleration continues the same as with a non-turho engine.

The nonboosted torque curve can sometimes be compromised by an unrea-
sonable reduction in the compression ratio (displacement volume plus clear-
ance volume, divided by clearance volume), causing a soggy feel at low speeds
when not under boost. It is here that some of the automotive manufacturers
have made a serious engineering (or economic) error, by not fitting suitable in-
tercooling systems to remove enough heat from the intake charge. This would
permit the use of higher compression ratios, retaining that sweet, low-speed
response of an engine with an adequate compression ratio, I you are shopping
for a turbo car, have some fun and ask the salesperson to tell you the efficiency
of the intercooler. That is, of course, after vou ask if it has one. It is certainly
reasonable to assume that low-speed driveability is superior if the vehicle is fit-
ted with an intercooler and the compression ratio is kept over 8 to 1.

Judging the merit of a turbo system solely on a low hoost threshold is a seri-
ous error. It would be tough to argue that boost at low rpm is a bad thing, but it
is easy to argue that boost at low speeds achieved by small turbos is a potential
problem, due to higher exhaust gas back pressure. A well-designed system that
has had great attention paid to all its parameters will display good low-speed
boost as one of its features.

Small turbochargers (requently produce an annoying response when the
throttle is applied in small increments. This distinctly affects driveability, in
that a small motion of the throttle will produce a quick and usually unwanted
small surge of boost that upsets the smoothness of the car. To some extent, this
causes a passenger to think the driver inept, This small surge frequently gives
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Fig. 1-8. Comparison
graph of the torque-
tnereasing capability
of small, medium, and
large turbos applied to
the same engine

the driver the impression the car will really fly when full throttle is finally
reached. Instead, he realizes sadly that the small surge was all the surge the
little wimp could make, OEMs do this to us hoping we will think the car has
instant response and gobs of low-end torque. They have generally overlooked
the fact that it was raw power we really were after. This OEM phenomenon has
left many journalists, writers, would-be fast drivers, and other social outeasts
wondering “Where’'s the beef?”

& RULE: In general, OEM turbo applications are a long way from what en-
thusiasts and engineers would pronounce fast, fun, and first class.
Let us call OEM turbos conservative.

350 -
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|
=
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Hpm x 1000

Lag. Seldom are turbos discussed without the mention of lag. Equally sel-
dom, it seems, are discussion participants really talking about lag. Usually
they are talking about boost threshold. Please read the definitions of lag, boost
threshold, and throttle response in the glossary. In the day-to-day use of a tur-
bo, sure, lag essentially means how long you have to wait to get boost after you
nail the throttle. By definition, then, it is a bad thing. But lag has nothing to do
with throttle response. Throttle response remains the same, turbo or no turbo.

Consider that if vou did not have a turbo, the briefl lag would be followed by
no boost at all. Reasonable to say, then, that lag would extend [rom the point at
which you apply throttle all the way to the redline. What fun that would be! The
situation boils down to some tolerance for lag with a huge torque increase as op-
posed to no tolerance for lag accompanied by no torque increase.

Lag decreases as rpm rises. While lag can be as much as a second or more at
low rpm, the delay in boost rise virtually disappears at revs of about 4000 or
greater. For example, in a properly configured turbo system, boost rise will fol-
low the position of your foot any time the revs are above 4000 rpm. Response
here i1s virtually instantaneous.

v RULE: If you have no lag, vou have no turbo. You also have no huge torque
merease to look forward Lo.



Fig. 1-10. Respective
lag times of small,
medium, and large
turbos
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Lag (sec)

Rpm x 1000

The shape of the torque curve of a turbo engine is different enough from
that of an atmo engine that driveability of a turbo is only slightly affected.
Torque peaks are virtually always at lower rpm on turbo engines. Chart all the
published data and no other conclusion is possible, The more performance-ori-
ented the atmo engine, the greater the difference. The net effect on the driver
is that he or she need not rev the turbo engine as much to move rapidly. This is
quite contrary to popular opinion but is indeed fact.

Hot and cold starting are frequently perceived to be problems of high-per-
formance engines. To some extent this is true in carbureted turbo systems, but
these are few and far between. Fuel injection systems depend solely on various
engine-temperature sensors for all cold- and hot-start air/fuel mixtures and
are completely automatic. Cold starting is particularly a problem for engines
with lower compression ratios. If an engine has a problem in this respect with-
out a turbo, it will likely have the same problem with a turbo, since the turbo
does not influence these temperatures or the electronics. Either way, the diffi-
culty is not related to the turbo.

Cruising. The turbo is out of the picture in all cruise conditions except those
that must have boost pressure to achieve a particular speed. Consider that a
given vehicle may have a top speed of say, 130 mph, no turbo. Now add a turbo.
[t is reasonable to say that the vehicle will still reach approximately 130 with-
out the need for additional power; hence, no boost is required. For all practical
purposes, even the wildest imaginable cruise speeds are unlikely to require
any boost pressure to sustain.

The idea that a superpowerful, maximum-effort turbo car would be fun to
drive at full throttle but be a bit of a cantankerous beast at low speeds is not
unreasonable on the surface. This idea does not, however, hold up under closer
scrutiny. To create an effective high-pressure turbo car, one need only do more
of the same required to produce the turbo car in the first place: reject more
heat, increase fuel flows, raise the octane, and be certain the structure of the
engine is adequate. The factors that are the basis of good low-speed behavior—
conservative cam profiles, small intake ports, and fuel system ealibration—are
unchanged by higher boost pressures. All other things remaining equal, mere-
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ly turning the screw on the hoost knob does not alter driveability. It is most un-
reasonable to claim that a 500 bhp street turbo car—which, given full throttle
in second gear, has the ability to create tire marks in directions perhaps other
than those intended—has a driveability problem.

AND FURTHERMORE . . .

How mauch power can I expect from a turbocharged engine?

With currently available fuels, 7 to 12 psi boost is a practical upper limit for
stock engines (at sea-level elevation). Intercooling permits this when elabo-
rately and properly done. Certainly not all turbo kits or systems will perform
the same, due to widely varying engineering efforts on the above items. Special
preparation of engines specifically for turbo applications can frequently per-
mit boost pressures of 15 to 20 psi. To claim, calculate, or estimate a specific
figure for power from a turbo engine can be precarious indeed.

Of known dyno runs on piston engines with a variety of turbo systems, the
lowest output we have achieved is .052 bhp/eid psi and the highest 1s .077
bhp/cid psi. The variance is due to the engines’ basic designs. To guess at the
output of your own engine, choose a logical boost level and multiply each of the
two values by both displacement in cubic inches and boost pressure plus 14.7.

Example: A 350 cid engine with 10 psi boost
Lower value = 0.052 x 350 x (10 + 14.7) = 449 bhp

Higher value = 0.077x 350 x (10 + 14.7) = 666 bhp

Does the rated boost of a kit have any merit?
It does if, and only if, the conditions required to achieve that boost are de-
fined and accurate. For example:
» Was the gasoline used commercially available pump gas?
» Were octane boosters used?
Was detonation present?
What was intake air temperature?
Is this the same boost-pressure setting the buyer will receive?

Considering the large power increases offered by the turbocharger, what
keeps the entire structure of the engine from going south?

A proper answer to this question is a complete analysis of the inertial, pow-
er, and thermal loads before and after turbo installation. If this is performed,
the conclusion will be two interesting bits of information:

» The inertial loads in a modern imternal combustion street engine are so
large at maximum power that the power component of the total load is of
little significance. For example, to induce as much power load into a con-
rod bearing as the bearing already sees from inertial loads. the actual
power of the engine would need to increase approximately 50%.

* The thermal load in an engine not originally designed for a turbocharger
will eause an increase in component and cooling-system femperatures
when operating under boost. The components and cooling system ecan
handle the temperature increase for a limited period, This is frue for
Buicks, Porsches, Saabs, Volvos, Nigsans, ete, It is also true for all
aftermarket turbo kits. The time limit is subject to many judgments and
conditions, Experience has led me to believe that the time limit at full
boost is on the order of 20 to 25 seconds. This is an operational restriction
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but not one of any consequence. Consider, for example: How fast will you
be traveling it you hold full throttle in a 325 bhp Toyota Supra for twenty
seconds? The answer is obviously an impractically high rate of speed,

When should the turbo start producing boost?

In most cases, there are trade-offs between a low boost threshold and maxi-
mum power. To bias the turbo size toward low-speed boost capability generally
means operating the turbo in a very inefficient flow range at the engine’s top
end. Conversely, if maximum power is to be achieved, the turbo will usual Iy be
so large that no boost will be available until the last half of the rev range. Com-
promise is obviously necessary. | believe the reasonable halance between low-
speed response and top-end power is to size the turbo such that it begins pro-
duecing boost at about 30% of the redline rpm.

How will the turbocharger affect driveability?

Driveability of fuel-injected engines will remain the same. Driveability of
blow-through carbureted engines will remain virtually the same. The starting
of earbureted engines will be degraded slightly. Please note that draw-through
unils will virtually always degrade driveability and starting somewhat, with
cold weather proving the Achilles’ heel of a draw-through system.

Will the turbocharger hurt my mileage?

Yes. The turbo, when installed as an aftermarket item on a spark-ignition
engine, is not an economizer and cannot be construed as such. There is no en-
gineering basis for making such claims. If you are led into purchasing a turbo
under the premise of improving your fuel mileage, be sure to get a written
guarantee. When not operating under boost, a turbocharger is a small system
restriction. This restriction causes a small loss in volumetric efficiency. Volu-
metric efficiency and fuel economy are definitely tied together. If your driving
habits are about the same as most, your mileage will drop about 10% city and
5% highway. No miracles here.

Will the turbocharger affect engine wear and maintenance?

Certainly the turbo will affect engine wear. Do you really expect to add pow-
er and not increase wear? No miracles here either. If you drive vigorously but
with some respect for the equipment, you can expect about 90% of normal en-
cine life.

Will the transmission and drivetrain be adversely affected ?

Very unlikely. Consider that the drivetrain endures more torque in first gear
from the stock engine than almost any turbe can produce in second gear. Ocea-
sionally a clutch comes along that won't do the extra duty. Most clutch prob-
lems are going to crop up when shifting habits are less than aceeptable. Not to
WOrry.

What does it feel like to drive a properly set up turbo car?

A turbo can justifiably be called a torque multiplier: the more boost, the
more torque. This situation is analogous to gear ratios. For example, a third
gear with a tranny ratio of 1.4 will develop 40% more torque at the rear wheels
than a fourth-gear ratio of 1.0, A boost pressure of 6 psi will increase torgue by
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about 40% (using an intercooler). Thus you can see that 6 psi boost will pro-
duce fourth-gear acceleration virtually equal to a stock automobile’s third-
gear capability. Imagine what the proper turbo car will do in second gear! An-
other reasonable comparison is that a proper turbo car operating at 10 psi
hoost will do 0-60 in two-thirds the original time; i.e., 6 seconds versus 9 sec-
onds,



Fig. 2-1. The
Mitsubishi 3000GT
turbocharged 24-valve
V-6. Two turbos,

Lwo intercoolers,
four-wheel drive, and
183 cid give the
S000GT extraordinary
potential.

ACQUIRING A
TURBOCHARGED VEHICLE

The essence of this book, if such exists, is to provide the performance car en-
thusiast interested in turbocharging with a body of information that can be
used to evaluate system designs, whether of a factory turbo system or an after-
market kit. This book is also intended as a design guide for the hobbyist who
wants to build his own turbocharger system. Three viable methods exist to ac-
quire a turbocharged vehicle:

* buy an OEM-turbocharged automobile

* buy an aftermarket kit, if available, for your specific application

* build your own turbo system

The rationale behind the decision that suits your needs and requirements
best is no more than a logical summary of the following:

* What is the intended use of the vehicle?

* What is the legality with respect to state and federal law and the year of
the car?

* How much power is required?
* Isfear of a failure such that a factory warranty is required?

* Can you make a reasonable judgment with respect to the engineering of
an aftermarket kit?

* Do you have the skills, time, patience, and equipment to build your own?

15
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OEM-
Turbocharged
Automobile

Aftermarket
Turbo Kit

Automobile manufacturers have built a variety of turbo cars in the last decade.
One can easily wonder how some decisions are made. On one hand we have the
Ford EXP Turbo, most Chryslers, and the Nissan NX Turbo. The other hand
holds something like the Porsche 944, Buick GNX, and Lotus Esprit turbo.
Members of the radical middle are large in number, relatively nondescript, and
not entirely without merit. In most circumstances, the factory turbo engine is
conservative in power output—easily understandable in view of warranties, li-
abilities, and emissions requirements. Generally speaking, OEMs will not
equip a turbocharger system with optimum-configuration parts. Virtually all
OEM designs will have some shortcoming, whether in turbo size, intercooler
capability, or restrictive exhausts. Oceasionally the shortcoming is just a dif-
ferent design, based on the OEM’s perception of its buyers’ requirements.
Finding and fixing these weak links then becomes the focus of attention in ef-
forts at greater performance.

= RULE: QEMSs will generally provide you with a vehicle that functions nicely
hut is blessed with enough shortcomings that performance is far
from optimum.

The first step in pursuing more performance is a complete analysis of the
system design. Chapter 14, Testing the System, is your starting point. With
those data accumulated and analyzed and the weak links identified, you can
set out to find the necessary components to improve the system. Keep in mind
that the issue here is to improve efficiency, thereby opening up the potential
for huge gains in power. Increasing boost pressure is also a consideration, but
without efficiency improvements, this path to power is fraught with mechani-
cal risk, Once the system has been tested and the merit of each feature has
been determined, start the improvement process with the weakest link. Here
is where foresight becomes important. For example, an intercooler that loses
only 2 psi at the factory-rated boost can be judged okay. It is okay, but only for
the factory-rated boost. Likely it will lose 3 or 4 psi at any significantly in-
creased airflow. That kind of loss is not acceptable.

The purchase of an aftermarket turbocharger system is an ideal occasion to
employ this book as the guide it is intended to be. An investigation is necessary
to determine the system that will meet your needs. Before a reasonable deci-
sion can be made, answers to a variety of questions must be both sought and
understood. The following samples will get you on the right track:

Does the system provide a correct airlfuel ratio at all operational condi-
tions?

The air/fuel ratio is a basie building block of a turbo system. It needs to be
maintained over the boost range that the manufacturer claims for the kit. It is
not to be expected that the air/fuel ratio will stay correct if the system’s design
limits are exceeded. In all circumstances, it is necessary to avoid discussing
“fuel enrichment.” Either an air/fuel ratio is correct or it isn’t—no “enrich-
ment” required.

Does the system provide a margin of safety on detonation ¢

The attempt here is to determine whether the system installed and operat-
ed per instructions will yield useful boost and not be subject to detonation
problems,



Fig. 2-2. This compre-
hensive and complete
aftermarket system for
Honda CRX cars easily
shows HKS’s custom-
ary attention to detail,
Although non-inter-
cooled, for reasons of
cost, the system enjoyved
many excellent features,
a superb exhaust mani-
fold design, fuel con-
trols, and compressor
bypass valving.

Fig. 2-3. The idea of a
complete system takes
on significance with the
HEKS Supra turbo. Note
the oil cooler, flywheel,
clutch, fuel injectors,
spark plugs, and the
entire exhaust svstem.
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Does the system provide the necessary thermal controls to operate at the stat-
ed boost pressures?
Ask for a deseription and explanation of these controls.

What efforts are extended toward quality control?
Fit and finish are obvious. Material selections, methods of welding, surface
finishes, and other fabrication procedures should also be checked out.

Do the components carry a reasonable warranty?

Although warranties on performance-oriented components are frequently
subject to severe limitations, the buyer cannol be hung out to dry. It is useful to
discuss with the kit maker the warranty limitations and procedures necessary
to establish the best warranty terms.
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Building
Your Own
Turbo System

Fig. 2-4. The Callaway
twin-turbo Corvette
featured a thorowghly
prepared engine, fwo
Roto-Master Compact
turbos, and inter-
cooling. Note the low
oil drains, collector
sump, and belt-driven
scavenge pump located
af the lower right
corner of the engine.

Are properinstructions offered with the system?
Instructions should provide all the necessary information to install, check
out, and subsequently operate and service the turbo vehicle.

Will consulting be provided after the sale?
This 15 where the maturity of a turbo gystem manufacturer will truly show.

If the system is to be used on a public highway, is it designed with all emis-
stons-related equipment in proper order, and/or is the system on EPA- or
CARB exemption-order status?

In all states, the emission question will be the most important one.

When the answers to the above questions are satisfactory, it is time to get
down to the fun details, such as compressor efficiency with respect to the sys-
tem flow rates and boost pressures.

va RULE: All kit makers will try to represent their systems as the most power-
ful. Absolute power is the last reason to make a decision.

Any reasonably able fabricator should have no serious difficulty designing and
building his own turbocharger system. Forethought, planning, caleulating,
sketching, and measuring, all done in considerable detail, will be the keys to
the success of the project. Perhaps the single greatest problem facing the do-it-
yvourselfer is avoiding getting stuck. Getting stuck is the phenomenon of *You
can't get there from here.” For example, you can’t ever hope to intercool your
turbo system if you build a draw-through carb type. Creating a high-perfor-
mance piece for a 454 cid V-8 with a single turbo where a twin is clearly dictat-
ed will decidedly put you in a position where you are stuck. Avoid going down
these paths leading to “stuck.” The first requirement is to determine the pow-
er level desired. Translate that figure into a boost pressure necessary to get the
job done. That, in itself, will determine the equipment needed. The remainder
of the project is the sum of the experience contained in this book.
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AND FURTHERMORE . . .

Fig. 2-5. The BMW
2002 is a superb street

rod when equipped with

a water-based infer-
cooled turbo and two
blow-through Mikuni
44s. Ten psi boost creat-
ed 210 bhp and stock
vehicle driveability.

Why ts a correct airifuel ratio necessary?

Basically, a correct afr means the engine is getting all the fuel it can effi-
ciently burn, but not an excess. If you err on the rich side (the safer side), per-
formance declines, because a rich condition louses up combustion
temperatures. Lean mixtures lead to higher charge (in-cylinder) tempera-
tures, promoting detonation.

What does “fuel enrichment” mean?

“Fuel enrichment” means, in every aftermarket sense ever expressed, an
indiseriminate dump of fuel into the system. It is indiscriminate because it
does not care what the actual airflow is. Any kit maker who uses the phrase
will usually supply the indiscriminate dump device. Don’t ever ask a kit maker
what he uses for fuel enrichment; rather, ask, “How have you managed to
maintain a correct afr, to how high a boost level, and can you prove it to me?”
Kvery kit maker will respond that the necessary equipment to maintain a cor-
rect afr is in the kit. Not necessarily so. Be sure the answers are correct, as this
facet of turbocharging is of the greatest importance.
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What are some of the devices for maintaining a correct airffuel ratio?

The worst device is none. It is perhaps the most popular. It is also the easiest
to install. Another equally bad device is the boost-pressure-sensitive switch
that sends a false water-temperature signal to the EFI brain. This is a wholly
unworkable gizmo. It attempts to add fuel when under boost by lengthening
injector pulse duration. While it can double fuel flow at mid-range rpm, it can
add only about 10% more fuel at the redline. The nature of timed injection (like
EFID) results in a situation where the length of an injector pulse for a maximum
torque cycle remains essentially constant, regardless of rpm. That fixed injec-
tor pulse length becomes a greater percentage of engine cycle time as rpm in-
creases. The point is finally reached where engine cyele time is the same as the
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Fig. 2-6. A straighi-
forward, low-cost
design from Perfor-
mance Techniques for
the Mazda Miata.

The absence of an inter-

cooler and compressor
byvpass valve keep boost
dowi and the cost more

affordable.

maximum-torque injector pulse time, and then the injector is open continual-
ly. This 1s why an injector duration increase, by any device whatsoever, cannot
supply enough fuel for a turbo engine at any upper-range rpm.

Further, all additions or subtractions of fuel are instantaneous incremental
changes as the switch is activated, and nothing with a large instantaneous
change in the afr can be correct. The result of the “fuel enrichment switch” is
at best a poorly running, detonation-prone engine. The EFI fuel enrichment
switch is the source of perhaps 75% of turbo-related horror stories. Avoid it.

Another popular scheme is to proportion “fuel enrichment” according to
boost pressure. While this sounds better and is better, it is still technical non-
sense. The situation is created wherein the same amount of fuel would be add-
ed at 3000 rpm and 5 psi boost as at 6000 rpm and 5 psi boost. Obviously, fuel
requirements would double at twice the rpm, but the boost-proportioned fuel-
er would deliver the same quantity of fuel regardless of rpm. Not a workable
mechanism.

The change to larger injectors is a valid approach to adding fuel. This gener-
ally requires other changes to reduce the larger injectors’ flow at low speeds, so
off-boost operation will not be too rich. This can be done by reprogramming
the ecu or altering flowmeter signals. With boost pressures greater than 8 to 10
psi, the larger-injector approach is a necessity.

Another popular device is to send the lambda (tailpipe oxyvgen sensor) sys-
tem to full rich when under boost. Lambda systems have control of approxi-
mately 8% of the fuel delivery. Combine that with 50% more air (7 psi boost)
and the engine becomes intolerably lean. This method is unfortunate, at best.

What is compressor surge, and how can it be countered?

Compressor surge ig the rapid fluctuation of turbine speed caused by the
throttle’s being closed under boost. Rapidly spinning air compressors (turbos)
can go unstable briefly when this occurs. The fluctuating speed can be damag-
g to the turbo, and the accompanying noise is obnoxious. The condition can
be alleviated with a compressor bypass valve that opens as the throttle closes



Fig. 2-7. A simple,
effective, low-boost

system for the small-

block Chevy, Note
the additional fuel
injectors, lack of
intercooling, and

warm-air pickup for

the filter.
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and allows air exiting the turbo to vent back to the front. This keeps the flow
up. Many modern turbo cars are equipped with such valving, but seldom are
they big enough to handle high-flow, high-boost systems. A useful fringe bene-
fit to these valvesis that they reduce lag and perceptibly increase fuel economy.
What is a reasonable price to pay for a turbocharger system ?

The lowest-priced system that offers

* a correctly sized turbo

* acorrect air/fuel ratio under boost

* boost control by controlling turbine speed

* proper ignition timing

* proper thermal controls

* a margin of safety on detonation

* quality components

Such a system can put together a good argument for being the best value. It
is popular to believe that you get what you pay for, but there are turbo kits
costing nearly $4500 that do not have a correct air/fuel ratio or even an iron
exhaust manifold. Conversely, kits are available that have all the above at a
price less than $2500. A reasonable price? This must remain the prospective
buyer’s decision, based on a thorough knowledge of what he gets for his money.

What paperwork should be included with a turbo kit?

Instructions and warranty are self-explanatory. Cautions and operating
procedures must be well detailed and conservative.

What are the warranty implications of installing a turbo in a new automo-
bile?

All factory warranty on drivetrain components will be voided. There are,
however, several circumstances to consider. You can purchase an aftermarket
warranty to cover your vehicle for all non-turbo-induced or -related problems.
It is currently in vogue to sell these policies with turbo systems under the in-
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Fig, 2-8. Turbo
Engineering produced
this low-mounted turbo
specifically for the
Chevy Camara, With
intercooling, a large
series TO4 turbocharg-
er and generous flow
paths, this system could
offer power levels in
excess of 500 bhp.

tended misconception that your drivetrain is warranted against “turbo-in-
duced” failures. Not so.

If one breaks his turbo engine, it is not going to be paid for by anyone’s war-
ranty—exactly the same situation as waiting until the factory warranty ex-
pires and then adding the turbo. Which means that waiting out the factory
warranty before installing a turbo accomplishes nothing except insuring that
the mechanism ig one-third used up pre-turbo. Furthermore, it eliminates the
fun of ever owning a nice new automobile with enhanced power. [t is rare for a
modern automobile to have an engine/drivetrain problem within the warranty
duration. Those problems that do appear are generally minor and will likely
cost under a hundred dollars to repair. To preserve the warranty for many
thousands of miles to avoid a possible hundred-dollar component failure rath-
er than enjoying the extra performance seems to me the poorer choice. To as-
suage your concerns, call the car maker’s regional office and discuss with a
service rep the areas of the drivetrain that have been a warranty problem.
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Fig. 3-1. The classic
turbocharger: a very
simple, highly engi-
neered, high-quality,
precisely manufae-
tured air pump.

SELECTING THE
TURBOCHARGER

The size of the turbo selected for a given application will strongly influence
the degree of success enjoyed by the system. It is not at all a case of only one
size working in a specific situation; rather, there is just one that will work best.
The trade-offs of lag, boost threshold, heat, low-speed torque, and power are
the variables in the decision process of matching the turbo to the require-
ments. To optimize the trade-offs, the requirements must be defined first.
These requirements can be spelled out by listing the performance objectives
for the particular vehicle.

Objectives can vary for day-to-day commuter cars, Bonneville maximum-
speed cars, drag cars, super-performance street cars, real race cars, and even
for the outer fringe of vehicles called pickup trucks. Specific performance ob-
jectives will be items such as desired boost threshold, torque peak, and esti-
mated power output. Higher-speed vehicles require larger turbos, street cars
respond well to mid-range torque, and low-speed vehicles need smaller turbos.
How to select the right turbo for the job and how to choose some of the more
advantageous features are discussed in the following paragraphs.

To illustrate the degree to which turbo sizing can vary for the particular job,
compare the 1988 Nissan 300ZX Turbo and the Porsche 911 Turbo. These two
cars are similar in size, weight, and engine displacement, yet the turbos are
vastly different in size. From the size of the Porsche’s turbo, it is relatively
easy to conclude that the Porsche design staff did exactly what they needed to
do. They fitted a large turbo to the 911, for three specific reasons:
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General
Guidelines

« When operating at maximum load, the large compressor puts less heat

into the intake charge.

* The large turbine creates less exhaust manifold back pressure, further

reducing the heat load.

* The design staff wanted a powerful automobile.

The Nissan staff, on the other hand, with a much more heat-tolerant engine
(water-cooled), was free to use a small turbo for virtually immediate off-idle re-
sponse, This small turbo gives quick boost response at the extreme expense of
high back pressure and high intake-charge temperatures. Nissan was obvious-
ly not looking for serious power, as they did not see fit to offset these high tem-
peratures with any form of intercooling. Their objective appears to have been
aimed at a 0-30 mph performance car. Certainly they had a different buver in
mind from Porsche. Although the Porsche has been proclaimed by all its road
testers the prime example of a high turbo-lag design, it had to be that way be-
cause of the low heat allowables. A small turbo could not have been used on the
911 because of the thermal restrictions of the air-cooled engine, and certainly
not when serious power is an objective. Porsche, therefore, should be credited
with doing a fine job. Nissan should be credited with selling a large number of
cars to a large number of people.

e RULE: Never send a child to do an adult’s job.

The influence of compressor and turbine sizes on system performance will
generally follow these guidelines:

CompPreESSOR. A compressor has a particular combination of airflow and
boost pressure at which it is most efficient. The trick in choosing optimum
compressor size lies in positioning the point of maximum efficiency at the most
useful part of the rev range. Choosing the most useful part of the rev range is
where some judgment needs to be exercised. Keep in mind at all times that
when efficiency drops off, heat produced by the turbo goes up. If a turbo were
sized such that maximum efficiency occurred at one-third of the rev range, ef-
ficiency at or near the redline would taper off to where the charge temperature
would be scorching hot. At the other extreme, if maximum efficiency were at
the redline, mid-range temperatures could get out of hand. This particular size
would then be useful only for running flat out at that rpm; i.e., the Bonneville
car. Somewhere in the middle of the useful rev range of the engine lies the best
place to locate the maximum efficiency point.

Larger or smaller compressors do not have a huge effect on turbo lag or
boost threshold. The compressor wheel is the lightest rotating part of the tur-
bo; hence, its contribution to the total inertia of the rotating assembly is fairly
low. Boost threshold is mostly a function of the turbo’s speed, which is con-
trolled by the turbine.

Often, a choice of turbo(s) is influenced by factors other than those opti-
mized by thermodynamics or maximum power. Vehicle cost can determine the
number of turbos, for example. One would not expect to see a Ferrari V-12 with
one turbo and a Mazda Miata with two. Cost also plays a large part in design-
ing a system. If low cost is imperative, perhaps even the water-cooled bearing
feature would be deleted in favor of more frequent oil changes.

Ultimately, the value of the equipment selected will not lie just with cost,
power, thermodynamic factors, or the number of turbes, Rather, it will be de-



Fig. 3-2. With a small
turbo, the maximum
'zﬁ‘iciemw point peaks
early, and temperatires
will be lowest at low
boost pressures. To keep
temperatures down al
high power outputs, a
large turbo is clearly
necessary.

Fig. 3-3. As the maxi-
mum efficiency point
occurs at higher and
higher rpm, cooler tem-
peratires also occur
Cooler temperatures
mean denser air, which

keeps torque peaks af

higher rpm.
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termined by the way this baby behaves on the road. s it actually fast, and does
it feel fast? Does it feel responsive and eager to run? Is it erisp and sharp? Does
it pull smoothly with ease and grace to the redline? Does it make you smile
when no one is around to see?

Start by selecting two or three candidates whose pressure ratio and ¢fm ap-
pear, from their How maps, to be in the right range, with efficiency not below
60%. Once this is accomplished, it is necessary to perform calculations to
choose between them. (See Chapter 17 for an example of these calculations ap-
plied to a specifie installation.)

Tureine. The turbine’s role is to power the compressor, In doing so, it must
make the compressor spin fast enough to produce the desired airflow rates at
the designated boost pressures. A small turbine will spin faster than a larger
turbine, given the same exhaust gas energy to work with, Further, a small tur-
bine will offer, in essence, a greater restriction to the flow of the exhaust gases.
This restriction causes back pressure between the turbine and the combustion
chamber. This back pressure is an evil side effect of the turbocharger and must
be dealt with accordingly. In reality, then, selection of the turbine must focus on
the principles of spinning the turbine fast enough to produce the desirved re
sponse and boost pressures vet keeping back pressuve fo an absolute minimum.
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Fig. 34. Compressor
densily ratio versus
pressure ratio.

Density is degraded by
temperature; therefore,
actual air-mass
increase is always less
than that indicated by
the pressure ratio,

A few fundamentals must be understood prior to the actual process of choosing
compressor size. It is necessary to develop a feel for the concepts of pressure
ratio, airflow rate, density ratio, and compressor efficiency before one can he
comfortable with the logic behind choosing a compressor size.

Pressure RaTi0. The pressure ratio is the total absolute pressure produced
by the turbo divided by atmospheric pressure. Absolute pressure means the
amount of pressure above nothing at all. Nothing at all is zero absolute, so at-
mospheric is 14.7 absolute. Two psi boost becomes 16.7 absolute, 5 psi boost is
19.7 absolute, and so on. Total absolute pressure is then whatever the gauge
reads plus 14.7. The pressure ratio thus becomes a reflection of the number of
atmospheres of pressure generated.

: 14.7 + boost
P allo =
FESSLLre railo 141,?
Example:
For 5 psi boost:
PR =22l k0 s

14.7
In this example, approximately 34% more air will go into the engine than
the engine could have consumed by itself.
For 12 psi boost:

C14.7+12 .
PR = = = 1.82

Here, approximately 82% more air will be going through the system. Pres-
sure is also measured in bar, short for barometric (1 bar = 14.7 psi). In the
ahave example, a pressure ratio of 1.82 equates to an intake pressure of 1.82
bar. This term is used in high-class turbo circles (which explains why it does
not appear again in this book).

Compressor efficiency (E.)

Density recovery with intercooling

Pressure ratio

Density ralio



Fig. 3-5. The volume
rate of flow (cfm) for
four-stroke-cycle

- engines. Choose an
‘engine size (the x-axis)
and an rpm, and the
efm is shown on the
V-axis,
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DensiTy RaTio. Ultimately, power produced by turbocharging depends on the
number of air molecules packed into each cubic inch of volume. This is referred
to as the density of the air charge. This density takes a bit of a beating in pass-
ing through the turbocharger system. When the air molecules are forced closer
together by the turbo to a certain pressure ratio, density does not increase by
the same ratio. This is because compression makes the temperature rise, and
the air molecules expand back apart, based on how hot the air gets. Although
the air charge winds up denser, density is always less than the pressure ratio, as
indicated in figure 3-4. (Since the air intake system is not a fixed volume, air
density can decrease without the pressure ratio decreasing.) The effort expend-
ed by a designer to use efficient compressors and intercoolers allows the density
ratio to get closer and closer to the pressure ratio but never quite reach it.

AirFLow RATE. The airflow rate through an engine is usually referred to as
cubic feet per minute (cfm) of air at standard atmospheric pressure. The tech-
nically correct but less-used term is pounds of air per minute. This book will
use the semi-incorrect term “efm.”

To calculate the airflow rate of an engine without a turbo—i.e. no boost:

cid xrpm x0.5x E,
1728

Here, flow rate is in c¢fm and displacement is in cubic inches. The .5 is due to
the fact that a four-stroke-cycle engine fills its eylinders only on one-half the
revolutions. E, is volumetric efficiency. The 1728 converts cubic inches to cu-
bic feet.

Example:

In a small-block Ford, let size = 302 cid, rpm = 5500, and E,= 85%.

Then

Airflow rate =

302 x 5500 %< 0.5 % D.85
1728

Atrflow rate = = 408 ¢fm
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Table 3-1. Variation of
air pressure and tem-
perature with altitude

With the basic engine flow rate established, the flow rate under boost can be
determined. The pressure ratio times the basic engine flow rate then becomes
the approximate flow rate under boost (neglecting volumetric efficiency): the
number we're really after. In the small-block Ford operating at 12 psi boost:

Airflow rate = pressure ratio x basic engine cfim

= 1.82 x 408 = T43 c¢fm

To convert cfim to the more correct term of pounds of air per minute, ¢fm
must be multiplied by the density of air at the working altitude (see table 3-1).
COMPRESSOR EFFICIENCY. In concept, compressor efficiency is a measure of
how well the compressor wheel can pump air without heating the air more
than thermodynamic law says it should. Thermodynamics says the air temper-
ature should rise a certain amount based on the pressure ratio. That tempera-
ture rise would be called the ideal temperature rise. When the temperature is
actually measured, it is always higher than the thermodynamic ealculation in-
dicates it should be. The measured temperature rise is, of course, the real tem-
perature rise. The efficiency is the calculated temperature rise divided by the
real temperature rise. In essence, efficiency is how well the compressor really
behaves with respect to how well thermodynamics says it should behave.

All compressor wheels operate with peak percentage efficiencies in the sev-
enties. Choosing compressor size becomes mostly a question of where that
compressor’s efficiency peaks with respect to the flow capabilities of the en-
gine/turbo system.

With an nnderstanding of the terms pressure ratio, density ratio, airflow
rate, and compressor efficiency, the basic information necessary to select a
compressor for a given application is at hand. In general, under 7 psi is low
boost. 7-12 psi is medium boost, and over 12 psi is high boost. Working
through the example of the small-block Ford with several choices of compres-
sors will illustrate the process of calculation as well as the importance of place-
ment of the efficiency peak. A study of Fig. 3-6 indicates the effect of a
compressor’s efficiency on charge temperatures. In general, compressor effi-

Altitude (ft) Air pressure Temperature Relative

- lin. hg) (°F) i density
Sea level 29,92 59.00 1.00
1000 28,56 65.43 99%
2000 27.82 51.87 993
S000 26.81 485.30 988
400 25.84 44.74 H86
000 24.90 41.17 982
GO0 23.98 a7.61 979
7000 23.09 ! S34.05 I RAE)
S000 22,23 H 2048 972
9000 21.39 26.92 969
160,000 | 20.58 | 23.36 985
11,000 19.80 19.79 962
12,000 19.03 | 16.23 | 958
13,000 18.30 | 12.67 | 954

14,000 i 17.58 9,11 | 951
15,000 ; 16.89 | 0.90 | 4T



Fig. 3-6. Compressor
discharge temperalire
persus pressure ratio.
Why one wants to
secure the highest
compressor efficiency
possible: the greater
the efficiency, the lower
the temperature.
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ciency without an intercooler should be at least 60%. If the system includes an
imtercooler, minimum efficiency can be somewhat less (see Chapter 5).

With the calculated values of the ¢fm and pressure ratio for the Ford 302 ex-
ample, one is ready to go to the compressor maps to check where the efficien-
cies lie in order to determine a suitable compressor. Plot the calculated data of
cfm = 743 and PR = 1.82 on the axes of the compressor maps. The intersection
of the two lines represents the maximum flow the compressor can produce at
the pressure ratio for this application, and that point falls into a particular ef-
ficiency percentile on each map. It is largely the efficiency at this point that es-
tablishes the suitability of that compressor for the particular application. In
figure 3-7, the intersection of these points falls along the 67% line. In figure 3-
8, the intersection falls to the right of the 60% line, which indicates that the
efficiency will be somewhat less—perhaps 50-55%. Therefore, the H-3 would
be a less satisfactory choice for this application.

The surge characteristics of the compressor with regard to the application
must also be examined before finalizing a selection. This can be approximated
in a simple manner. Assume that the desired pressure ratio is reached at 50%
of the redline rpm and plot this point on the compressor map. The above exam-
ple with rpm = 2750 then establishes a point at efim = 371 and PR = 1.82.
Draw a line from this point to a point at PR = 1 and efm = 20% of maximum,
or 149 cfm in this example. It is imperative that this line lie completely to the
right of the line on the flow map called the surge limit. Surge limits are not al-
ways labeled on flow maps, but you can assume they are the leftmost line. This
example indicates that the 60-1 compressor, at 67% efficiency, is better suited
for this application than the H-3, at 55%.

The intended use of the engine/turbo system is again the primary influence on
selection of turbine size. Intended use dictates a choice of low-speed, mid-
range, or top-end torque. The choice can easily encompass two of these ranges.
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Fig. 3-9. Definition of

Exducer bore
the exducer bare i

(ﬂ Shaft Turtine Turbine outlel

whee!

—-+——— Exhaust housing

Turbine
) iniet

In making this selection, two quantities must be dealt with: basic turbine size
and area/radius (A/R) ratio.

Basic TureiNE size. Consider basic turbine size a measure of the turbine's
ability to generate the shaft power required to drive the compressor at the flow
rates desired. Larger turbines, therefore, generally offer higher power outputs
than smaller turbines. For a large measure of simplicity, turbine size can gen-
erally be judged by the turbine’s exducer bore. While this is a gross simplifica-
tion of the science of turbines, it is nevertheless a reasonahle representation of
the turbine’s flow capability.

The graph of exducer bore versus intake cfm is not a selection tool but an
approximate size indicator. A reasonable turbine selection method is to con-

Fig. 3-10. Approximate i
exducer bore required to
power a compressor to a 3.0 + i

Gwen flow rate

Bore (in.)
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Fig. 3-11. Definition of
the A/R rafio

sult the source from whom you are purchasing the turbocharger. Certainly a
choice will exist whether to err on the high side or the low side. Again, this
choice falls within the scope of the original objectives of the turbo system. I will
o for the higher side every time.

CHOOSING AN A/R RATIO. While basic turbine size reflects a measure of the tur-
bine’s flow capability, the A/R ratio is a method of fine tuning between basic
sizes, To easily grasp the idea of an A/R ratio, imagine the turbine housing as
nothing more than a cone wrapped around a shaft to look like a snail. Unwrap
this cone and cut off the small end a short distance from the tip. The hole in the
end of the cone is the discharge area. The area of this hole is the A of the A/R
ratio. The size of the hole is significant, as it determines the velocity with
which exhaust gases exit the turbine scroll and enter the turbine blades. For
any given rate of flow, a smaller exit will require that the gases flow [aster.
Thus, the area of the exit is important in controlling the velocity of the gases as
they enter the turbine blades. This velocity has much to do with controlling
the actual speed of the turbine. It is necessary to keep in mind that the area of
this exit is the controlling factor in the bad side-effect of exhaust gas back pres-
sure and, thus, reversion into the combustion chambers.

The R of the A/R ratio is the distance from the center of the section area in
the cone to the center of the turbine shaft. All As divided by their respective Ks
will give the same dividend:

Al_AE_AE_Ad_Aﬁ Ay
RI_RH_RE_Rd_RE RE

Or

Area
Readius

The R also has a strong influence in controlling turbine speed. If one imag-
ines that the turbine blade tips will travel about as fast as the gas is moving

= ¢onstant




Fig. 3-12. To increase
turbine speed, which
varies with changes of
the AIR ratio, it is
almost always the
discharge area that is
changed, with the
radius remaining
eonstant.

Split-iniet
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when it enters the tip area, it is easy to see that a smaller R will impart a higher
rotating speed to the turbine.

/- Discharge area

: . Exhaust
v How

“ = Exhaust
e flow

It is of further value to note that a larger R will effectively give the turbine
shaft greater torque with which to drive the compressor wheel. The same force
(exhaust gas) applied with a greater lever arm (R) puts more torque into the
shaft. This, on occasion, can allow a bigger compressor wheel if conditions so
require. In practice, howevenr, it is almost always the A that is changed, while
the radius remains constant. A simplified approach to choosing the A/R ratio iz
summed up in Fig. 3-13.

Selecting what appears to be a logical starting point for an A/R ratio is one
thing, but actually getting the right one is vet another. Trial and error is usual-
ly necessary. A reasonable choice can be judged by the numbers., or to some ex-
tent by performance and response. Judging by the numbers requires
measurement of exhaust manifold pressure, or turbine inlet pressure, and
comparison with boost pressure,

The seat-of-the-pants feel of an improper A/R selection is sluggish boost rise
ifthe ratio is too large. The ratio can be so big as to keep the turbo from tu roing
fast enough to produce the desired boost. If the ratio is on the small side, the
turbo response can be so quick as to seem jumpy and difficult to drive smooth-
ly. It will also show up as fading power in the upper third of the engine’s rev
range. The feel is similar to that of a normally aspirated engine with a very
small carburetor. “Choked” is a reasonable description.

A split-inlet exhaust housing permits the exhaust pulses to be grouped (or sep-
arated) hy cylinder all the way to the turbine. The merit of doing this is in
keeping the individual package of energy, an exhaust putt, intaet and unmo-
lested by other putts all the way to the turbine. This can give the turbine a lit-
tle better kick to get it moving. When you consider the absolute barrage of
pulses and energy coming down the tube from an eight-cylinder sngine, the
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Fig. 3-13. The effect of
varying the AIR ratio,
all other factors
remaining constani

Fig. 3-14. The split-
inlet exhauwst housing
theoretically offers a
small performance
advantage by keeping
exhaust pulses in a
tight bundle all the
way to the furbine.
This is more effective
for engines with fewer
cvlinders, and thus
fewer pulses, per engine
evele,

Two Turbos
or One?
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turbine will get more energy than it needs for almost any given situation.
Thus, a split housing will make zip for improvement on a single-turbo V-8. A
four-cylinder, by comparison, which sees only one putt every 180° of erank ro-
tation, needs all the energy it can get from each pulse. Keeping them separate

and undisturbed will therefore pay some dividends,

Several reasons exist for giving false consideration to using two turbos where
onie might otherwise do the job. Probably the most popular notion of the ad-
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vantage of two turbos is reduced lag. This notion is generally hard to Justify.
Half the exhaust energy put through each of two turbines, with inertia propor-
tional to the square and flow proportional to the cube, is not necessarily condu-
cive to producing less lag. Multiple turbos imply more power. Power is, in part,
a function of efficiencies. All other things equal, a big turbo is more efficient
than a small one. Pizzazz is a reasonable consideration when turbocharging a
Ferrari, but the same logic cannot be applied to a turbo installation on a pickup
truck. Good reasons do exist for using two turbos. This is particularly true
with respect to V-style or horizontally opposed cylinder layvouts.

Exhaust manifold design is one of the keys to high power output, and the
two-turbo layout inherently offers superior manifold design. The heat loss of
the cross tube in V-style engines can be considerable. Remember, it is in part
this heat that powers the turbine.

A two-turbo design will usually require two wastegates. Other than the mi-
nor problem of synchronizing the two gates, much greater control of turbine
speed at low boost pressures can be achieved. The stability of boost pressure at
high flow rates is also improved. If remote wastegates are used rather than in-
tegrals, the actual exhaust gas flow area can be enlarged by giving the gates
their own tailpipes.

Greater turbine discharge area is always an improvement to the system.
Turbine discharge pipes from two turbos will virtually always give a large flow
increase. For example, two 2 1/4-inch-diameter tubes offer substantially more
flow area than just one of 3 inches.

A further reason two turbos offer superiority under certain conditions is
that the heat is divided between two mechanisms, allowing each to operate
with lower heat input. The heat absorbed into the materials of the turbo is pro-
portional to the temperature of the gases and their mass rate of flow. The tem-
perature will remain the same, but the mass rate of flow will be halved. Thus
the operating temperature of the turbo will be reduced, and its life expectancy
somewhat improved.

WATER-COOLED BEARING SECTIONS. The water-cooled bearing is a feature that
probably extends the average turbo’s useful life by a factor of two. The pres-
ence of water flow through a jacket surrounding the bearing chamber greatly
reduces temperature rise of the lubricating oil as it passes through the bear-
ings, The reduced temperatures keep the oil from looking like Brand X in the
Mobil 1 commercials. Charred oil residue accumulating inside the turbo and
eventually blocking the oil flow, thus killing the turbo, is the dread disease
called “eoked-up bearings.” (See chapter 4.) The water-cooled bearing was cre-
ated because too many end users refused to change oil on a schedule dictated
by the turbo. Ironically, the presence of the water-cooled bearing does not offer
serious extension of oil-change intervals. Go siraight to the best combination
possible: water-cooled bearings and frequent oil changes.

TurBo SECTION cLocKiNG. The rotation of one turbo section relative to another
is called clocking. Although integral wastegates offer a measure of conve-
nience 1n the design of noncompetition turbo systems, they usually do not al-
low the three sections of the turbo (turbine, bearing, and compressor) to be
rotated 360° with respect to each other. Restrictions on clocking can seriously
handicap packaging the turbo system into an engine compartment.

ConnecTions 1o THE TurBo. The flanges on the turbine housing that connect
the turbo to the exhaust manifold and tailpipe arve two of the moest common
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failure locations in the entire system. Heat-induced warpage, fastener, and
gasket problems are relatively common. In general, flange configurations with
more fasteners and thicker sections will endure the heat with fewer problems.
Some turbos use a material called Ni-Resist for the exhaust housing. Ni-Resist
is high in nickel and offers a worthwhile improvement in high-temperature
stability, and thus durability, of the exhaust housing.

The compressor outlet is almost always a hose-style connection. Flexibility
in this joint is usually desirable, to accommodate the moving around of the tur-
bo caused by a stack-up of thermal expansions. High-boost-pressure systems
may still need to add a connecting bar to the discharge tube, to keep the hose
connection intact under the high tensile loads caused by higher boost levels.

Compressor inlets are also generally configured with hose connections.
These prove entirely adequate where fuel is not introduced before the turbo.
In a draw-through carb application, the use of any hose between the carb and
the turbo should be avoided, as fuel will puddle at the hose. A large-diameter
hose boss permits a larger-diameter inlet system. Large-diameter, low-flow-
loss inlets to the compressor are vital. Insure that all hoses are sufficiently stiff
to avoid collapse due to the small vacuum created by the air filter and any asso-
ciated air flowmeters.

AND FURTHERMORE . . .

Fig. 3-15. The turbo
bearing section with a
water jacket offers
extended turbo life and
longer oil-change
intervals.

How important is turbocharger sizing?

The turbo has got to be the right one for the job. The right turbo will offer a
low rpm boost threshold, low system restriction, low charge temperatures, and
low exhaust manifold pressure. Anyone with the ability to read and use a tele-
phone can arrive at the right size turbo. No science, no magic, just a little R&D.
For example, do you want the very lowest boost threshold? Well, maybe, if you
drive only in five o'clock traffic. That is the only value a low hoost threshold
has. Be assured, the lower the boost threshold, the less the horsepower. On the
other hand, if maximum power is your bag, the turbo size required probably
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won't produce any boost until the upper half of the rev range. This is impracti-
cal for the flexible requirements of a street turbo. Compromise at both ends is
necessary. Don’t fall for the journalistic gag that the merit of a turbocharger
system is how soon it will produce boost.

Does the brand of turbocharger affect performance ?

No. Virtually all turbo units are durable, responsive, and efficient. The per-
formance of a kit is in no way related to the turbo brand unless that brand is
the only proper size available for the application. Some designs feature inte-
gral wastegates. These wastegates tend to require a bit more work to make
them as effective as remote wastegates. In that situation the brand affects per-
formance, but it’s because of the integral wastegate.

Do twin turbos offer any advantage?

Sometimes. An engine with flow capabilities greater than 300 ¢fm (roughly
180 cid) can benefit from two turbos. Two little turbos can slightly cut turbo
lag, as opposed to one large turbo, and allow a better halance of low-speed and
top-end boost performance. Over 350 cid, twin turbos become a virtual neces-
sity. Do not accept the idea that twin turbos are inherently more powerful, as
too many other factors are involved.

What does compressor efficiency mean, and why is it important?

Compressor efficiency means nothing more than the real temperature of
the air coming out of the turbo under boost relative to a caleulated number
based on thermodynamic equations. Calculate one, measure the other, divide
the calculated by the measured, and you have compressor efficiency. Matching
a compressor’s efficiency to a particular engine is important, in that getting
maximum efficiency somewhere near the power peak or maximum rpm means
that the compressor has induced the lowest possible thermal load. “Highlv ef-
ficient” is a goofy expression invented by casual writers about turbos to mean
nothing more than that whatever vehicle a turbo is on gets boost at low speeds.
If something can be exactly wrong, this is an example of it. Low-speed hoost
means small compressors that are inefficient at high speed. Thus, they pro-
duce high temperatures and are quite the opposite of “highly efficient.”

Does exhaust manifold pressure influence performance?

Yes. Exhaust manifold pressure is a measure of how well the turbine unit is
sized for the engine. Exhaust manilold pressure should not exceed approxi-
mately two and a half times the boost pressure. It is tempting for kit makers to
use turbines too small for the job just to show a psi of boost at low rpm. Low
rpm boost can be nice, but to overdo it means a severe (20% or so) loss of power
above mid-range rpm. A proper balance of low versus top end is a development
problem every kit maker should go through. Generally, less exhaust manifold
pressure means more bhp. In other words, bigger turhines go laster,
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charred oil can expect
an imminent demise.

A coked-up bearing is

the result of using otl
with insufficient high-
temperature stability

- and/or not changing oil

with sufficient
frequency.

TURBOCHARGER

LUBRICATION

The problem of lubricating a shaft spinning inside a sleeve-type journal
bearing was solved many years ago. No new science was necessary when the
turbocharger came along, even though it presented a couple of new twists. The
new twists were the tremendous heat in the turbine side and the cumulative
damage to the oil by the migration of this heat into the bearing section. The
heat deteriorates the oil and quickly makes it unusable. Solutions to these new
twists on the oiling problem have always been readily available but have just
recently been implemented. Reasons for delay, one presumes, were economics
and fear of sales resistance. The economic aspect of the oil problem was the
OEMs’ reluctance to increase prices by the amount necessary to put a water-
cooling jacket around the bearing section, The sales problem was the reluc-
tance of the sales department to tell the consumer he must change the engine
oil with greater frequency—fear, [ suppose, that the end user would shy away
from what incorrectly appeared to be a high-maintenance product. It's just an-
other example of the sad state of affairs when sales and accounting overrule
sound engineering. The story ends on an upbeat note, however, as virtually all
OEM turbo cars now have water-cooled bearings and the recommendation of
frequent oil changes. Had this state of affairs existed from the start of produc-
tion of OEM turbos, the English language would be missing the less-than-col-
orful phrase “coked-up turbo bearings.” Pity.
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What Causes
a Coked-up
Bearing?

Selecting a
Lubricating Oil

Types of
Lubricants

Water-Cooled
Bearing Housings

Coking is nothing more than charred oil residue accumulating in the turbo
bearing section to such an extent that the proper flow of oil to the bearing is
eventually blocked. The seriously compromised oil flow will kill the turbo in
short order. Four things gang up on the turbo to cause a coking problem:

+ 0il with inadequate high-temperature capability

« (il with a wide multiviscosity range

» Extended oil-change intervals

» Excessive heat in the bearing section

Dealing with these problems and the mechanics of a clean, cool oil supply is
the focus of this chapter.

o RULE: If your turbo suffers a coked bearing failure, check your own main-
tenance diligence before cursing the turbo.

The selection of a type, grade, and brand of engine oil should be done with
some forethought and perhaps even alittle R&D. Please weed out all old family
biases toward Rosie’s Red Re-Refined ’cause Dad used it back on the farm and
wouldn’t hear of usin’ nothin’ else. Dad may not have changed much over the
years, but engine oil and tractors have made progress measured in orders of
magnitude.

Here’s what you need to do: First, get a feel for what the lubricant is sup-
posed to do for your engine and what special requirements your gituation im-
poses on the lube. These data will tell vou what type of oil will best fit your
needs. Second, consider the climate and operating conditions the lube must
andure. This info tells you what viscosity and level of severity (grade) lube will
do the best job for you. In general, it is best to avoid wide-range, multiviscosity
oils, as the materials added that create the multiviscosity capability are the
same materials that cause the coking. Thus 20W-50 1s clearly better turbo oil
than 10W-50. A straight viscosity is best of all, with a ten-point higher viscos-
ity in summer. If it is possible to determine the detergent rating and antioxi-
dizing rating, good turbo oil will be high in these two categories.

Now you know the type and grade of lube that is your best choice. The one
remaining factor is the brand to buy. This boils down to availability, price, and
what your R&D efforts tell you is truly the lubricant for your engine. One can
be relatively certain that an oil formulated for turbo use, and so advertised,
will be an adequate lubricant.

There are two choices here: synthetic-based or m ineral-based lube.

Synthetic lubes are manufactured fuids (not necessarily from oil} in which
the basie structure of the lube is much more rigidly controlled than in stan-
dard hydrocarbon oils. The resultant product is a very consistent, stable fluid
with uniform molecular structure, whose properties are highly predictable.
Syntheties have clearly demonstrated their capability with respect to friction-
al losses, high-temperature stability, and basic toughness of the molecular
structure. Mineral-based lubes are less expensive and more likely to coke.

The turbo bearing housing with a water jacket aro und the bearing chamber
has virtually eliminated the problem of vil coking. The cooling capahility of the
water is such that the oil seldom reaches the temperature at which it begins to
break down. Of course, all oil subject to high-temperature use breaks down
slowly over time, g0 the need for periodic 0il changes still exists. The oil-change
st ara] thue becomes only slightly less than with an atmospheric engine.



Fig. 4-2. Awater jachet
incorporated into the
turbo bearing housing
and connected to the
engine cooling system
carries away most of the
heat that migrates from
the exhaust side to the
bearing section. Lubri-
cating oil is guarded
from temperature levels
high enough to cause
coking,

Fig. 4-3. Temperature
comparison of water-
cooled and non-water-
cooled bearings, illus-
trating temperature
magnifudes and
distributions in fhe
turbo bearing section.
The non-water-cooled
housing can cause some
constant damage to the
oil, With 2000-mile oil
change intervals, the
damaged particles of oil
will be removed and not
eatse coking.

0il Flow and
Pressure
Reqguirements

OQIL FLOW AND PRESSURE REQUIREMENTS 41

Oil in

|

Bearning

Water ot +—— +— Water in

Oil out

400 +4-
E Coking temperature range
> 300+ 7
3
v
Lk
£
& 200+
E
Water'ﬁﬂmeﬁ
100 T
i = 'r | i |
5 1.0 1.5 2.0 2.5 3.0

Distance from exhaust housing (in.)

The turbo survives with surprisingly low oil pressure and flow. It is virtually
certain that all engines in production today have enough excess oil-pumping
capacity to adequately take on the additional requirement of lubricating the
turbo. If you know a particular engine was shortchanged in the oiling area on
original design, it is certainly a good idea to fix it. However, fix it for the en-
gine’s sake and not for the additional burden of the turbo. Observe the basic
lower limits of oil pressure and flow published by the turbo manufacturer and
you can’t go wrong as far as lubrication is coneerned.

Too much oil pressure can create problems with turbos. It is possible to
force oil past oil seals that are in perfect condition if oil pressure exceeds 65 to
70 psi at the turbo. If a particular engine creates more oil pressure than the
seals can handle, it may be necessary to install a restrictor or bypass system to
reduce pressure at the turbao.

Probleins of oil pressure overpowering the seal are evident in a frequent if
not quite constant smoking problem. Anytime oil pressiire exceeds the 65-70
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Fig. 4-8. Ol pressure
reduction at the turbo
by a restrictor: Use of @
restrictor requires that
pressure available to
the turbo bearings be
measured and proven
adeqgiiate,

Fig. 4-5. Oil pressure
reduction at the turbo
by a bypass. This is
maore reliable than a

restrictor in the oil feed
line, but the pressure al

the beartngs must still
be knowin.

0il Coolers

Oil line from engine

|

P 055—-.065" restrictor
Pressure before ‘/g
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Qil line from engine

/ Restrictor

Pressure / 1 Oil return
check gauge 1 o engine

psi range and smoking persists, a restrictor or bypass should be installed prior
to any other changes.
These are good guidelines for virtually all turbos:

_ | Min. pressure (psi) | Min. flow (gal/min)
Idle, hot 5 0.1
Maximum load 25 (0.5

Adding an oil cooler to a high-performance engine 13 often contemplated in the
expectation of improving engine durability. Although it usually does, don’t be
too hasty to rush out and buy a huge oil cooler without investigating the real
requirements of your engine. Oil prefers to operate in a given temperature
range that supplies the viscosity needs for protecting the engine, doesn't over-
heat the oil on the high end and, when cool, doesn’t add more drag to the sys-
tem than necessary. These requirements are all easily met by the right o1l type
and viscosity operating in the correct temperature range.

Mineral-based oils are not as tolerant of high temperatures as are synthetic
oile. For street engines, both gynthetic and mineral-hased oils have the same
lower temperature requirement (150°F minimum), but synthetics can operate
o akeut 409F hicher (270°F versus 230°F for mineral-based). Therefore, you



Fig. 4-6. (il system
fittings and lines must
withstand high temper-
atures and pressures,
the hydrocarbon enui-
ronment, and vibration.
This oil feed-line instal-
lation, with insulation
and supporting bracket
removed, reveals the
sturdiness required,
such that oil feed to the
turbo is never a
probiem.

Oil Filters

0il to
and from
the Turbo
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may need an oil cooler if you use mineral-based oil and perhaps not if you use
synthetic.

[t needs to be understood that oil temperatures below these minimums will
degrade durability just as surely as exceeding the maximums. The installation
of an oil temperature gauge will tell the whole story. Do that before installing
an expensive oll cooler system. There are oceasions when both oil and water
temperatures are on the high side but neither is out of bounds. This situation
is ideal for an o1l cooler, which will remove enough extra heat from the entire
system to also reduce the water temperature. The presence of a good il cooler
can easily drop the water temperature by 15° The thermostatically controlled
oil system is a good idea: the oil must reach a certain preset temperature before
the thermostat diverts it to the oil cooler. Do keep in mind that unlike water
cooling systems, the thermostatically controlled oil system will not require the
oil to reach the minimum acceptable operating temperature, because the oil
thermostat does not block the oil flow but merely diverts it. It has nothing to do
with the maximum temperatures either.

The turbo creates no special filtering requirements. It is certainly within the
acceptable range of reason, however, that the real motorhead may want to care
for his high-performance engine a bit better than relying on the stock filtra-
tion equipment. A wide variety of good components are available.

The plumbing that feeds oil to the turbo and drains it back to the engine is per-
haps the weak link in the entire scheme of turbocharging. This is definitely the
place for a fifteen-cent part to fail and take out a seven-hundred-dollar turbo
—or, worse yet, an engine bearing. The following should be considered mini-
mum requirements. Do a thorough job, and don’t hesitate a minute to spend
even more § attempting to establish bragging rights on building the fail-safe
turbo lube system.

The o1l lines feeding the turbo must meet the requirements of pressure and
temperature (use twice the oil-temperature maximum allowable) and be hy-
drocarbon-proof. Metal-braid-protected lines are highly desirable from the
standpoint of abrasion, chafing, and vibration resistance. Use caution in allow-
ing the metal braid line to touch anything, as it will frequently damage the oth-
er item if relative motion exists. For example, a stainless steel braid line
rubbing on an aluminum valve cover will abrade a slot right into the cover, An-
chor the oil line in several places to eliminate relative motion. and support the
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Fig. 4-7. Taop: The oil-
line brace at the frame
forces the ol line and
fittings to carry loads
induced by engine rock-
ing. The motion must
be absorbed by the short
distance “A”; therefore,
the loads are potentially
large and damaging.
Bottom: With the brace
attached to the engine,
the fittings will not
experience any bending
load. All flexing of the
oil line occurs over the
long, flexible portion
“B”, inducing only low
stresses and helping to
eliminate failires.

0il Drain System

Engine

end fittings. Support of the oil lines near the end fittings will eliminate fatigue-
induced failures of these fittings.

Oil return line design is even more stringent than oil feed line design. Even the
position of the turbo relative to the engine should take into account the require-
ments of positioning the oil drain line. The turbo must be positioned high
enough to allow a downhill drain to the oil sump. The focus of the problem is
that the oil seals in the turbo do not operate well if they are completely bathed
in oil. Oil that has passed through the turbo bearings must be free to drain out
quickly and without any serious restriction. Gravity is the only force available
to rid the bearing section of oil, and gravity is, by all relative standards, a wimp.

The layout of the oil drain system has a few fundamentals that should be ob-
served:

EXIT ANGLE FROM THE TURB0. Virtually all turbos allow a 3607 rotation of the
bearing section relative to the exhaust and intake housings. This is to permit a
near-vertical downward alignment of the oil drain hole. Vertical is the ideal
alignment, but where necessary, the deviation may be as great as 30°.

Size oF DRAIN HosE. Where possible, a minimum inside diameter of 1/2 inch
should be observed. It is frequently necessary to compromise the 1/2-inch 1D,
and this is permissible when other factors are favorable. For example, a 1/4-
inch ID restriction at the fitting where the oil passes back into the engine may
work just fine, but it is unlikely to work at all at the turbo end of the line. Keep
in mind that no oil pressure exists after the bearing, and low-pressure flow re-
quires much greater flow area for equal flow rates.

RoUTING OF THE DRAIN Hosg. ldeally, the drain hose should swoop smoothly
downward and are gently over into the oil pan with no kinks, sharp bends, or
rises. Equipment hanging off the side of the engine rarely permits the ideal to



Fig. 4-8. Oil inlet and
outlet drain positions.
These must always be
within 30° of vertical to
assure a gravity drain
from the bearing section
back to the oil sump.

Fig. 4-9. A variety of
methods exist to attach
the otl drain fitting to
the sump. Sturdiness
and the least number of
parts determine the
Joint’s meril.

Special
Requirements for
Low-Mounted
Turbos

Oil System Aids
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be achieved. Effort and forethought are necessary here. Keep the hose clear of
heat radiated from the exhaust housing and manifolding. Insure that it is not
subject to damage from road debris or is suitably protected.

Situations frequently dictate mounting the turbo so low in the chassis that
gravity drain back to the oil pan is out of the question. While gravity is still the
prime mover to get the oil out of the bearing cavity, a sump or small reservoir
immediately below the turbo will be necessary to collect the oil, which can then
be returned to the engine oil sump via a pump system. Perhaps the cleverest de-
vice in this circumstance is the oil-pressure- powered scavenge pump. The oil
flow to the turbo is used to power a pump that in turn scavenges the oil sump.

A wide variety of devices on the market endeavor to provide oil flow to the tur-
bo bearings when the engine is not running. These mechanisms are attempt-
ing to solve three basic problems, as perceived by their designers:
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Fig. 410. An oul sump
is required for a low-
mounted turbo when o
arauity drain 15 nof
possible. Electrical and
mechanical pumps can
do the job well. High
flow capability showld
he avoided, as the risk
of cavitation will be
greater.

Pump output line
return to engine

———————————— A Oil pump

« supplying lubricant to the turbo prior to start-up, to replace oil that
drains away while the turbo is stationary

+ supplying lubricant to the turbo after engine shut-off stops the oil pump

« pumping a given amount of oil through the turbo after shut-off, to help
remove heat from the bearing cavity, reducing the oil’s tendency to coke

While all these intentions are honorable enough, there are a few flaws in the

scheme:
« All of the oil does not flow out of the turbo bearing. Further, the turbo

does not leap into action on start-up. Rather, it achieves a rotational
speed at idle similar to that of your ceiling fan.

. When an engine is turned off, the instant the spark is discontinued, heat
available to the turbo for its driving power is removed, and the turbo
stops. Generally, the turbo will stop before the engine's rotation ceases.
A nonrotating turbo needs no lubrication.

+ Removing heat from the turbo is always a good idea. However, a turbo
that is already air cooled, oil cooled, and probably water cooled is going
to enjoy little extra benefit from one more quart or so of 0il pumped
through it to cool it. Not cost-effective.

Determine precisely what an oil system aid will do for you and for the man-

ner it which you operate your automobile. It the aid suits your needs, buy it,
and good luck to you.

AnND FURTHERMORE . . .

What is all that jazz about coking your turbo bearings?

Although | tend to think journalists are responsible for coked turbo bear-
ings. it might be that never changing the oil is a more likely culprit. In actual
practice, if one lets the engine idle for 30 seconds before shutdown, changes
the oil every 2000 miles, and uses high-quality oil, turbo lubrication failures
aren't going to happen. Water-cooled bearings assure that bearing housing
ternperatures never reach the oil breakdown temperature. Please resist the
dea of “oilers and lubers” (oil system aids) as the savior of tu rbo bearings. The
advertised merit of these devices is based on fallacious information. In my

opinion, they are worthless.



Fig. 5-1. GGeneral
layout of the intercooled
turbocharger svstem

INTERCOOLING

An intercooler is slowly but surely becoming recognized as a fundamental
part of a turbocharger system. 1t never has been, nor should ever be. consid-
ered icing on the cake. A proper intercooler is more cake.

The intercooler is a radiator—or, more correctly, a heat exchanger—posi-
tioned between the turbo and the intake manifold. Its sole purpose is to get the
heat out of the intake charge that the turbo put into the charge while com-
pressing it. On the surface then, the merit of an intercooler should be Judged
by its success in removing that heat. Unfortunately, this is only part of the sto-
ry, as the mere presence of the intercooler creates a variety of other complica-
tions. Maximizing the merits of an intercooler while minimizing the problems

It can bring is the engineering problem that must be solved before one can cre-
ate an intercooled turho system.
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= RULE: It is absolutely incorrect to think that “any intercooler is better
than no intercooler.”

Removing heat {rom the intake charge has two huge areas of merit. First,
the reduction of temperature makes the intake charge denser. The increase in
density 1s proportional to the change in temperature (measured on the abso.
lute scalel. Denser intake charges make more power. Second, but ne less im-
portant, is the terrific benefit to the combustion process brought about by

&1



48 CHAPTER H: INTERCOOLING

Fig. 5-2. The froni-
mounted intercooler is
a typical aftermarket
replacement for the
Buick GN/GNX series
Cars.

Design Criteria

Fig. 5-3. A water-based
heat exchanger has
been added to this
Lotus Esprit.

reduced temperatures in the intake charge. Detonation is reduced by any re-
duction in intake temperatures. These two areas of merit are the reasons a
proper intercooler can increase the power and/or margin of safety of the turbo-
charged engine. For a discussion of the testing procedures involved in evaluat-
ing an intercooler system, please refer to Chapter 14.

Design criteria for creating an intercooler are many and varied. These criteria
will outline the considerations for building an intercooler that maximizes heat
removal and minimizes boost-pressure loss and any lag increases.

HEAT TRANSFER AREA. Heat transfer area is the sum of all the plates and shells
in the heat exchanger core that are responsible for transmitting heat out of the
system. Easy to see that the greater the heat transfer area, the more efficient
the intercooler. This is not a case, however, where twice the area doubles the
efficiency. A 10% increase in core will net you about 10% of the amount you did
not get out the first time. Therefore, every 10% increase will become less and
less important. For example, if an existing intercooler core measures 70% effi-




Fig. 54. The two most
popular intercooler core
styles are plate-and-
shell (top) and extrud-
ed-tube (bottom). The
plate style generally
offers less flow rests-
tance, whereas the
extruded-tube style
tends to be more effi-
cient, The “tubes™ are
typically 1/4" wide by

1 1/2-3" long.
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cient, a 10% core increase should yield about 10% of that misging 30%, or a new
efficiency of 73%.

INTERNAL FLOW AREA. Streamlining inside a core is bad by design. The harder
it is for air to find its way through a core, the more likely it will give up its
heat—obviously the major objective. But the bad side is that this poor stream-
lining can cause large boost-pressure drops. To compensate for bad streamlin-
ing, the internal flow area must be made large enough to really slow the air

down inside the intercooler, so as to reduce flow drag and keep pressure losses
to acceptable levels.

AV

Plate-and-shell core

(Irrrrire

Extruded-tube core

=" RULE: The single most important aspect of intercooler design is low inter-
nal pressure loss.

INTERNAL vorume. All of the volume internal to the intercooler system must
be pressurized before that amount of pressure will exist in the intake mani-
fold. Although this volume is not a large contribution to lag, it is nevertheless
a design factor to optimize in the process of creating a good intercooler system.
It is a good idea to keep track of the volume and constantly attempt to keep the
excess down. A reasonable judgment of the volume’s relationship to lag can be
made by dividing the internal volume by the flow rate through the system at
the rpm at which throttle is applied and multiplying by 2. (The factor of 2 re-
sults from the approximate doubling of airflow through the system when going
from cruise to boost.) The approximate lag time is given by

. V ;
Iame= —— _—— w8
flow rate
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Fig. 5-5. An air duct
can provide adequate
ambient earflow to a
harizontally mounted
intercooler.

Calculating the
Value of an
Intercooler

Example:
Let volume of intake = 500 cu in. and flow rate = 150 cfm at a cruise speed

of approximately 2000 rpm.

Then
, sec
Time = -Mq x——m ®x 2 =10.23 sec
150 L5 17282
min i

[t is distinetly possible to upset the basic throttle response if an engine 1s
equipped with an airflow meter positioned too far from the throttle body.
Opening the throttle causes a low-pressure pulse to be created that travels up-
stream toward the airflow meter, The time it takes this pulse to reach the flow-
meter and cause it to react is indeed the delay in throttle response. Typically,
such a pulse must travel from the throttle body to the intercooler, through the
intercooler, back to the turbo, then to the flowmeter, in order for the lowmeter
to register a response. It is not until the flowmeter receives this pulse that the
air/fuel ratio can change to account for new load conditions in the engine. I
should point out that there are exceptions here, based on the style of throttle-
position sensor with which the engine is eq nipped. Nonetheless, it is generally
true that the farther the throttle is from the airflow meter, the poorer the
throttle response. Thus, this path length should receive some consideration in
the design process.

When an engine is equipped with a speed density type of EFI1 system, where-
‘1 no airflow meter is utilized, or a blow-through carbureted turbo system, the
length of the intake tract can extend into the next county with no negative re-
sults insofar as throttle response is concerned.

The overall problem in designing an intercooler system, then, lies in maxi-
mizing the ability of the system to remove heat from the compressed air while
not adversely affecting boost pressure, losing throttle response, or contribut-
ing to any delay in boost rise.

The change in density of the intake charge can be measured relative to the
temperature change brought about by the intercooler. For example, suppose a
turbo has a compressor discharge temperature of 200°F above atmospheric
temperature, that is, about 740° absolute on an 80°F day. (Zero degrees abso-
lute is about 460°F:: add 80° to get 5407 200° above that temperature 13, there-

fore. 7407 absolute.) If weinsert a 60% efficient intercooler into the system, we



Fig. 56. Intercooling
taken seriously.
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would remove 0.6 x 200°F = 120°F from the system, leaving a gain of just
80°F rather than 200°F, or an absolute of 540° +80° = 620°. The density change

can then be determined by the ratio of the original absolute temperature to the
final absolute temperature:

original absolute temperature

Dengity eionge = final absolute temperature .
5404200 ., -
- 54ﬂ+8ﬂ—1—-ﬂ,19ﬁ19%

Therefore, this intercooler will yield a gain of about 19%. This means that
19% more air molecules will be in the combustion chamber than otherwise
would have been. All other things remaining equal, one would expect a similar
gain in power. This, unfortunately, doesn’t come about, because of pressure
losses caused by the aerodynamic drag inside the intercooler.

The corresponding power loss due to boost-pressure loss can be estimated
by caleulating the ratio of absolute pressure with the intercooler to that with-
out the intercooler and subtracting it from 100%.

Example:
If 2 psiout of 10 are lost due to intercooler drag,
147+ 8
Power loss = 1- A7+10° 0.08 = 8%

This indicates that Aow losses through the intercooler amount to 8%.

The idea that the lost boost can easily be recovered by adjusting the waste-
gate, while attractive, i1s not quite correct. Certainly, if boost is increased the
power will rise, but one consequence of this is that turbine inlet pressure will
rise if you attempt to drive the turbo yet harder. More turbine inlet pressure
creates more reversion, which creates more combustion chamber heat, which
reduces charge densities—and on and on. Thus, one can see that to some ex-
tent, recovering lost power by turning up the boost is in part an exercise In
chasing one's tail. "T'is far superior to design and build the mythical zero-loss
intercooler.
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Fig. 57. Calculating
intercooler efficiency

Calculating the
Efficiency of
an Intercooler

Fig. 58. An air/air
intercooler mounted in
the Nissan 280 2X.

Intercooler
Temperalure out of Tampemlure out of
turbo compressor (T.p) intercooler (T;,)
futa To engine
Ly —
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T

Air temperature into turbo (T)
temperature ambient

The idea here is to compare the temperature rise of the intake air caused by
the turbo to the amount of heat removed by the intercooler.

Temperature rise through the compressor is compressor outlet tempera-
ture (T..,) minus ambient temperature (T,).

Temperature rise = T, - T

Heat removed by the intercooler is the temperature difference between air
exiting the compressor (7,,) and air exiting the intercooler (T%,).

Temperature removed = T, T,

Intercooler efficiency (E;) is then the temperature removed divided by the
temperature rise:

r
;- Icn_Ti'n

it b i 1

EIR AR




Fig. 59. A water-based
intercooler mounted in
an ‘87 Mazda RX7.

Choosing
the Type of
intercooler

Fig. 510. Plate-stvle
intercooler cores offer a
good balanee of
ambient vs. charge air
flow areas,

CHOOSING THE TYPE OF INTERCOOLER B3

l| #I- I ai.-'lull"a' 2
F'E' " i

Example:
Let T, = 80°F, T,, = 250°F, and T';, = 110°F.
Then
250 - 110
e — = £
E, = S~ = 0.824 = 82.49%

Currently, there are two types of intercoolers suitable for street use, the air/air
unit and the air/water unit. Each has its own areas of merit. The decision
about which is most suitable for a particular application is based on the merits
of each with regard to the configuration of the vehicle.

The air/air unit will generally have greater simplicity, greater thermal effi-
ciency at high speeds, greater reliability, lower maintenance, and lower cost.
The air/water unit will generally have better thermal efficiency at low speeds,
better throttle response when a mass-flowmeter-equipped EFI system is
present, lower boost-pressure loss, and less compressor surge. Space require-
ments or plumbing complications may dictate that an adequately sized air/air
unit cannot be used. Thus the choice is sometimes made without any further
consideration.
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Design of the A variety of factors must receive equal and adequate attention when configur-
Air/Air  ing the air/air IC. A truly balanced and optimum design is just a case of work-
Intercooler  ing at the details until all facets of the layout are within the specifications
outlined in the following paragraphs.
INTERNAL FLOW AREA. A large part of the pressure loss through the IC system
is determined by the internal flow area of the heat exchanger cores.

Internal flow area = channel length xchannel width » number of channel,
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Fig. 513. Estinating
internal [low area
required in the core
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There is no magic formula for caleulating a correct flow area for a given efm
capability, but experience has shown that figure 5-13 consistently vields satis-
factory results.

If it were not for the turbulators, which are double-edged swords here, we
could make do with much less flow area, but we would experience considerably
less heat transfer. The turbulator’s job is to see that no laminar flow ever exists
inside the core. When this is done well, each charge air molecule will get its
chance to snuggle up to the core walls and exchange its heat energy with the
wall. If turbulators are dense, heat exchange is better, but flow loss is greater.
Conversely, no turbulators at all would yield minimal flow losses, but heat ex-
change would be lousy. If space is available for a large amount of core material,
one can logically choose a core with dense turbulators and trade high turbula-
tor drag for large internal flow areas. The reverse is equally correct: where
space is severely limited, a core with low-density turbulators should be selected.

Core sizing, Once internal flow area has been calculated, actual core size and
shape can be determined. With most cores, approximately 45% of the charge air
face is available for entry into the air tubes. To find the required area of the
charge air face, divide the internal flow area by this 45% figure. Cores are typi-
cally available in thicknesses of 2 and 3 inches, channel lengths (heights) of 6, 8,
10, and 12 inches, and widths of 9, 18, and 24 inches (which can be cut to any
intermediate width with a bandsaw). Cores with longer channels are available,
but they tend to reduce internal flow area, as indicated in figs. 5-20 and 5-21.

Example:

Let flow rate = 500 cfin. Fig. 5-13 mdicates that a typical intercooler would
require an internal flow area of approximately 25 sq in.
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Fig. 5-14. Estimating
cooling air available to
the intercooler
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INTERCOOLING

For a 2-inch-thick core,

56 in.” :
S, = 28 1n.

If space is available for the 2-inch-thick core, elficiency will prove shightly
superior, due to the greater width and consequent greater frontal area. Al-
though the thinner core is a better choice, the thicker core is entirely adequate.

The length of the air channels (height) multiplied by the width of the core is
the actual frontal area.

FRONTAL AREA. In many respects, frontal area reflects the amount of ambient
air that goes through the core to cool the intake charge. The greater the mass
of ambient air that can get through the core, the greater the cooling capability.
The actual rate of flow is the product of the forward speed and the frontal area
of the core.

Width =

Core frontal area

Airflow rate = sxa

Example:
Lets =60 mphanda = 2 sq it

Airflow rate = 60 ?:-}—E % 2 ﬁ‘z % 5280 r{’:i % 61[} r:::;: = 10,560 ¢fm
Thug, it is obvious that of two cores with virtually equal internal flow arvea,
the one with the greater frontal area should prove superior.

CORE STREAMLINING. Streamlining represents the ease with which ambient
air can get through the core. Certainly, the easier the air moves through the
core, the greater will be the rate of flow and, hence, the greater the cooling ef-
fect. For example, if the charge air tubes in the core present a rounded edge to
incoming ambient air, the rate of flow is likely to be somewhat greater, An en-
gineering factor missing from all core data published is an ambient air drag co-
efficient.

puers. A duct is, in a large sense, a form of streamlining of the core. The
ducts present the air molecules with no alternative but to go on through the
core. Do not underestimate the ability of a duct to improve the efficiency of the
intercooler.  would suggest that an improvement of 20% is possible, good duct



Fig. 515. This extrud-
ed tube style core is de-
signed for the airfair

intercooler application.

Fig. 516. Ambient
airflow through the core
ts proportional to the
external drag coefficient
of the core. The round-
edged extruded-type
core will permit more
cooling airflow,

Fig. 517. Minimum
duet inlet area should
not drop below one-

quarter of the core area.

DESIGN OF THE AIR/AIR INTERCOOLER 57

)
)
)
)
)
J
)
)
)

T, N VO R T, VI N et i N AN
T T T T T T T 1] T T ]
Cooling airflow Coofing airflow

versus none. When constructing ducts, it is decidedly worth the extra effort to
insure that the air molecules have no alternative but to go through the core.
That is, seal all edges, corners, and joints.

It is not necessary for the duct inlet to be as big as the frontal area of the IC
core. A rule of thumb is that the duct inlet should be at least one-fourth the
core area. This rather strange situation is brought about by the fact that less




58 CHAPTER 5: INTERCOOLING

Fig. 518. Proper
ducting will force more
cooling air through the
intercooler.
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- Air finds it most difficult
- — to come out and go around
- i

than one-fourth of the air molecules would get through the core with little or
no attention to ducting.

core THickness. Choosing the thickness of the intercooler core is a bit of a
juggling act similar Lo the turbulators. The juggling act is brought about by the
fact that the second half of any core does only one-fourth the work.

Adding thickness to the core will indeed improve efficiency, but the gains he-
come less and less. Another negative effect is brought into play by mecreasing
the thickness: the increasing difficulty of getting the ambient air to pass
through the core. Essentially, then, the drag coefficient of the core goes up as
thickness increases. A clever way to package cores where fi rontal area is scarce
and depth abundant 1s the staggered-core 10, discussed later.

& RULE: When viewing intercooler designs, regard thick core layouts as less
than well thought out.

cone sLow pirection. When adequate space exiats for a large IC, the decision
must be made about the direction n which to orient the core, Unless over-
whelming reasons dictate otherwise, the core should always be constructed to
provide the greatest possible internal flow area. The direction of flow is unim-
portant, For example, Lhe ICs in figure 5-15 take up the same space, but the ver-
tical-flow unit has more internal area and. hence, considerably less restriction.
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Fig. 519. Increasing
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Fig. 5-21. This is the
proper way to make a
bigger intercooler.
Always tncrease the
core area by adding a
greater number of
internal passageways.
Do not just make the
same number of
passages longer.

INTERCOOLER END TANK DEsIGN. Several details in the design of the end tanks
fitted to the IC cores can both improve thermal efficiency and decrease low
losses. It is certainly not a good idea to suggest that all those molecules of air
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Fig. 5-23. Good and
bad end-cap designs
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can easily and conveniently find their own way into and eut of the intercooler.
Think in terms of herding sheep. Give them direction and guidance and make
the journey easy for them.

In-cap pesiGN. It is fundamental that thermal efficiency will improve if we
can get equal distribution of airflow through the core tubes, A serious attempt
at accomplishing this can be made by suitable baffles built into the in-cap.

The position of the inlet to the in-cap should receive attention in several ar-
eas. Keep uppermost in mind the requirements of air distribution and ease of
flow,

Out-cap pesiGN. After the distribution Job is done by the in-cap, it is the out-
cap’s lot to gather up all the molecules and point them toward the engine. This
must be done with equal attention to streamlining, to keep flow losses to a
minimum. Point the sheep in the direction of the exit, give them room, and
don’t make them do anything sudden. Do not offer them any abrupt changes in
direction.

Good Bad
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Tuee sizes anp sHapes. There is probably a magic number that airflow veloe-
ity in a tube should not exceed, for reasons of rapidly increasing drag and con-
sequent flow losses. I suspect this number is around Mach 4, or about 450 feet
per second, since drag, and therefore flow loss, increases significantly after
this. Tube size can easily be checked by calculating the maximum airflow at-
tainable, dividing by the area of the tube in square feet, and dividing again by
60 to convert to feet per second. An approximate value for maximum airflow
can be obtained by multiplying the desired bhp by 1.5.
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400 bhp, for which maximum airflow is approximately 600 cfm,

Example:
Let power =
and air tube diameter = 2.5 1n.
Then
Velocily = arflow
arec
600 JI'-T_ L min
_ mun 60 sec  _ 499 It
[2‘5)2. 8" 3 ﬁﬂ sec
| — | in. _— 1%
2 144 ;, ?

The speed of sound is approximately 1100 feet per second. Therefore,

293
Mﬂ.ﬁh = m‘ﬁ — DET
Thus, the 2.5-inch-diameter tube will be adequate to flow 600 ¢fm without
as little

unreasonable drag.
Resist the temptation to use larger diameter tubes than necessary,
drag is created in smooth tubes with gentle bends. Larger tubes will only add

to the volume of the IC system, and that is not a good thing to do.
« RULE: A large tube is not necessarily better than a small tube.
udden change of cross

BENDS AND SECTION CHANGES. Any bend in a tube or s
section must be viewed as a potential flow loss or source of increased drag. It

would be reasonable to estimate that every time the airflow must turn 90° a
loss of 1% of the flow will oceur. Three 30° bends will add up to a 90. Always use

Fig. 5-24. Minor flow
interruptions can exist .
al tube intersections. =
Poor
. [ Cho .
 I— | (S |
Connecting hose
Better -
= =
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Z / Connecling hose
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Poor —

Connecting hose - -ﬁ\
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Fig. 525. A cone angle
greater than 15° can
cause disruption of the
air stream’s boundary
layer, increasing drag.

Fig. 526. Tie bars
on intercooler tubes
relieve tension on the
connecting hose,
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the largest possible radius for any change of direction. Certainly a short-radius
90° bend will lose more flow than a large 90. The change from one size tube to
another is frequently necessary for purposes of getting into a throttle body, out
of the turbo, and into and out of the intercooler. These changes of section upset
smooth flow and create losses.

Gradual changes of section can best be created by conical segments. A rea-
sonable rule of thumb for the angle of the cone would be one diameter change
in four diameter lengths.

Hoses anp connections. All hoses and connections spell trouble. At the outset
of designing a turbo system, consider all hoses and connections the weak links
of the intake system. Failure of a hose connection will certainly mean a loss of
boost pressure. However, where a mass-flowmeter-controlled EFI is used. the
engine will no longer run. When a hose fails, the engine can get air around the
mass flowmeter, and thus the meter loses its ability to generate the proper sig-
nal. Without the proper signal, the engine will run poorly or not at all. The
problem with hose joints stems from the fact that each joint has a load trying to
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Fig. 5-27. Adequate
airflow to an airlair
intercooler 1s a must for
good efficiency. This
intercooler would
benefit from a scoop
rather than the air
clearm.

Fig. 5-28. Devious
plumbing is sometimes
required to fit an airjair
intercooler into the
system. Keep tubes a
little larger and the
number of bends to a
AT,

push it apart equal to the cross-sectional area of the tube times the boost pres-
sure. If a system runs 20 psi boost through a 2-inch ID hose joint, it will have 63
pounds of force trying to pull the joint apart. This load will pull a hose off a tube
inless some form of barrier is presented to the hose or the load is forced to take
another path. In many instances the hose may stay attached to the tube, only to
have the hose worked over so badly that the hose itself fails. An easy cure for
this is a tie bar between tubes to carry the load, rather than letting the hose car-
1y it. The hose’s life then becomes a much simpler proposition.

The poor hose is trying to do all this load-carrying in a hot, hydrocarbon-
fuel-rich environment. It is necessary, then, to seek hose material impervious
to hydrocarbon fuels and exhibiting little degradation at the temperatures in-
volved. Such hoses are generally made of silicone-based material.

PLACEMENT OF THE INTERcooLer. The place to put an intercooler so often boils
down to finding available space for a big enough unit. That doesn’t take much
seience. A few rules, however, should receive some forethought. Try hard not
to put an air/air intercooler in the same compartment as the engine. Placing it
hehind the cooling system radiator is also out. Consider that air having passed

P S TN L R e T i
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Fig. 5-29. A direct air
path to the airfair
intercooleris necessary,
even if slots must be cut
in the body panels.

Staggered-Core
Intercooler

Fig, 530. The ali-
conguering Toyota GTP
car from Dan Gurney's
shops. Endurance
racers will always tend
toward airfair inter-
cooling,
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through the cooling system radiator is generally 40°F or more, hotter than am-
bient and therefore does a lousy job of trying to cool anything.

Indeed, the turbo, in low boost ranges, may not heat the intake charge up to
the temperature level of the underhood air that is being asked to cool the in-
take charge. When this happens, the intercooler becomes an “interheater”—
not a good turbo part. When the boost rises to the point that the temperature
of the charge exceeds the underhood temperature, the 1C will begin doing
some work but will forever suffer from a severe efficiency loss. Not what we
want. Underhood radiation of heat to the IC can also be a problem. Insulation
and ducting can help these problems, but, fundamentally, the engine compart-
ment is no place for an intercooler.

 RULE: Always be on the lookout for the villain called the “interheater ”

In a situation where frontal area space for an ICis limited but abundant depth
exists, the staggered-core IC should be considered. Basically, the staggered-
core IC is just a thick core unit with the back half moved aft a bit. Some fresh
air is ducted to it, while the used air from the front core is sent around the sec-
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ond core. A compact, high-flow 1C can be built with the staggered-core concepl.
Efficiency can be high, because the rear half of the IC is made to do its share of
the workload.

Fig. 5-31. Front
watercoolers for a
water-based interecoler
sysLent

Pl .. -' . — I":'.'--.: . -
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Air-to-Water  The water-based intercooler system becomes an attractive alternative to the
intercooler  air/air unit when space or plumbing restrictions preclude use of the latter. The
logic behind most of the design criteria for the air/air IC applies as well to the

water-based 1C. Obviously, there are different considerations for handling the

water. Although complex, the water-based IC enjoys the one terrific advantage

of the far greater (fourteenfold) heat transfer coefficient between water and

aluminum than between air and aluminum. This huge difference is of huge

Fig. 532, This installa-
tion of the water-based
intercooler onto the Ma-
serati bi-turbo clearly il-
lustrates iis
COMpPOCciness.
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Fig. 5-33. (General
layout of a water-based
intercooler

Fig. 5-34. When using
a typical airlair core as
a water heat exchanger,
reverse the direction of
-:'*harge air flow to
abtain greater flow
area,
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value only if all the heat transfer barriers can be optimized such that the 14-to-
1 rate can be of benefit. This is the path to the intercooler system that exceeds
100% for thermal efficiency. Presently this is not practical for any situation ex-
cept a drag car, Bonneville runner, or marine application. The solution to the
problem is in need of the services of a genius inventor type. Without any inge-
nious solutions, the water-based IC reverts to nothing more than an air/air
unit in which the intake charge heat is carried to the front of the vehicle for
exchange into the atmosphere by water rather than by the intake charge itself.

The focus of the problems on handling the water is largely centered around
rate of water flow, amount of water in the system, and the subsequent removal

of heat from the water.
CHARGE-AIR HEAT EXCHANGER. It is easy to get a large internal flow area inside

the water IC, since the most usable cores for this purpose are often air units
with the flow reversed.

Charge air Cooling water
Ambient Charge air
cooling air
Typical air core Typical water core

Although aluminum is by far the most convenient material to use in any 1C
application, copper core elements, should the situation allow them, can vield a
greater heatl transfer rate. The large flow areas usually associated with the wa-
ter IC readily suggest that core thickness should be expanded as far as space
permits,
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Fig. 5-35. A variation
on o water-basecd
intercooler. The copper-
element heat exchanger
15 instde the plenum.

Water will likely find equal access to all the core tubes, but attention should
be given to trapped air in the top regions of the core. A simple air bleed can pre-
vent air pockets. A better answer is to put the water in at the low point and
take it out at the high point.

Small air leaks in an air/air unit are unimportant, but any water leak in the
main heat exchanger core can be a disaster. Thus it is imperative that the unit
be pressure checked for leakage prior to use. Ten psi with the core underwater
is adequate. Don’t be surprised to see air bubbles coming right through cast
aluminum.

Warer pumps. Basily the most usable pumps are 12-volt marine bilge pumps.
These can be ganged in series or parallel, depending on pressure and flow capa-
bility of the pumps. The fundamental should not be overlooked that the more
water cireulated, the greater the IC efficiency. Consider a water flow rate of 10
gallons per minute a reasonable minimum. There is a trade-off in pump life
versus IC efficiency if the pumps are required to run all the time With perfor-
mance the focus of all this work, the answer should be that the pumps run con-
tinuously. If the pumps run continuously, the interesting thing happens that
when off boost, the intake air will be cooling the water in the IC.

Wiring the pumps to a switched 12-volt source will permit an audible in-
spection of their function every time the ignition is turned on, The pumps
should be mounted as the low points of the IC system, so that they will always
be primed and thus preclude the chance of their running dry.

coorant. Water is by far the best cooling medium. Glycol and other anti-
freeze materials degrade the ability of water to transport heat and should be



Fig. 5-36. An offshore
racing boat is the ideal
situation for a water-
based intercooler; The
seawater coolant with a
temperature below
ambient air offers the
megahorsepower racing
boats an intercooler
with the potential io
exceed 100% efficiency.
- This unit was designed
for a 1500 bhp twin-
 turbo, big-block Cheuvy.
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used only in quantities required to prevent freezing and corrosion. Essentially,
put the same ratio of water and antifreeze into the IC that is used in the engine
cooling system. Use of a modern coolant can offer the further benefit of protec-
tion from aluminum corrosion. Distilled or demineralized water will keep the
system clean.

Reservoirs. ['he size of the reservoir is of prime importance to the efficiency
of the water-based IC. Consider that most applications of boost will last only a
few seconds—say, 15 as a high average. Then it is reasonable to be sure in this
interval that any given piece of water will not see the 1C unit twice. A pump
capability of 10 gallons per minute will move 2.5 gallons in 15 seconds: thus.
the ideal size of the reservoir here is 2.5 gallons. Unreasonably large, obvious-
ly, but the point is made that the bigger the reservoir, the greater the time until
the water takes its second lap through the IC. It is not too difficult to see that
as a larger reservoir is used, the need for a front cooler decreases. Consider
that the greater the mass of water, the greater the thermal inertia.

Front cooter. The front cooler is the least important part of the IC system.
as 1t 18 doing most of its work when the vehicle is not operating under boost, At
the start of a boost run, the entire system will be at approximately ambient
temperature. As boost rises, healing the water in the main core, this heated
water must get to the [ront core before it has any temperature difference with
which to drive the heat out. This time delay can be as long as 7 or 8 seconds.
depending on the size of the reservoir. That amount of time is typical of a boost
application. It is elear, then, that the front cooler will do most of its work after
the boost run, Since the temperature difference between the water and the
front core is small compared to the temperature difference between the boost
charge and the water, the time required to cool the water down is much greater
than the time required to heat it up. This is another reason for running the wa-
ter pumps all the time. The front core does not need to be as big as it may seem
al first glance, because the relative cfm rates through the two cores will usual-
ly be heavily biased toward the front cooler. For example, a forward velocity of
Just 60 mph could potentially put 5280 efm through a cooler of 1 square foot
area. Surely it is another case of bigger is better, but not really enough better
to get carried away with huge front coolers.



70 CHAPTER 5: INTERCOOLING

Fig. 5-37. The walfer-
hased intercooler mitst
have a front-mounted
heat exchanger. The
compactness and
effictency of oil coolers
makes them tdeal for
this application,

Water Spray
onto Intercoolers

Water Injector

One-Shot
intercooler
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Spraying water onto an IC core, presumably an air/air unit, is a method of im-
proving thermal efficiency of the IC. Preliminary testing of such a mechanism
has been shown to offer an easy improvement of 5 to 10%. The design and use
of any cooling system based on a consumable fluid is best considered for special
events only.

The water injector is not a very interesting device. It has little place in a prop-
erly conceived turbo system. Two circumstances are viable for a water injee-
tor: a 1970 home-built Vega turbo with a draw-through carb, or a Roots
supercharger sitting between a huge engine and two huger (really big) carbu-
retors, To stake the margin of safety of a turbocharged engine on an inherently
unreliable device is an idea whose time has long since passed. RIE

= RULE: A water injector on a turbo car is a poor-excuse band-aid for not do-
ing the job correctly the first time.

Special-purpose events like drag racing or fop-speed trials lend a note of keen
interest to the one-shot, superefficient intercooler. While not yet practical for
everyday use, intercoolers operating well in excess of 100% efficiency can easi-
ly be created and used to great advantage for short durations. The principle be-
hind the 100+ % efficient intercooler is that of providing a cooling medium for
the heat exchanger core that is either below ambient temperature or that can
absorb huge amounts of heat by the evaporation process when in contact with
the core. Examples of each would be an ice-water-bathed core or one sprayed
with liquid nitrogen. Keep in mind that whatever the cooling medium, it must
be kept in motion at all times, to avoid boundary layer formation. A stationary
boundary layer will get warm and severely restrict the flow of heat from the
core. Don’t get carried away with gleeful thoughts of how great a 100+% inter-
cooler will be and overlook that equally important design aspect of pressure
loss through the core.



Fig. 5-38. An tce-chest
heat exchanger for a
one-shot intercooler for
| drag racing. Ice is
packed around the
water tubes, and the
container is then filled
with water.

ONE-SHOT INTERCOOLER T1
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AND FURTHERMORE. . .

What is an intercooler, and why is it of merit?

The intercooler is a heat exchanger (radiator) placed on the turbo compres-
sor outlet. Its purpose is to reduce the temperature of the compressed air com-
ing out of the turbo, increasing air density and allowing higher boost
pressures.

This change in temperature has two distinct advantages: it increases power
and 1t staves off detonation to considerably higher boost pressures. Cooling a
gas makes it denser—i.e., more molecules per cubic inch. The density increase
will generally be around 10 to 15%, depending on boost level and cooler efficien-
cy. Power increases proportional to density. This is certainly a useful increase in
power but nowhere near all that is safely available. The increased margin of
safely on detonation is so great, due to the temperature reduction, that a por-
tion of that margin of increase can be used to raise the operating boost level, In
my experience, detonation will be suppressed a further 4 to 5 psi boost with a
proper intercooler (provided a correct air/fuel ratio is present). Operating boost
pressures can and should then be raised 3 or 4 psi. The improvement in perfor-
mance as a result of this additional 34 psi intercooled is approximately the
same as the performance provided by the first 5-6 psi of boost.

However, there can be pitfalls, First, it is currently in vogue to offer an in-
tercooler as a substitute for a correct air/fuel ratio. Can’t do it. A correct air/fu-
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Fig. 5-39. Increased in-
tercooling for factory
turbo cars should be ac-
companted by modest
boost increases.

Fig. 540. An elaborate
yet effective water-based
intercooler built by Jim
MeFarland, Mechtech
Motorsports, for hus
urtigue Nissan V-6
twin-turbo-powered
four-seater sand car

el ratio is imperative. Must have. If your choice is one or the other, you must
choose the correct air/fuel ratio. Both are the best situation, by far.

Second, too great a pressure loss pumping through an intercooler can raise
exhaust manifold pressure by such a large amount as to demolish virtually all
the power increase offered by the intercooler. A zero-resistance intercooler is
ideal. Get as close as you can. Know what you buy. Ask what the pressure drop
is at 1.5 times the c¢fm rating of your engine, It should be less than 2 psi. Few
will be, OEM included.

What configurations do intercoolers come in?
There are two basic styles of intercoolers: air-to-air and air-to-water. Each
has distinet merit, vet each has some problems. Air-to-air is the simplest. It




Fig. 541, Even an old
XKE Jaguar can sport
an intercooler, but don't
block all the cooling
system atrflow.
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has no moving parts and is as reliable as a brick. Heat-transfer capability is ad-
equate, but pressure losses can be high, particularly with the small cores gen-
erally used. A given pressure loss through the intercooler will show up as an
increase ol twice that in the exhaust manifold pressure—one of the devils of
turbocharging. All in all, a good unit if sized for adequate heat rejection and
minimum pressure loss.

The air-to-water unit suffers a bit from complexity, but it does perform. It is
composed of two radiators, one between the turbo and the engine and a small-
er one in front of the standard cooling-system radiator, The water is circulated
by an electric pump.

Decisions on which unit to use must be based on the engine, available space,
fuel injection flow sensors, and a variety of other factors. An example of each:
the obvious choice for 6-cylinder BMWs is a water-based unit, since no space
exists for adequately sized air/air cores. Further complicating the air/air unit
in the BMW 6 is a complete lack of high-velocity air in the only space where
even a small core will fit. On the other hand, the Ford Mustang GT offers an
ideal situation for the air/air unit in all respects. The space exists for a truly
huge air/air unit (three full cores), and it sits in a great airflow spot.

What is water injection, and when is il needed ?

Walter injection 1s the spraying of a fine stream of Hs0 into the intake sys-
tem. Heat absorbed upon vaporization of the water has a strong cooling effect
on the hot compressed air exiting the turbo. The reduction in intake air tem-
perature reduces the tendency to knock.
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Don't be too hasty to create a margin of safety on detonation based on an
unreliable device. Water injection is best used when boost levels over 6 psi are
desired but no intercooler is present. Do not allow a situation to exist where
the water injector is used as an excuse for improper air/fuel ratios. All things
considered, you would be far ahead never to have heard of a water injector.



INTAKE MANIFOLD

Guidance of airflow into the ¢ylinder head is the job of the intake manifold.
Control of the amount of flow is the function of the throttle.

A fuel-injection-equipped engine will usually flow an air/fuel mixture over a
short portion of the intake manifold passages, whereas a carbureted engine
will flow the air/fuel mixture through the entire length of the manifold. These
two different characteristics create vastly different design requirements.

FUEL INJECTION MANIFOLD

Fig. 6-1. The Cosworth
- V-8is one of the greatest

racing engines in

history. In its turbo-
charged Indy car form,
it shows the way to
high-performance

intake manifolding,
throtiling, and plenum
- 81zes and shapes. Note
the throttle position at
the lower froni of the
Plenum. The throttie
inlet sweeps upward

into the center of the
Plenum,

The basic layout of the fuel injection manifold will be determined by its appli-
cation. A racing application will generally tend toward a design with one throt-
tle plate per cylinder. Typically, a street manifold will employ just one throttle
plate or one multiple-plate progressive throttle body, attached to a plenum
Lthat will feed all cylinders. The one-plate-per-cylinder style will exhibit lower
flow loss and is thus more suitable for maximum power. With just one plate to-
tal (or one progressive throttle body), a considerably crisper intake manifold
vacuum signal is generated. This greatly increases the accuracy with which
low-speed fuel and ignition can be calibrated and is thus better suited to a
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Fig. 6-2. Top: Log-style —
intake manifold with o &
single throttle inlet. ']
FETE  GESEESE RN

Bottom: Plenum
manifold with multiple
throttle plates

street-driven automobile. Synchronizing the flow, cylinder to cylinder,
through multiple throttle plates is another matter altogether.

The two vastly different applications have many features in common. Both
require an ideal shape for air inlets into the runners to the combustion cham-
bers. Both require considerable thought as to the rate of taper of the port run-
ners. In all applications, it is desirable to accelerate air toward the combustion
chamber. This is done by gradually reducing the section area of the runner as
it nears the chamber. Accelerating the air to a reasonably high velocity is ben-
eficial, because it promotes chamber turbulence, yielding better combustion.
Better chamber filling, which creates more power, will also occur.

Fig. 6-3. The big-bloch
Chevy Super Ram
manifold/plemnum)
throttle assembly.

A compaet design with
short runners and good
inlet shapes that work
well at high flow rates.
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Fig. 6-4. The symmetri-
cal intake manifold
(top) has a higher
probability of equal flow
to each cylinder than
the more compact non-
symmetrical design,

Fig. 6-5. A modest
performance EFI
manifold created from
the classic V-8 intake
manifold.

Fig. 6-6. Individual
tntake runners from

a plenwm are useful
design features. A good
example of a symmetri-
cal design.
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The length of the runner has a strong effect on the amount of air that actu-
ally gets into the chamber during the intake valve cycle when the engine is not
under boost. Due to its complexity, this phenomenon is best studied separately
from turbo design. Here, it is sufficient to say that higher-speed engines will

tend toward shorter intake runners. Low-speed and mid-range torque gener-
ally shows gains from longer runners. Turbo applications will generally find
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Fig. 6-7. A four-
injector, single-throttle
intake manifold for the
Muazda rolary engine,
This is a non-
symmetrical destgn.

best results with long runners, which provide a broad, flat torque curve at low
speeds, while the turbo keeps the top end strong. In the fuel injection applica-
tion where only air is moving inside the runners, the runner design becomes
free to go up, down, or sideways.

Symmetry of design is a desirable characteristic, either race or street, as it
facilitates equal distribution of airflow to each cylinder.

. [#)
Fig. 6-8. Ungainly, "- 3 F‘

perhaps, this is the
shape of an ideal air / \ /
inlet. Radius of arc equal to o

- =~ Throat diameter o

Fig. 6-9. An inlake
plenum should be
several times larger
than a cylinder’s
displacement. This
Ford GTP car satisfies
that requirement well.




Plenum

Fig. 6-10. The shape of
the intersection between
plenwem and intake
runner must approach
the ideal air inlet

shape.

Fig. 6-11. This Porsche
Indy engine clearly
tlustrates plenum size
requirements.

PLENUM 79

Virtually all fuel injection manifolds will have a plenum. The plenum volume
should be a function of engine displacement—in general, 50 —=70%. One of the
critical design points in the manifold is the plenum-to-runner intersection.
This is the point at which a bell-mouth-shaped inlet to the runner must be

carefully made.

.
N

Ideal inlet shape

N
/

AN

Intersection of two equal-radius
tubes yields good flow
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injector Location

Fig. 6-12. A standard
injector: The injector
angle with respect to the
inlet port should be as
shallow as possible.
Consider 207 the

LI,

Fig. 6-13. An upstream
injector

Throttle Bodies

Only two basic rules apply to the location of an injector. First, it must be aimed
as straight down the center of a port as possible. Second, it should discharge at
a point where air velocity is at or near its highest.

Oceasionally a system will have such a large airflow or rev range that a sin-
gle injector cannot provide enough fuel. In such circumstances, at least a sec-
ondary fuel injector will be required, and sometimes even a third. Alignment of
the secondary injector is not as critical as the primary, because the secondary
is generally not used until the system has achieved a relatively high rate of air-
flow. In street applications, it is still desirable to point the secondary injector
downstream. Race applications, however, have occasionally aimed the second-
ary back upstream. Although data are scarce, this may offer shightly better at-
omization and is worthy of consideration.

20° maximum

The throttle body is usually one of the serious airflow restrictions in the turbo-
charger system. Simply making the throttle bigger will alleviate the problem,
but low-speed driveability can become an on/off, jumpy proposition. A big
throttle plate open a small amount can let in a lot of air, and smooth low-speed
throttle response will suffer. A maximum air velocity of approximately 300
ft/sec will keep flow losses acceptable.

Air velocity can be calculated by

atrflow rate
area of section

Velocity =

Example:
Let efm = 500 and throttle throat ID = 2.5 inches.



Fig. 6-14. EFI throitle
bodies on a Chevy
small-block manifold.
With one throttle plate
per cylinder, this is one
of the lowest-restriction
throttling layouts.
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[f 300 ft/sec is exceeded and the single throttle plate is not accompanied by a
progressive linkage, it would be time to consider a two-plate progressive throt-
tle body.

For race applications where one throttle plate per runner is employed, it is
quite adequate to sum the throttle plate areas and caleulate aceordingly, or
simply to use one cylinder and one throttle. The 300 ft/sec fizure should still
offer a suitable guideline.

The beautiful race hardware utilizing slide-valve throttles should generally
be avoided, because the area times pressure usually yields forces of large mag-
nitude, Special bearings and linkages can make the slide valve workable. In
general, life is vastly simplified with the standard old twist-shaft throttle
plate.
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Fig. 6-15. The
progressive throttle
linkage is a simple
concept and effective af
producing smooth
operation at low engine
speeds.

Fig. 6-16. Neuspeed's
large VW throttle body
is a progressive unit
with obvious value for
custom turbo
applications.

Progressive
Throttle Bodies

Mechanical

The attraction of a two- (or multiple-) plate progressive throttle body can be
strong. The application needs careful analysis, since the progressive is not al-
ways of the benefit it may seem. The best place to use the progressive 1s with
large engines that accelerate well at low speeds with little throttle opening.
Generally, avoid the progressive on small engines that require a lot of throttle
just to make them move.

CARBURETED MANIFOLD

Although seriously on the decline, and with good reason, a few more carburet-
ed turbo systems will certainly be built. Such a huge number of intake mani-
folds are in production today that selecting a good one amounts to little more
than a literature search. In general, manifolds employing one throat per cylin-
der will yield the most performance. Those with less will usually offer slightly
better low-speed driveability.

These are, of course, all of the blow-through style. A discussion on collectors
or plenums for blow-through carburetor applications would be much the same
as the discussion relative to the fuel injection plenums. Follow the same prin-
ciples, and you will be on the right track.
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Flg. 6-17. An examnple
of a carbureted intake
manifold converted to
EFT on the Maserati
Bora.

"AND FURTHERMORE . . .

_ Will a turbo work with my stock carburetor or stock fuel injection?
¢ * stock carb: no
| * stock fuel injection: no, not quite
No fuel injection in use today will automatically provide fuel for the in-
creased airflow created by the turbo. However, stock electronic fuel injection
systems work so well in all nonboost modes that it is advisable to retain the
system and keep it absolutely stock, for ease of repair.

What constitutes a proper intake manifold?
Streamlining, above all. Uniform port shapes, smooth section changes, and
insulation from heat. Symmetry and runner length are important.

Fig. 6-18. The strong
benefits of a good
intake manifold

 design for turbo
applications have
prompted many people
to create interesting
‘and complex designs,
such as the one made
for this Mitsubishi

- J-liter Vo6 with twin
turbos and

-~ intercoolers.




Fig. 7-1. The modern
engine-management
system.

ELECTRONIC
FUEL INJECTION

The atomization of fuel into the air charge is extremely significant to the
functioning of the internal combustion engine. If any single aspect of engine
performance can be labeled “most important,” fuel control is a strong candi-
date for the honor. Electronic fuel injection, in particular, can do that job better
than any other form of fuel injection or fuel mixing device. Principles, applica-
tions, and modification of EFI will be dealt with in the discussion that follows.
Neither cis (“eontinuous injection system”™), a type of fuel injection that uses
pneumatic and hydraulic controls, nor throttle-body fuel injection is discussed
in this book. EFI has proven its superiority all the way from economy shoebox-
es to Indy champ cars. It has been a long time since a major road race winner
was equipped with a fuel system other than EFI1. Surely, then, any serious tur-
bo will be accompanied by EFI. Nothing else even comes close. Start with the
best there is, and you won’t wind up stuck or cornered later on.
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Fig. 7-2. An adaptaiion

of the Electromotive

TEC I EFI to an ultra-

modern engine in the
Acura Integra.

Principle
of EFI

ELECTRONIC FUEL INJECTION

An EFI system is composed of electrically actuated fuel valves that open by a
voltage signal, permitting fuel to flow. The air/fuel ratio is controlled by the
amount of time the injectors are held open per combustion cycle. This is called
pulse duration. The EFI computer gathers data from a group of sensors that
tell it how fast the engine is running and the load at that instant. With that da-
ta, the computer starts looking through its stored information to find how long
it should hold the injectors open to satisfy the fuel requirements dictated by
those load conditions, When that information is found, it is pulled out of the
memory and relayed to the injectors as a voltage pulse of a specific duration.
These durations are measured in thousandths of a second, or milliseconds
(msec). When that eycle is complete, the programming of the computer tells it
to go do it all over again but to be alert for new conditions. All this data acquisi-
tion, analysis, and distribution takes about 15% of the computer’s attention.
The remainder of the time it just sits. Too bad it can’t be reconciling your check-
book in its off hours. The sensors the computer relies on to keep it informed are
an integral part of EFI and are analogous to the eyes and ears of the system:

Air-mass/airflow sensor. An EFI system configured with an air-mass or air-
flow sensor is called a “mass flow”™ EFI system. The sensor attempts to mea-
sure the number of air molecules flowing through the system at any instant. If
this number is divided by the speed of the engine, it gives an accurate reflec-
tion of the amount of fuel needed per combustion putt in the engine.

Air temperature sensor. Air density changes as a function of temperature.
Therefore, the computer must know to change the pulse durations slightly if
the air temperature sensor detects a change in the air temperature.

Barometric sensor. Air density also changes with altitude. An atmospheric
pressure sensor—a barometer—provides the computer a varying signal with
changes in altitude.

Coolant temperature sensor: The amount of fuel the engine needs is inverse-
ly proportional to engine temperature. The coolant temperature sensor re-

flects the engine’s operating temperature. With a cold engine, a huge amount
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and Pulse
Duration
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of fuel is required just to get enough to vaporize, so it can burn. The hotter the
engine, the easier vaporization becomes, and the less fuel required,

Manifold vacuum/pressure sensor. Not all EFI systems will be equipped
with a manifold pressure sensor. Those that are, are properly called “speed
density” EFI systems. When the manifold absolute pressure (MAP) sensor is
used, an air- mass sensor or airflow meter is not necessary. The manifold vacu-
um or manifold pressure at any given instant is a good reflection of the engine
load at that time. Hence, the MAP sensor provides the computer with another
bit of operating condition data.

Oxygen sensor. The oxygen sensor measures the amount of oxygen left over
from the combustion process. It is mounted in the exhaust manifold and thus
becomes the after-the-fact watchdog for the computer. If the sensor detects too
much oxygen, the computer will know by referring to its stored information
that it is time to lengthen the injection pulses slightly, thus adding fuel and us-
ing some of the excess oxygen. By monitoring the leftover oxygen, the comput-
er can continuously home the pulse durations in on the air/fuel ratio it was
programmed to give. The oxygen sensor’s purpose in life is to keep the air/fuel
ratio in the ranges needed by the three-way catalytic converter. It is not a pow-
er or economy device.

Tachometer circuit. The pulsing of the injectors every combustion eycle
must, of course, always be referenced to the engine speed. The tach circuit does
this by monitoring the low-voltage pulses to the coil.

Throttle position sensor. The actual output of an engine is largely dependent
upon throttle position. Full throttle is obviously asking for everything the en-
gine has, and fuel flow must rise to the occasion. Therefore, throttle position
becomes a significant bit of data for the computer. A further data input that
the throttle-position sensor offers is the rate of change of the throttle position.
This function becomes the equivalent of an accelerator pump in a carburetor.
The accelerator pump offers a sudden rich condition to allow a smoother load
transition,

Support pieces for the EFI system are fuel pumpsg, fuel pressure regulators,
fuel lines, air valves, idle controls, and relays.

A good working knowledge of EFI must include an understanding of how injec-
tor sizes vary with differing requirements of cylinder size, power output, and
operating range of manifold pressure. First it is necessary to understand the
intrinsic nature of the timed injector and the available time in which it must
work. The available time is limited to the time required for one complete en-
gine cycle. In a four-stroke-cycle engine, available injector time is the time re-
quired to complete two revolutions of the engine. As the speed of the engine
increases, available injector time decreases. Thus the injector inherently takes
up a greater and greater portion of the available time as the engine speeds up.
Eventually, the point arrives at which engine cycle time is equal to the time the
injector needs to deliver the required amount of fuel. This point is the 100%
duty cyele point,

Two types of EF] systems are available: sequential and nonsequential. Se-
quential, which is the most common, pulses an injector in the same order as
the firing order of the engine. In so doing, sequential pulses each injector every
other revolution; that is, once per engine cycle. The nonsequential style usual-
lv pulses all the injectors at the same time and on every revolution. Sequential
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Fig. 7-3. Maximum
fuel injection pulse
time available per
revolition is a function
of engine rpm.

Modifying Stock
EFl Systems

ELECTRONIC FUEL INJECTION
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EFI therefore has a pulse duration twice as long as nonsequential, but nonse-
quential pulses twice per engine cycle, thereby closely approximating delivery
of sequential EF1. A clever variation on sequential injection is the ability to ad-
just exactly when the pulse occurs relative to the opening of the intake valve.

The two convenient points to remember are at 600 rpm and 6000 rpm. These
two points take 100 msec and 10 msec, respectively, per revolution, or 200 msec
and 20 msec for complete engine cycles. Again, it is important to remember that
90 msec total time available, whether it is in two pulses of nonsequential EF] or
one pulse of sequential EFL. The fundamental idea behind all this analysis stuff
is that the injector must be big enough to deliver all the fuel the cylinder re-
¢uires in 20 msec at 6000 rpm (or even less if the engine runs faster),

Within the scope of low-boost-pressure (under 7 psi) turbo systems added to
normally aspirated engines, adequate fuel deliveries can be achieved with
modification to the stock EFI equipment. The basic requirement of knowing
that the fuel delivered through the injector nozzle is the right amount for the
conditions still exists and must be satisfied. Increasing fuel flow through the
EFI system is limited to one of three choices:

¢ lengthening injector pulse duration

* increasing nozzle size

« increasing fuel pressure

LENGTHENING INJECTOR PULSE DURATION. Prior to any attempt to increase fuel
flaw by longer pulse duration, it is necessary to determine the time of an en-
gine revolution at redline (peak horsepower) and the maximum duration of an
injector pulse. This will allow us to calculate whether additional time is avail-
able to lengthen pulse duration. Injector pulse duration can be determined by
an oscilloscope or pulse duration meter. This measurement must be taken
while the car is moving at full throttle near the torque peak, which is approxi-
mately two-thirds of redline rpm.



MODIFYING STOCK EFlI SysTEMS 89

As rpm inereases from about 3000 rpm and injectors are open a larger per-
centage ol each revolution, sequential EFI reverts to nonsequential. The dis-
tinction between the two types can therefore be ignored in caleulating
additional fuel flow as long as pulse duration is checked above 4000 rpm. Then
it is accurate to analyze available pulse increase based on one pulse per revolu-
Liomn.

The time required for one revolution at engine redline determines whether

time is available for longer EFI pulses. This can be obtained from figure 7-3 or
by calculation:

60 s

min
redline rpm

Time of one revolution =

Example:
Let redline rpm = 5500.
Then
6o S¢¢
: - LI
Time of one revolution = 5500 rpm 0.0109 = 10.9 msec

Onece the time of one revolution at the redline is known and redline pulse
duration has been measured, the available increase can be calculated.
In msec,

Available increase = time of one revolution — redline pulse duration

As a percentage,

time of one revolution
rediine pulse duration

Available increase = -]

Example 1:

Let redline rpm = 5500 and redline pulse duration = 6.2 msec.
Then

Available increase = 10.9 msec - 6.2 msec = 4.7 msec

As a percentage,

Avatlable increase = %— -1= 0.758 = 76.8%
Example 2:
Let redline rpm = 7500 and redline pulse duration = 8.0 msec.
80 Sec
Time of one revolution = TEGI;HJ';;.?J = 0.08 = 8.0 msec

Avatlable increase = 8.0) msec - 8.0 msec = ()

In this example, redline pulse duration takes up all the available time at the
redline rpm; therefore; no increase is available.

If investigation shows an increase in injector pulse duration is available,
then the methods of extending those pulses can be examined:

Sensor signal alteration. Pulse durations can be extended by increasing the
resistance in the coolant temperature sensor circuit. The amount of resistance
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Fig. 7-4. The coolant-
temperature-signal-
change-based fuel
system. Note: This is
not a workable fuel
syslem.

Fig. 7-5. The [IKS
pigayback compuler is
designed to aperate a
factory turbo car at
higher-than-stock boost
Pressures.

is determined by trial and error. The resistance must be added in increments
and only when under boost. This requires a messy series of potentiometers and
switches and will always prove less than acceptable.

Water termnperature sensor

=

Hesistor

ECU

Pr&séure
switch

w
1

Boost

Switch normally closed, opens
at specified boost pressure

Reprogrammed computer chip. Too many problems exist to expect a chip
change to offer a means of supplying additional fuel flow. This method is tough
to work out on flapper-door-style flowmeters, for example. It will not work on a
speed density system unless the MAP sensor is designed to operate at pressures
above atmogpheric. The tuner with the knowledge to decode an OEM computer
program and the equipment to reprogram the system can do the job. These
guys are real sharp and real scarce. All in all, this is a tough job to carry out.

Pulse signal interceptor. Currently, the only viable means of extending an
injector pulse is to intercept it, modify it based on manifold pressure condi-
tions, and send it on to the injector in place of the original pulse. Good technol-
ogy and lots of experience are required for success with this approach. Such
devices exist in limited applications.

INCREASING NOZZLE size. A change in nozzle size creates a situation wherein,
if left alone, the EFI will deliver more fuel all the time under all conditions.
This is not acceptable; thus, a means of returning fuel flow to its original level
at low speeds is necessary. It is possible to do this either by modifying the air-
flow meter's signal to the ECU or, with flapper-door-style flowmeters, by in-
creasing the return spring tension. The latter done inside the flowmeter and is

h'i'# ILI;. 1l :

=
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Fig. 7-6. The F-CON :
computer alters the EFI Stock F-CON

signal based on the ECU

magnitiede of the boosi-

pressure signal,
Fuel injectors

“———— Boost-pressure signal

Fig. 7-7. Rising-rate ; ,_EI]
regulator installed in _'}_i-j ] | ) Stock regulator
a fuel system ,—[ @9 I;P

(—— Pump | Injectors

Intake manifold signal
Rising-rate regulator

Tank

relatively easy. Injector nozzles up to 50% bigger can usually be retuned to

good low-speed operation by either method.

Increasing fuel pressure or adding injectors is only practical up to about 9-
10 psi (boost pressure), after which larger injectors become necessary. Al-
though OEM ECUs are difficult to reprogram, aftermarket units, which come
with software and instructions, are a cinch. With such units, increasing injec-

Fig. 7-8. The rising-
rate fuel pressure
regulator, invented by
Ron Nash in the
mid-"70s, ratses fuel
pressure rapidly as
boost increases.
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Fig. 7-9. The rising-
rate regulator can
deliver significantly
higher fuel pressures
as a function of boost
pressure.

Extra Injectors

Fig. 7-10. One or two

additional injectors for

the entire sysltem can
provide fuel for low-
hoost applications but
should not be consid-
ered for serious pouwer.
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tor size becomes the most potent method of supplying additional fuel. When
boost pressure exceeding 9-10 psi is planned, a change of injectors is necessary.

INCREASING FUEL PRESSURE. Increasing system fuel pressure as a function of
boost pressure is a viable method of increasing fuel flow to accommodate boost
pressures up to about 9 psi. Fuel flow changes through a nozzle are proportion-
al to the square root of the pressure change across the nozzle. A boost-pres-
sure-powered fuel pressure regulator can be made to drive the fuel pressure up
rapidly to keep pace with rising boost pressure. This type of mechanism is able
to use the original injectors but is limited to fuel pressure available through
the stock pump. Bosch or other high-pressure EFI fuel pumps can be substi-
tuted or used as supplementary pumps. These pumps ge nerally offer fuel pres-
sure up to 130 psi, which give the fuel pressure regulator adequate pressure to
work with. Proportioning fuel pressure to boost pressure maintains the timed
nature of EFL keeping fuel delivery proper relative to the air-mass rate of flow.

Some systems attempt to increase power by adding one or two injectors over-
all, rather than per cylinder. These injectors are customarily placed in the air
tube entering the throttle body and can be pulsed by a small control box based
on an rpm and boost-pressure signal. As is the case with increasing fuel pres-
sure, adding injectors is practical only up to ahout 9 psi. This is not an ideal
system, and, if used, care must be exercised in locating the injectors, to achieve

Control | Injector pulse signal

[ box

Boost-pressure signal
Tach ‘]

signal i /./.

v -

Wl
¥



Fig. 7-11. The inline-
six Nissan manifold as
equipped with six
staged injectors.
Original injectors are
to the left; secondaries
are further outboard,
to the right.

Fig. 7-12. The “add-on
injector” fuel supply
will indeed add a wseful
dose of fuel. The add-on
is pulsed with engine
speed; duration is
controlled by boost
pressure.

Fig. 713. Four stoged
secondaries can be
programmed lo operate
when under boost.

EXTRA INJECTORS

93



94 CHAPTER 7: ELECTRONIC FUEL INJECTION

Calculating
Injector Size

Testing
Injectors

Fig. 7-14. A simple fuel
injector flow-test rig

equal distribution of fuel to the cylinders in a manifold designed to flow air
only. The injectors must also be sized to deliver the fuel required for the de-
sired airflow rates. Ideally, one extra injector per cylinder is required for seri-
ous power. Otherwise, consider this a low-boost-power mechanism.

The preceding paragraphs cover the methods by which EFI may be modified
to operate under boost. Prior to selecting a method that suits your require-
ments, make sure your measurements and calculations are correct. Don’t get
off on any dopey tangents like turning on cold-start spray nozzles, or any other
equally inane schemes, without suitable investigation proving that the scheme
meets all the requirements of a properly conceived fuel system.

The EFI fuel injector has a rating of fuel low per unit time. A huge variety of
sizes exist. An equally huge number of units of volume or mass flow are used to
rate injector flow capacity. The following will convert cc/min to Ib/hr:

cubie centimeters  pounds %105

minite hour

The calculations required to come up with a properly sized injector for a giv-
en application are not rigorous. No rocket science here. One simple calculation
and the job is done:

expected bhp % 0.55
number of injectors

Pounds of fuel per hour per injector =

The .55 figure is actually the maximum load brake specific fuel consumption
(bsfe) of a typical turbocharged engine. In general, the number of injectors is
the same as the number of cylinders. Clearly, one should choose the next larger
size than the calculated value, to offer some margin for tfuture improvements.

An injector can be measured for its flow capability by applying a suitable volt-
age (usually 9, but check the manual) to the injector and 36 psi (stock fuel pres-
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Fuel Pump
Requirements

Fig. 7-15. Turbo fuel
systems, especially
‘those controlled by a
rising-rate regulator,
require high-pressure/
high-flow fuel pumps.
This Bosch pump will
supply 130 psi at flow
rates supporting 500
bhp.

Fig. 7-16. Typical fuel
pump flow versus fiel
pressure. Fuel pumps
deliver less flow with
increasing pressire.
The engine’s require-
ments must always siay
below the curve.

FUEL PUMP REQUIREMENTS 95
sure for most cars and standard pressure for measuring injector flow) to the
fuel. Let the fuel run into a graduated burette for one minute. The result is the

flow capability measured in ce/min. A couple of 1.5-volt dry cells will hold the
injector open just fine.

The fuel requirements of any engine system must be backed up by a fuel supply
system. The fuel supply system is the fuel pump, fuel pressure regulator, and
fuel lines. The fuel supply system must be able to meet the challenge with a rea-
sonable margin of extra capability. This margin requires a balance between the
pump’s flow capability and its pressure capability. An odd feature of all pumps
1s the fact that they produce their greatest flow at their least pressure. The
maximum pressure rating of a pump is when your thumb is on the outlet of the
pump, not letting anything out. In other words, no flow. On the other side of the
coin, the maximum flow of the pump occurs when it is free to pump with no re-
striction (no thumb). The EFI fuel pump is a positive-displacement pump driy-
en by a dc motor. As the work the pump is asked to do increases, the motor slows
down. As the motor slows down, the volume of fuel being pumped falls off. To
operate EFI systems, we must have fuel pressures of 40+ psi. Therefore we
must know, calculate, or measure the fuel flow rates at these pressures. Any
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Fig. 7-17. Approximate
fuel pump flow require-
ments versus engine

bhp.

Fig. 7-18. Fuel pumps
i parallel should have
separate, dedicated fuel
piekups.

given pump will have a flow-versus-pressure curve. These can be hard to come
by, but it is not a real challenge to measure a particular pump’s capability.

Perhaps the simplest method of determing a pump’s capability (particularly
il it is already there) is an actual field test, to see if it maintains maximum re-
quired fuel pressure to the engine redline. If it does, fine. If not, however, this
test provides no data about what is needed.

1000 +
00 1+
800 +
00+
600 +
500
400 4
300 -+
200+
100 +

]

Engine power (bhp)

10 20 30 40 50 B0 70 80 90 100
Fuel flow {gal/hr)

The standard method for measuring an EF1 pump’s flow capacity at a given
pressure is to connect it to an EFI pressure regulator and measure the volume
exiting the fuel return line. This is the volume of fuel that can be taken from
the fuel system at that pressure without the fuel pressure’s dropping off. With
the fuel pressure regulator’s vacuum reference open to the atmosphere, fuel
pressure will be 36 psi. This is the pressure used on the chart to determine flow
capacity. It is equally easy to simulate fuel flows when operating under boost.
Feed a pressure signal to the fuel pressure regulator equal to the boost desired
and again measure flow out the regulator return line. This can be done with
shop air and an adjustable air pressure regulator. Fuel pressure will be equal to
boost pressure plus 36 psi. From calculations of the injector sizes required un-
der maximum load, the total flow required is known. That total is injector ca-
pacity times the number of injectors. The number of ce’s per minute divided by
1000 is the number of liters per minute. If the point on the chart representing
your requirements of flow capacity versus fuel pressure lies beneath the line,
all is well. If the point lies above the line, two or more pumps operating in par-
allel are required.

rF
I Pump Ez

Pump

——p-ToEF
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Tank




Fig. 7-19. An effective
example of converting a
four-barrel carbureted
manifold to an EFT
system. A throttle body
replaces the carb; fuel
injector bosses are
installed at the ends of
the poris.

Aftermarket
EFIl Systems

Fig.7-20. Electromotive,
of Chantilly, Va.,
manufactures this
high-quality, high-
performance engine-
management system.

97

AFTERMARKET EFl SYSTEMS

Perhaps not yet recognized for what they really are and for their vast tuning
potential, aftermarket EFI systems will prove the greatest boon for hot rod-
ders since the small-block Chevy, This is the equipment that can make a docile
lamb and high-economy cruiser out of a twin-turbo Keith Black 600 cid hemi
V-8. Aftermarket EFI indeed offers the opportunity to create the 1000 bhp dai-
ly commuter automobile. The singular aspect of EFI that permits this is its
fine degree of tuning available over huge intake manifold pressure ranges. By
comparison, the finest carburetor in the world has four fuel-flow circuits that
can be tuned over the range in which it is asked to operate. Over this same
range, EF] offers literally hundreds of fuel flow circuits—one for virtually ev-
ery hundred-rpm band and every inch of manifold pressure. It’s equivalent to
having 500 main jet circuits in a earb, each one ideally set up for a certain en-
gine load and rpm.

Several aftermarket companies have introduced EFI systems in the last
couple of years. Air Sensors, in Seattle, seem to have been the pioneers with




08 CHAPTER 7: ELECTRONIC FUEL INJECTION

Fig. 7-21. The
Australian Haltech EFT
has proven durable and
versattle for specially
Liners.

their units. More recent developments, like the Haltech, offer a completely
programmable EFI. Electromotive, in Virginia, and Digital Fuel Injection, of
Detroit, offer similar hardware plus the feature of ignition controls.

Hardware for  Setting up a functioning EFI system means creating the air throttling mecha-
Aftermarket EFl  nism as well as doing the hydraulics. The problems to be solved are exactly the
same as the problems discussed earlier in this chapter, plus a few new twists.
The hydraulic aspects are the same. Intake manifolding layout must be consid-
ered; see Chapter 6. Throttle valving, along with number and positioning of in-

jectors, is also discussed in that chapter.

Fig. 7-22. The laptop
computer is a basic
tool for creating and
tiening fuel curves of
aftermanrket fuel
injection systems.




Fig. 7-23. Integration
of a flowmeter tnto

the system can be
compact. Note the
flexible hose to isolate
engine vibrations from
the flowmeter.
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AND FURTHERMORE . . .

Is there any benefit to draw-through throttle designs on fuel injected cars?
A noticeable throttle response improvement between gear shifts can be
achieved by placing the throttle in front of the turbo when no intercooler is
used. Slamming the throttle shut downstream of a pumping turbo simply
causes a greater loss of turbo rpm. This lost speed must be reacquired before
boost can again be achieved. A downstream throttle with an intercooler will ul-
timately prove superior if accompanied by a compressor bypass valve system.

Why are changes needed to existing fuel systems?

Carbureted turbocharger systems do not have any requirement for extra
fuel delivery systems. The more air drawn through a carb, the greater the
pressure drop at the venturi, and thus the more fuel pushed through the main

Jet. A properly sized and calibrated carb is necessary, and that is all.

Fuel injection systems are a completely different situation. It is commonly
claimed that fuel injection systems will take care of themselves when a turbo is
added. This is decidedly not true. A fuel injection system is sized for a given en-
gine. A Z-liter unit will not work on a 4-liter engine. The reason for this is that
the airflow meters and fuel injectors are sized for the flow capabili ty of the ac-
companying engine, and any substantial increase over stock flow rate will bot-
tom out the airflow meter. A 2-liter unit airflow meter subject to an infinite
airflow rate might think it’s a gorilla 2.2 liter for an instant, but that’s about as
far as it can stretch. Now add the turbo, and you can easily make a 3-liter en-
gine out of a 2-liter with just 7 psi boost. Obviously, the fuel injection airflow
meler is again bottomed out and can’t cope with the increased flow. A turbo en-
gine can never be allowed to run lean; therefore, something must be done to
meter [uel to accompany the extra air pushed through the system by the turbo.



Fig. 81, The basic
layout of the draw-
through carb system

Fig. 82. The blow-
through carb lavout
presenis a far superior
path for the air/fuel
mixture to traverse than
does the draw-through
setup.

CARBURETION

At first glance, the idea of a modern turbocharged engine and carburetors all
in the same package appears to be a contradiction. A closer inspection reveals
that it is indeed a contradiction. Rather than ignore these antique devices, this
chapter will attempt to outline the operating principles behind carburetor in-
tegration into a turbo system.

The reasons carbs do not completely satisfy the [ueling requirements of a
turbo engine are basic and clear-cut. Two reasons stand out: the airflow range
over which a carb can successfully operate, and the inability of a draw-through
carburetor system to function with an intercooler. A carburetor has three items
controlling fuel flow: idle jet, main jet, and air corrector jet—and, on occasion,
power jets. While these controlling factors will allow satisfactory operation over
a range of 20 to 25 psi absolute (5 to 10 psi boost), there is little hope for accu-
rate fuel mixture control to satisfy either peak performance or any emission
standards. The physical principles of Auid mechanics simply do not allow it.

Two different setups are possible with carbureted turbo systems. With a
draw-through type, the carburetor is positioned in front of the turbo, and all

101
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Fig. 8-3. Early carbu-
reted turbos, l(the this
one, generally drew
through the carb, These
have all been succeeded
by the more modern
blow-throwgh designs,

Fig. 8-4. This beautiful
hardware was created
by Lotus for the Esprit
and features two blow-
through Dellorio side-
drajt carbs. Note the
fuel pressicre regulator
af the end of the plenpem
and its boost-pressire
sensing line.

the air/fuel mixture flows through the entire system. With the blow-through
Lype the layout is reversed, to place the carburetor after the turbo. In the blow-
through type, the air/fuel mixture does not flow through the turbo.

The two types have their own areas of merit. The draw-though system is
simpler and, because it is a low-pressure system, no change occurs in air densi-
ty at the carburetor. Further, no compressor bypass valve is required.

That is all that can be said for the draw-through system.

w RULE: The draw-through system is prone to icing at temperatures under
50°F.

The blow-through system has better throttle response and cold starting, re-
duced emissions, and permits use of an intercooler,

Weighing the merits, there is virtually no reason to build a draw-through
system unless one lives in a year-round hot climate and never intends to pro-
duce serious power.
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Fig. 8-5. Three Mikuni
PH44 carbs feed this
Nissan Z car engine.
Note the antisurge
valve below the plenwm
and its return vent to
the air-filter mount.

Layout of a  The primary concern in the draw-through layout is that the air/fuel mixture he
Draw-Through  permitted to flow downhill at all times. This condition is not possible due to the
System  compressor inlet scroll, but no other item should be allowed to serve as a low
point. Fuel tends to drop out of the mixture and puddle at low points. Puddling

will badly upset the cold idle and low-speed response.

A water jacket added to warm the carb mount and bottom of the turbo seroll
will alleviate cold fuel puddling. However, the mere thought of purposely add-
ing heat to the intake system should be considered nothing short of revolting.
A further addition of heat may be required to prevent carburetor ici ng when
operating under boost. Typically, a correct air/fuel ratio will create about a
45°F temperature drop when the fuel vaporizes in the carburetor, This tem-
perature drop, combined with a cool, damp day, will frequently cause throttles
to freeze wide open when operating under boost. A fine circumstance, cured
only by adding yet more intake heat.

Sizing the carb for a draw-through system should take into account the ba-
sic cfm capability of the engine without considering the turbo. The reason for
thisis that cfm ratings of carburetors are based on atmospheric pressure drops
only, whereas the turbo can violate these conditions by changing vacuum con-
ditions after the throttle plates. Consider that the only way a carb with atmo-
spheric pressure above the throttle plates can flow more air on a given engine
is to have lower pressure, created by the turbo, after the throttle plates. In oth-
er words, the turbo creates a bigger pressure drop across the carb.

The draw-through carb system has a hidden pitfall in the area of selecting a
suitably sized carburetor. This pitfall is created by the odd circumstance that
allows one eylinder at a time to breathe through the sum of the carb throats
open at that specific time. For example, imagine a dual-throat carb mounted in
front of the turbo, all of which is mounted on a four-eylinder engine. Although
the carb c¢fm rating may match the system just fine, we have a situation where-
in each cylinder is breathing through the two throats. That equates to putting
four dual-throat carbs onto a four-eylinder engine—certainly a situation that
would be badly overcarbureted. The disaster comes about from the fact that
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Fig. 8-6. Do not permit
a layout to exist where
a single cylinder can be
fed by two carb throats
simultaneously, This
is akin to severe
overcarburetion and
functions poorly,

Layout of a
Blow-Through
System

the one eylinder drawing through two throats yields a very slow air velocity at
the carburetor venturi. This sends a weak vacuum signal to the main jet;
hence, lousy fuel metering. The situation is somewhat alleviated by having
more cylinders, yet the fundamental problem remains. The proper solution to
the problem is the selection of a carb with a small primary(s) and vacuum-op-
erated secondaries,

S
OO0OC

Preparing the draw-through carb for turbo use presents no special prob-
lems. Clearly, the jetting will need to be developed on an individual basis. Most
situations will call for somewhat larger main jets, accelerator pump delivery,
and idle jets than will the normally aspirated engine of the same size. The float
needle assembly will usually require considerable expansion in order to keep
up with the newfound fuel flow requirements.

.

The blow-through system permits an ideal layout for the distribution of fuel to
the cylinders. All the classic layouts of carburetor position relative to engine
configuration are unaffected by the prospect of blowing pressurized air
through the carbs. These layouts worked marvelously in their day as normally
aspirated engines and would certainly do so as blow-through turbe applica-
tions. Although available space frequently influences the number and type of
carbs, one carburetor throat per cylinder should always be the objective.
Several design parameters must be met in laying out a blow-through system:

* Fuel pressure must be controlled az a function of boost pressure.

* All components of the fuel system must withstand the higher fuel pres-

sures.

= A compressor bypass valve is required.

CoNnTROLLING FUEL PRESSURE. The requirement for varying fuel pressure
comes about from the fact that the earburetor float bowls will experience a
pressure change {rom roughly atmospheric at idle and cruise to the maximum
boost of the turbo. If fuel pressure were a constant 4 psi, say, then when boost
pressure exceeded that 4 psi, fuel would be driven backward into the fuel tank.
Obviously, the pressure required to get fuel to enter a float bowl occupied by 15
psi of pressure will require fuel pressure of 18 or 20 psi. This 18 or 20 psi, if
held constant at all conditions, might work fine under boost but would badly
Aood all known carbs at idle or eruise, The answer is a fuel pressure regulator
that varies fuel pressure as a funection of boost.



LAYOUT OF A BLOW-THROUGH SYSTEM 105

Fig. 87. The after-
market BMW 2002
turbo featured twin
blow-through Mikuni/
Solex carbs. This
design incorporates o
water-based intercooler
into the plenwm.

Fig. 88. The blow-
through system must
have a boost-pressure-
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FuEL PUMP REQUIREMENTS. The need to flow large quantities of fuel while oper-
ating under boost is obvious. Fuel pumps, pressure ranges, and flow capacities
are discussed in Chapter 7.

Bypass vaLve. The compressor bypass valve, or antisurge valve, is essential
to the smooth running of the blow-through system. The particular situation
that requires the presence of the valve is when the throttle is suddenly closed
after operating under boost. This is nothing more than the process of shifting
gears when driving under boost. The problem comes about when the closed
throttle creates manifold vacuum. The idle jet discharge orifice is then in a vac-
uum condition when the idle jet inlet 1s still pressurized, via the Hoat bowl,
from the turbo, which is still trying to pump air. This pressure difference
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Fig. 89. When operat-
ing under boost, the
entire carb is under
pressure. As the throttle
s closedd, residual
pressure in the float
and vacuum below the
throttle plate will cause
considerable flow
through the idle jet,
upsetting throttle
response. The bypass
valve rapidly dissipates
the float/plenim
pressure.

Fig. 810. The bypass,
or antisurge, valve 13
necessary in blow-
through designs to
relieve float-bowl
pressure quickly on
lifting off the throttle.

across the idle jet causes a large discharge of fuel out of the jet, producing a
sudden rich condition. When the gear change is accomplished and throttle re-
applied, engine response deteriorates, due to the sudden air/fuel ratio change
to the rich condition. The situation clears up as soon as the system again
achieves a constant boost condition, where pressure is the same on both ends
of the idle jet cireuit.

The bypass valve is designed to dump the pressure upstream of the throttle
when the throttle is closed, quickly bringing the system to a stabilized pres-
sure. The valve does this by using the vacuum signal generated in the intake
manifold when the throttle is closed to open a valve that lets the pressure rap-
idly bleed off.

Residual boost pressure in plenum
immediately after closing throttle
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Vacuum AND PRESSURE pisTRiBuTioN. Critical to the successful operation of the
blow-through carb system is the source of the signals used to control the
wastezate and fuel pressure regulator. This condition arises from the absolute
need to control the pressure difference across the carburetor float needle. This
pressure difference is the difference between the fuel pressure pushing the
fuel into the float bowl and the boost pressure that exists in the float bowl at



Fig. 811. A typical
antisurge valve instal-
lation venting from just
aft of the turbos on the
compressor discharge
pipes. Note the air filter
on the valve exit.
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any given time.This pressure difference must be held constant under all oper-
ational conditions. To accomplish this, it is vital that both control signals be
taken from the intake plenum prior to the throttle plates. It is best to take the
signals from the same location. To illustrate what can happen if this require-
ment is not met, imagine hooking both signals to the intake manifold after the
throttle plate. This is always the last place to see boost pressure, and it is al-
ways the lowest pressure. Pressure lozses thru the carb can be as high as 3 or 4
psi. If the wastegate signal then comes from the manifold, the float bowl will
see a pressure 3 or 4 psi greater. If fuel pressure is set 5 psi above boost pres-
sure, then the real pressure difference across the float needle will be 1 or 2, cer-
tainly not enough to run under boost. If fuel pressure is raised to compensate,
the idle setting will be off when the float bowl sees atmospheric pressure. Back
at idle, fuel pressure will be 8 or 8 psi, an unstable fuel pressure for a float nee-
dle assembly.

PREPARING THE CARBURETOR. Several aspects of the carburetor need inspection
and/or preparation for use in a blow-through application.

The blow-through carb must have a solid float. Should the one you choose to
use have a brass-sheet float or other style that could collapse under boost pres-
sure, the float must be replaced with a solid unit. A variety of techniques exist
to fill a hollow float with lightweight foam. Some of these come in a liguid and
harden after being injected into the float. Consult the Yellow Pages, under ad-
hesives,

Inspect the carb thoroughly for lead plugs that cap off intersecting drilled
passages. These plugs are prone to dislodge with boost pressure. The plug can
be retained by staking it in with a sharp-pointed center punch. Set a ring of
punches around the plug such that the base metal of the carb body is raised
enough to create interference should the plug try to move. Another method of
retaining the plugs is simply to cover them with a high-quality epoxy glue. Be
mindful of the fact that larger plugs will fail first, as they inherently have a
larger force trying to push them out.
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Fig. 812. Signals for
the wastegate and fuel
pressure regulator need
fo originate at the same
point in the system and
before ihe throttle plate.

Fig. 813. When fuel
leakage at the throtile
shaft is a problem, boos!
pressure from above the
venturt, whieh will
always be greater than
that below the venturi,
can be channeled to the
shaft pivot bores fo blow
the mixture back into
the throeat,
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Inspect all the gaskets in the carburetor. Any gasket that appears less than
up to the task must be improved. It is possible to retain a gasket with a very
light coating of Loctite applied to one side only. Under no circumstances
should you use a silicone or similar rubbery-style sealer, as you will be finding
it in the fuel jets after the first trip around the block. It is especially important
to seal all gaskets or other items on the float bowl lid to avoid losing boost-pres-
sure balance across the main jets. If any pressure leaks whatsoever occur from
the float bowl, fuel delivery will grow lean on rising boost pressure.

The throttle shafts on the carb will seep fuel under boost if not sealed
against pressure. Most seepage will be in the annoying category and will not
affect safety or function. Cosmetics dictate that the shafts receive some form of
seal. Probably the easiest and most effective method is to offer a pressure bar-
rier that will tend to force the air/fuel mixture back into the carb throat. This
can eagily be done by bleeding some boost out of the plenum on the face of the
carb, down to small fittings placed into the bosses through which the throttle
shafts pass.

Fuel vapor is
driven inward

Cold-start valves of the fuel-dump style, rather than the air-restrictor type,
may need to be pressure balanced against a reverse flow when operating under
boost. Should this be a problem, it can be dealt with by creating a cap of sorts
over the cold-start valve and bleeding pressure from the plenum into this cap.
The cap ean be bonded onto the carb with a high-quality epoxy cement.



Fig. 8-14. Cold-stari
valves can commonly
leak backward under
boost. A pressure bal-
ance across the valve

will solve the problem.
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SUITABLE CARBS FOR BLOW-THROUGH APPLICATION. Almost any carburetor can be
prepared for use in a blow-through turbo system. It is clear, however. that
some carbs present a serious preparation challenge, while others are just plain
easy to use. Manufacturers like Weber, Mikuni, SK, Dellorto, and Holley all
make carbs that will, with suitable preparation, function well in a blow-
through application. The easiest unit to use is certainly the Mikuni series
PHH dual-throat sidedraft. It should be given consideration in applications
ranging from V-8s and V-12s to any inline configuration. The Mikuni PHH
comes as close to usable right out of the box as is available. It is simple to tune,
responsive at low speeds, flows huge amounts of air, and is long-term durable.
The new SK carb is virtually its equal, with perhaps even greater fine-tuning
capability. In situations where it is not possible to use dual-throat sidedrafts.
the Weber IDF downdrafts ought to be given consideration. Although the IDF
requires extensive preparation, it is a broad-range, responsive, smooth-run-
ning carb. Perhaps the highest-quality carb built in the world today is the Ital-
ian Dellorto series. Available in downdraft and sidedraft configurations, these
carbs are truly fine pieces of work. Prior to setting your heart on using them,
secure your path for parts supply. Holley carbs have been used successfully
over the years, and Holley offers a wide variety of sizes and shapes. No manu-
facturer comes close to Holley in offering special-tuning bits and pieces to tai-
lor a specific application. Motoreraft two-barrel carburetors are versatile and
easily adapted to blow-through configuration.

PLeNum pEsIGN. The plenum is the component that focuses air for its trip
through the carb. Although plenums are simple in concept, a few rules should
be observed in plenum design:

* Make the volume of the plenum 110-120% of the engine displacement.

* Straighten outl the airflow before the air corrector jet assemblies. Air
swirling around an air corrector prevents the jet from functioning.

* Have the shape into the carb throats approach that of an ideal inlet.
* Don’t blow air directly across a carb throat.
* Provide for air bleeds to the float bowls.
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Fig. 8-15. The plenum
vent porits to the throttle
bores must incorporate
a bell-mouthed form
approgching an ideal
air inlet shape.

AND FURTHERMORE . . .

Does an airifuel mixture have trouble staying atomized through an idling
turbo at low ambient temperatures?

Draw-through-carb turbo systems inherently have a long, devious route for
the air/fuel mixture to travel before reaching the cylinders. If heat is not pro-
vided at the carb mount or near the system’s low point, fuel will puddle in the
bottom of the turbo. In practice, carb preheat allows the engine to idle and run
smoothly at low speeds when ambient temperature is less than 80°F Under
boost, such a eyclone exists that puddling is impossible. The problem can be
avoided completely by blowing through the carb.

Are blow-through carb systems technically and functionally workable?
Yes. For some heavy-hitting evidence, drive a Lotus Turbo Esprit or a Mase-
rati Bi-Turbo.

Has the controversy of blow-through versus draw-through carb systems
been resolved?

Not only ves, but hell ves. Blow-through starts better, idles better, runs
smoother at low speed, and produces quicker throttle response and lower
emissions. An intercooler can only be used with a blow-through application.
The draw-through system is a dead fish.



Voltage

Spark Plugs

Fig. 9-1. The difference
between a cold plug and
a hot plug is the ease
with which heat is
transferred out of the
center electrode.

EVENTS IN THE CHAMBER

The real test of a turbo engine and its ability to produce huge amounts of
power (without leaving a trail of pungent blue-gray smoke and/or alumi-
num/iron shrapnel) boils down to what’s happening in the combustion cham-
ber. Sparking off a controlled temperature mixture—composed of the right
stuff at the right time—is the culmination of all the design effort put into the
system. When this event transpires correctly, the fun begins.

Igniting the air/fuel mixture in a high-pressure turbocharged engine is tough.
The crux of the matter is that air is an electrical insulator. The more air mole-
cules packed into the combustion chamber, the greater the voltage required to
drive the spark across the spark plug electrodes. Large amounts of voltage are
required at high charge densities. Not only are high voltages required, but all
items that carry the high voltage must be insulated with materials of high di-
electric strength. This will insure that the voltage really does drive the spark
across the plug gap instead of to the valve cover, The tolerance for deteriora-
tion in these components is small, again due to the high voltages.

Most ignition systems offered as OEM in the late eighties have sufficient
voltage to fire off the mixture at modest boost pressures of 6 to 8 psi. Greater
boost pressures will likely require a capacitor discharge ignition su pplement to
supply consistent ignition. In any system where spark plug life becomes intol-
erably short, a capacitor discharge unit will be necessary.

The choice of a spark plug for a turbo engine application is relatively easy. The
heat range of the plug is the key factor to get right. Classifying plugs by their
heat range has nothing to do with when or how they manage to get the fire 2o-
ing. “Heat range” means no more or less than how the features of the plug are

L

Cold plug Hot plug
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Ignition Timing

Fig. 9-2. The direct-
fire, programmable
ignition system from
Electromotive is ideal
for custom ignition
cirves required for
turbocharged engines.

configured to conduct heat away from the electrode. Presume for a moment
that it iz desirable to have the materials of all spark plugs operate at about the
same temperature, regardless of load condifions imposed by the engine. Then
the spark plug of a low-speed, low-load, low-compression engine would need to
conduct heat away from its electrode slowly, or else the plug would operate too
cool. This is called a hot plug. An engine of our liking, clearly, must have plugs
that conduct lots of heat away from the electrode. This plug, then, will be re-
ferred to as a cold plug. The balance to achieve is to keep the plug hot enough
to continuously burn the soot and deposits off yet cool enough to keep the ma-
terials from rapid deterioration. A plug that operates at too high a tempera-
ture can also serve as an ignition source that actually starts the fire prior to the
spark. This is pre-ignition, and it can lead to detonation.

In the actual selection of a plug for a high-pressure turbo engine, the choice
should start with a plug about two ranges colder than stock equipment. If the
plug deteriorates rapidly or fractures in any way, try a third range colder.
Should the plug get dirty and acquire too much resistance to fire, back up one
range hotter.

Installation technique will contribute to the plugs’ consistency and durabil-
ity. Certainly all threads and washer seats must be thoroughly eleaned. A prop-
er spark plug lube, like Never-Seize or molysulfide, should be lightly applied to
the threads and between the washer and plug. Top this off with tightening the
plug to the manufacturer’s suggested torque, and you will have done all you
can toward good spark plug performance. Torgue specs are usually between 10
and 14 ft-lb for aluminum heads and 16 to 18 for iron.

Igniting the mixture at the right time is also a challenge. The turbo engine adds
one more requirement to the design of an ignition curve. Turbulent turbo mix-
tures burn faster than normally aspirated mixtures, but the denser mixtures
slow the burn. While contrary and confusing, this generally leaves the situation
not needing to begin the burn quite so soon. The ignition curve can therefore
benefit from a small retard function as boost rises and the mixture becomes
both denser and more turbulent. The correct ignition timing under all circum-
stances is achievable only if the timing curve can be designed right along with
the fuel curve. With today’s technology, this can be accomplished only with af-
termarket engine management systems. At present, the Electromotive and
DI engine management systems can control both ignition and fuel curves.
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Ignition Retard

Fig. 9-3. The adjusi-
able boost-pressitre-

actuated ignition retard
from MSD.

Knock Sensor
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The boost-pressure-sensitive ignition retard offers a limited degree of adjust-
ability to the ignition system operating under boost. This item can also prove
useful in permitting greater ignition advance at low speed and cruise condi-
tions while reducing top-end advance at high boost pressure. The ignition re-
tard can easily be judged just a safety device, but it’s not quite so. It also allows
a rough tailoring of the high end of the ignition curve to the octane rating of
the fuel. A singular disadvantage exists with the pressure-activated retard: it
will progressively retard ignition as boost rises, even without the presence of
detonation. Therefore, timing is less than optimum at these mid-range points,
so that it will be right at maximum boost. This translates to a noticeable loss of
mid-range torque. Less torque + less power = less fun.

The pressure-sensitive ignition retard could be called a passive device, in that
it does not detect the presence of the event it is there to prevent. It retards the
ignition based on boost and retard rate setting only. The knock-sensor ignition
retard should be called an active device, however, because it detects the pres-
ence of the event and then is charged with the job of eliminating it. The knock
sensor does an excellent job of retarding ignition when detonation is detected.
This implies that maximum safe power is being developed under the operating
conditions at that instant.

For example, add octane, and ignition timing stays forward while power
stays up. The knock sensor is an override safety device that is not the least bit
concerned with maximum power. I[f used in an absolutely correct environment,
the knock sensor would remain quietly in the background and never be need-
ed. Never, that is, until something went wrong, wrong, wrong. A knock-sensor-
controlled ignition curve can display a less-than-fun characteristic. A cheek on
the functioning of the system, as frequently stated in service manuals, is to rap
on the cylinder block with a hammer. If the sensor detects the knock and re-
tards the timing, audibly slowing the engine, it is working as designed. Clearly,
hammering on the side of the block is not detonation. Why, then, should the
retard be activated? Is it possible that a rock bouncing off the block eould also
retard the timing? How about a failing hydraulic lifter, a water pump bearing,
or a broken alternator mount? It is necessary to keep in mind that retarding
the ignition raises exhaust gas temperature, This is decidedly a bad thing to do.
unless detonation really is present. It is probably stretching the point a hit to'
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Fig. 9-4. An active
knock-detection system
with control of ignition
timing is an excellent
means of establishing
a margin of safety for
an engine. These items
often add power as well
a s safety, by permitting
ignition timing to stay
closer to the knock
threshold than is possi-
ble when tuning by ear.

Fuels
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suggest that a fast trip down a long gravel road might retard ignition to the
point of melting an engine.

Mechanieal noise of a high-revving engine can cause some knock sensors to
activate when no knock is present. This then becomes a rev-based retard,
which is not a desirable device.

The development of a knock sensor into a full-fledged computer that does
what its software tells it to do is the most optimistic development vet seen.
These are in their infancy, but much progress is being made by J&S Electron-
ics. Programming will, wouldn’t you know, be the key. Perceived downsides of
the knock sensor are not always present. It is, however, necessary to consider
these possibilities upon purchase, adjustment, and use of a knock sensor.

Much can be said about the pluses of a knock sensor. The contribution it can
make toward peace of mind is not without merit. The vast majority of turbo
system installations are not maximum-effort systems; therefore, small power
compromises are not crucial, Therein probably lies the distinetion of the knock
sensor's value in the scheme of things. Overall, the knock sensor is probably
the best thing going for control of ignition timing.

The quality of the fuel offered up to the burning process is key to the function-
ing of smooth, powerful turbo engines. High octane, quality refinement, and
fast burn rate are the distinguishing characteristics of good turbo fuel. An oc-
tane rating is solely a measure of resistance to detonation as tested in a lab test
engine. Quality refinement is the production of gasolines without unwanted
contaminants, often referred to as “a bad tank of gas.” The combustion rate is

just the relative rate at which the fuel burns. Combustion rate has a significant

effect on detonation characteristics of the fuel and chamber. If the burn rate
an be significantly sped up, the little pockets of mixture hidden off in the ex-
tremes of the combustion chamber won’t have time to overheat and explode.



Fig. 9-5. Proper
gauwging teils how
well the system is
functioning. These
combination gauges
package nicely and
offer a wealth of
tnformalion.
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Absolutely wonderful changes take place as detonation is pushed further
out of the picture. A hydrocarbon called toluene presents turbocharging with
an intriguing new scope. Toluene is a distillate of il commonly called methyl
benzene. It is a cousin of gasoline. Of some interest is the fact that it is the
third component of TNT. That should not imply its power: it 15 just a curiosity,
It does have the remarkable ability to speed up burn rate to such an extent that
boost pressures defying imagination can be used. Toluene was the fabled For-
mula 1 car “rocket fuel” of the mid-eighties. Fourteen hundred horsepower
from 90 cid at 75+ psi boost indeed required something out of the ordinary.
Think about that for a moment in some humorous circumstances. A Mazda
Miata with 1450 bhp comes quickly to mind. Or a NASCAR Winston Cup stock
car racer with 5800 bhp. An interesting means of having fun, indeed. Presum-
ably even Richard Petty at his best would have found that a challenge. In the
practical use of street fuel, octane rating becomes the most important aspect.

In general, three octane points will offer about 2 psi of boost—assuming, of
course that all other factors remain in line. Reformulated gasolines, which in-
clude aleohol, are not generally suitable for use with turbos. Octane IMprovers
are readily available and should be considered a viable means of permitting
greater boost-pressure levels. Additive quantities vary with brands, so follow-
ing each manufacturer’s recommendations is reasonable. The only downside
to octane-improving additives, other than cost and handling, is their dislike for
long-term storage after mixing with gasoline. An easy situation to remedy.
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AND FURTHERMORE . . .

What sort of fuel will I have to use?

You can use the lowest-octane fuel that insures that the detonation thresh-
old will remain at a higher boost level than the setting of the wastegate. In re-
ality, this means the highest-octane fuel currently available, In engines
equipped with knock-sensor-controlled ignition timing, power is highly depen-
dent on octane. The greater the octane, the less the knock; consequently, the
greater the ignition advance,
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Is a special ignition system necessary with the turbocharger?

Stock ignition systems are virtually always adequate for the turbo applica-
tion. However, three significant gains may be made with a special ignition sys-
tem:

* increased spark plug life

« smoother running under heavy load by reducing the occasional (too few

to feel) misfires

» pressure-activated ignition retard units for greater detonation protec-

tion and/or higher boost-pressure levels

Don’t buy a special ignition unit for miles-per-gallon reasons. Feet, maybe,
but not miles.



Fig. 10-1. When
designing exhaust
manifolding, don 't
hesitate to copy—

just be sure you're copy-
ing the best,

Application

Design Criteria

0 EXHAUST MANIFOLD

The exhaust manifold plays a key role in all performance aspects of the turbo
system. The turbo manifold has many and varied duties to perform. Direct re-
sponsibilities include support of the turbo, guidance of exhaust gases to the
turbine, keeping exhaust gas pressure pulses moving along intact at a steady
pace, and trying hard not to let any heat escape through the manifold walls. To
accomplish these chores while glowing cherry red, trying to remain straight,
not developing cracks, and hanging in there year after year is not exactly an
assignment for boys. An exhaust manifold leads a hard life.

The application, whether competition or high-performance street, will strongly
influence material selection, design style, and method of manufacture. Any
maximum-effort turbo system will be configured around a tube-style, fabricat-
ed manifold. One-off designs, for cost reasons alone, must also be fabricated. A
cast manifold is the obvious choice when a large number of parts are to be made.

Hear Retenmion. Clearly, performance of the turbine is in part determined hy
the temperature of the exhaust gases. It is reasonable, then, to expend some
effort toward getting the exhaust gas from the combustion chamber to the tur-
bine with the least possible temperature loss. This is fundamentally true, al-
though the strength of materials at elevated temperatures must sometimes he
considered and some form of cooling provided. The thermal conductivity of a
material is a measure of that material’s ability to conduct heat. Sinee the ob-
jective here 1s to keep the heat inside the manifold, it is reasonable totry to use
a material with the poorest ability to transfer heat.
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Fig. 10-2. Top left:

A manifold design for
twin turbos. Nofe the
wastegate per manifold
and no provision for a
eross tube. Top right:
Typical exhaust mani-
fold casting for a V-8,
Note the cross-tube
connection entering the
manifold from directly
below the turbine inlet.
Center: A simple,
elegant design for the
VW GTI engines.
Bottom left: Single
V-8 titrbo design. The
lower flange is the
cross-tube connection
from the opposite bank
of evlinders. Bottom
right: Big-block Chevy
single turbo design
with a rear inlet for the
cross tube

MATERIAL SELECTION.

Stainless steel. Stainless offers an interesting combination of properties. It
18 low 1n thermal conductivity, which is certainly desirable. Stainless grade 304
18 an excellent choice—easily welded, crack resistant, and relatively easy to
work with. All stainless materials have a very high coefficient of thermal ex-
pansion; thus, the design, style, and fit of a stainless manifold must account for
this unusual property. For example, a stainless header flange drilled perfectly
for an exhaust bolt pattern with .3125-inch-diameter bolt holes attached to a
cylinder head with .3125-inch-diameter bolts will shear half the bolts on the
first warm-up cycle. Larger-than-normal bolt holes are therefore necessary.
Stainless steel enjoys long-term corrosion resistance. Because of this and its
low heat transfer capahility, stainless deserves strong consideration as the ma-
terial choice for high-performance exhaust manifolds.

Cast iron. Iron alloys offer a designer many options. While not exactly putty
in a designer’s hands, iron alloys do have the ability to be molded into complex
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shapes. The limits lie with the ability of the pattern makers. The casting pro-
cess is the only viable way to make an exhaust manifold with a wide variety of
section shapes and wall thicknesses. An experienced or thoughtful designer
can take advantage of this characteristic to produce a low-surface-area, thin-
walled, smooth, constant-section-passageway manifold.

A wide variety of iron alloys exist, but perhaps the most useful for exhaust
manifold design is the alloy called “ductile ivon.” Ductile iron’s characteristics
range from good crack resistance and high-temperature shape stability to free
machining, all with a relatively high basic strength.

Cast manifolds remain the territory of the volume producer, due to the ex-
pense of creating the necessary patterns and tooling.

Mild steel. Although mild steel has no particular characteristics that make
it an ideal choice of exhaust manifold materials, it does, indeed, do almost ev-
erything well. This material is inexpensive, easy to machine and weld, and
readily available in a wide variety of sizes and shapes. Perhaps its poorest char-
acteristic is corrosion resistance. This can be helped significantly by chrome
plating. Ask for industrial-quality plating, which is many times thicker than
decorative chrome. Perhaps better than chrome are some of the modern ce-
ramic coatings.

Aluminum. Because of aluminum’s poor high-temperature strength and
high heat-transfer coefficient, rule it out as a suitable material for an automo-
tive exhaust manifold. In some boating applications where exhaust outlet and
manifold surface temperatures must be closely controlled, a cast aluminum
manifold with water jackets becomes an ideal choice.

The wall thickness of a particular material will strongly influence the heat
transfer, in that the thicker the material, the faster heat will travel through it.
This seems contrary to logic at first thought, but consider how fast heat would
be drawn out of a high-conductivity, infinitely thick aluminum manifold, as op-
posed to a very thin piece of stainless surrounded with a nice insulator like air,
Heat transfer is directly proportional to surface area. It is therefore reasonable
to give considerable thought to keeping the exposed surface area of the exhaust
manifold to an absolute minimum. Clearly, the less surface area, the less heat
loss. Reducing the amount of ambient air flowing around the exhaust manifold
and turbocharger will further reduce heat loss from the system. It is generally
not feasible to directly wrap the exhaust manifold with an insulating material,
as the manifold material itself will overheat to the point of structural failure.

A further effect on heat transfer out of the exhaust manifold is heat distribu-
tion inside the manifold. Hot spots inside the manifold should be avoided, be-
cause they can quickly pump a lot of heat out. They are created by sharply
angled intersections or by too many exhaust pulses through one segment of the
manifold. Keep in mind that the temperature difference between the inside and
outside of the manifold is the force that pushes heat through the manifold,

Reversal of the exhaust gas flow back into the combustion chamber during
valve overlap is called reversion. Creating an aerodynamic barrier that reduc-
es the reverse flow yet does not impede outward-flowing gases can pay divi-
dends in performance.

In general, much greater freedom exists in the choice of manifold styles when
the manifold is fabricated. These choices range from the simple log style to the
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Hot — high-expansion manifold

Fig. 10-3. Durability of
an exhaust manifold
can be influenced by the
basic design. Alog-style
manifold is subject to
more heat abuse and
thermal expansion than

a separate-tube header. _) One pulse per cycle
Overlapping heat O Three pulses per cycle Two pulses per cycie

pulses in the log style g

create extra hot spots Four pulses per cycle

and greater expansion.
Cooler — low-expansion manifold
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Fig. 10-4. The anti-
reversion cone can offer
a reduction in exhanst el
Zas reversion during N -,
valve overlap. The cone _ ‘:‘) |
creates a partial barrier :) ——
for reversal of flow. P
( il

equal-length, multiple-tube, individual-runner style. A great amount of re-
search has been done on the performance benefits of various manifold styles.
Most of this research, plus the tremendous efforts put into the recent era of
turbocharged Grand Prix cars, strongly indicates that the best manifolding is
multiple-tube, individual-runner style.

Tusing sizes. Almost all applications of a turbo are to an existing engine.
Therefore, the choice of tube sizes will usually be dictated by port size and the
size of the turbine inlet on the turbocharger. Where a clear-cut choice does not
exist, it is best to select the smaller of the sizes available, thus inereasing ex-
haust gas velocity.

v RULE: When a choice exists as to tube size, always opt for the smaller, to
keep gas velocities high.
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Fig. 10-5. Four-into-
one designs for 4- or 8-
cylinder engines

Fig. 10-6. An example
of good, compact
mantfolds. These
designs also use weld
els.

Fig. 10-7. V-12 custom
header, The sharp
infersections are not
ideal for power. Long
collector tubes are going
to experience large
thermal expansion,
necessitating flexible
braces on the turbos.
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Figr. 10-8. Jim Feui-
ing's wild twin-turbo
Ruad 4 featured some
of the best headers ever
bueilt. Note the particu-
larly smooth collectors.

Fig. 10-9. A weld el
manifold. Note cuts in
the flange to avoid
warpage on thermal
EXPANSION.

The strength of the manifold will be controlled largely by the wall thickness
of the materials. In a fabricated manifold where wall thickness drops below .09
inch, it may be necessary to support the turbo by a brace or small truss assem-
bly. The thermal expansion of the manifold will tend to move the turbo around
as the heat cyeles up and down. Thus, a mount must have some degree of flex-
ibility while supporting the weight of the turbo. Mandrel-bent tubes are avail-
able in a wide variety of sizes to meet the needs of the custom header maker.
These are generally high-quality items and can be fabricated into any bundle-
of-snakes style turbo manifold one’s imagination can conjure up.

A variation of the tube manifold can be constructed based on a cast-steel
part called a weld el. Weld els are basically industrial hydraulic equipment,
used commonly in 0il well and other similar heavy duty applications. These els
are available in a variety of sizes and radii, and in either mild steel or stainless.
Although heavy and expensive, weld els can be used to form a proper high-
strength manifold. Weld els are sized according to pipe nomenclature—that is,
inside diameters.




Fig. 10-10. Weld el

manifolds as a
ﬁ.i.:tf:.".!'mim’ wonrk
of art

Fig. 10-11. Fitting
weld els together to
form the triple-turbo

Jaguar exhaust
manifolds

Table 10-1. Weld el se-
lection chart for 90° el-

bows (inches)

Nominal
pipe size

Bend
radius

172
34
1
11/4
1 1/2

2

[sad
harm
[

11/2
11/8
1 1/2
17/8
2 1/4
]
3 3/4
4 172
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Outside
diameter

1.900

2.375

2.875

3.500

Inside
diameter

L0489
1.380
1.G10
2.067
2.469

3.068

Wall
thickness
108 :
113
133
140
145
154
23

216
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; ; : p—
. Length ”“‘“‘S‘i‘i PIp Length

lorion tha e otan. BB 1172 2x B4 3
tric and eccentric 3/4 x 1/2 11/2 2x1 3
reducers (inches) 1 x 8/8 9 2x 1 1/d 3
1x1/2 4 2x11/2 3

1x3/M4 2 21/2x1 3 1/2

11/4x 1/2 2 21/2x11/4 3 1/2

11/4x3/4 2 21/2x11/2 31/2

1 1/4x1 2 212 x2 3 1/2

11/2x1/2 21/2 3x1 3 1/2

11/2x3/4 2 1/2 3x11/4 3 /2

11/2%x1 21/2 3x11/2 a8 1/2

11/2x11/4 2 1/2 g3 x2 3 1/2

I3x21/2 3 1/2

Cast Manifold  The casting process lends itself to simpler designs, due largely to the complica-
tions and costs of patterns. These designs usually adopt log-style manifolds—
good for production but not quite so good for maximum performance. It is nec-
pssary to understand that a cast manifold can deliver very good performance,
but it is not race car hardware.

Wastegate Early in the planning of the exhaust manifold design, consideration must be

integration  given to location of, and bleed-off to, the wastegate. The principles involved in
integrating the wastegate into the system are that bleed-off to the wastegate
must occur after all exhaust pulses headed for the turbo have been combined
into one tube, and the flow path must be streamlined.

Fig. 10-12. A simple
adaptation of a produc-
tion exhaust manifold
to a turbo application.,
The turbo-mount boss
is fabricated from steel
plates and welded into
place.




Fig. 10-13. Integration
of the wastegate info the
exhaust mantfold

Fig. 10-14. The Toyota
GTP four-cylinder
engine was one of the
maost sieecessful turbo-
charged engines ever
Two of the reasons
were the smooth header
and integration of the
wastegate into the
tiurbine housing ot an
ideal angle.

WASTEGATE INTEGRATION
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Wrong end — primarily venting one cylinder anly
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Right-angle joint — difficult exit to make
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Easy exit to make — vents all cylinders, will control boost well
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Thermal Changes in the shape of a manifold as its temperature rises from ambient to op-
Expansion  erating must be considered during layout. Heat-induced warpage can cause se-
vere problems with constant exhaust gas leaks. Warpage 1s caused by unequal
temperature distribution through the material of the manifold. As an example,
the header flange will not reach the same temperature as a segment of the tub-
ing or the collectors; therefore, it will not change length as much. These varying
changes in length will induce warpage if they are not accounted for in the de-
sign. Each port flange, for example, should be separate from the others.

Tamperature = 400°F
Fig. 10-15. Tempera-

ture-induced warpage: [
the header is forced to
warp due o wneven =
temperature distribu- e
[ T

tion between the tubes
and the flange. The fix
ts Lo sever the flange —

tnto as many segments

as there are ports.

Temperature = 1000°F
Temperature = 1200°F
—Temperature = 1400°F

JIIIT

— -+——— Higher temperature ——»
at tubing creates

more expansion, forcing
flange into an arc

d+.12 d +.060 d d + .060 d+.12

Fig, 10-16. Thermal
expansion can fracture
header bolts. This can
be avoided by making
the bolt holes progres-
sively larger as their
distance from the
center of the manifold
LILCTeses.

-  Thermal -
expansion
of = .1 in./fH

Thermal expansion characteristics will require attention to bolt hole sizes,
particularly at the eylinder head. Tight, close-tolerance bolt patterns can actu-
ally eause fastener failure by placing the fasteners under severe binding when
a manifold reaches maximum operating temperature. The solution to this
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Fig. 10-17. Cast iron
collectors suitable for 4-
and 8-cylinder headers
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problem is enlarging the bolt hole size as it gets farther away from the center
of the manifold. This is essential when stainless steel is the material used. On
long engines, like six-cylinder inline, the designer should consider using two
manifolds, with interconnections from a tubular flex joint. This type of slip
joint is common on aircraft and large industrial engines.

Selection of fasteners is a twofold decision. The heat involved in a particular
joint determines the choice of material, while the type of joint determines
whether a bolt or stud is used.

The idea of holding parts together at the operating temperatures induced by
a flat-out turbocharger system is cause for some thought. Almost any mild steel
will have its heat treat cooked out of it. Mild steel will eventually oxidize to the
point where fasteners are corroded virtually to the base materials, Cadmium
plating will burn away at these temperatures. The most reasonable solution to
fastener problems is stainless steel. Stainless steel bolts work better at temper-
atures above 1200°F. Below that, stainless is nice but not cost-effective.

Depending on the style of joint, three fasteners are possible: through-bolt,
stud, or bolt. Observe the following guidelines:

* A through-boelt with a nut (a con-rod bolt, for example) is always the first

choice.

* A stud anchored in a threaded receiver (cylinder head to exhaust
manifold, for example) is a decent second choice.

* Last and clearly least is a bolt screwed into a threaded receiver. These
Joints cannot stay tight unless secured with safety wire. Use only as a last
resort.

Large, heavy, flat washers are necessary, as are lockwashers. Forget using
any form of spring lockwasher, as the heat treat merely gets cooked out. In-
terference-style lockwashers, with ramps, ridges, or serrations, are the only
lockwashers that are survivors.

otainless mechanical locknuts are able to keep a positive lock at high tem-
perature. Copper-alloy locknuts cannot cut the temperature; they simply sag.
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Gaskets

Fig. 10-18. Excellent
exhaust plumbing

details on « single-
turbo V-8

' RULE: Bolted turbo joints are trouble. Give them your best shot.

Although the function of a gasket seems obvious, the gasket can also be used as
somewhat of a thermal barrier. Some joints need gaskets for sealing, while oth-
ers benefit solely from the reduction of heat transfer. The mating surfaces of
two parts operating at about the same temperature don’t necessarily need a
gasket. The turbo attachment to the manifold is such a joint. A wastegate at-
tachment is quite the opposite, however. It is desirable to reduce heat in the vi-
cinity of the wastegate diaphragm, to improve the diaphragm’s life expectancy.
A gasket here serves as a useful heat block. This same condition exists at the
tailpipe joint to the turbo and the wastegate vent tube to the wastegate.

Gaskets obviously take a serious beating in any exhaust system. The pres-
enice of the turbo doesn’t help the situation. In certain situations where the
quality of the machining permits, the best solution to a gasket problem is to
leave the gasket out. This is particularly viable between two cast iron surfaces.
Steel flanges upward of 1/2 inch thick will likely be stable enough to seal long-
term without the gasket.

When a gasket is obviously required, the metal/fiber/metal laminated type
is perhaps the best all-around combination of sealing gasket and insulator for
the high-heat environment of the turbo. A simple stainless-steel-sheet gasket
or annealed copper gasket is also an excellent choice. The latter two are usual-
ly .02-.03 inch thick and can seal well where surfaces are slightly irregular or
the joining parts are not stiff enough to operate without the gasket. All else
should be considered of only temporary value. In general, all-fiber gaskets
should be avoided, as none of the fibrous materials exhibit long-term durabili-
ty with respect to heat, Money spent on good-quality, metal-based gaskets will
save many headaches and exhaust leaks.
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Eliminating gaskets is a valid design objective. With thick flanges and care-

ful surface machining, by and large, most gaskets can be eliminated. There is
an element of logic to the idea that an absent gasket can’t blow.

AND FURTHERMORE . . .

Fig. 10-19, Note the
“doubling back” of the
exhaust manifold on
this 1986 YBRB engine
fitted with a turbo.
This placement has
permitted an unuswal-
ly compact layout while
maintaining a smooth
4-into-1 design.

What constitutes a proper exhaust manifold?

An exhaust manifold is a complicated design exercise involving many pa-
rameters. The single most important parameter ig the material, and cast iron
is the best material for typical street applications. Plain steel is the poorest
choice, because it oxidizes rapidly at high temperatures, flakes off, and ulti-
mately cracks, Internal streamlining is important, to avoid pumping losses.
Another critical design feature is flow velocity. Exhaust gas must not be forced
to speed up and slow down, since it will lose considerable energy otherwise
available to the turbine. Smooth, constant-velocity flow is ideal. Heat reten-
tion is important. The more heat that can be retained inside the manifold, the
less the thermal-lag portion of the total turbo lag. A design that allows exhaust
gas pulses to arrive at the turbine at regularly spaced intervals is ideal but dif-
ficult to achieve.
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Fig. 10-20. One of the
early Toyola GTP
engines with beautiful
pliumbing in all
respects. This layout
merits study. Note the
wastegate tubes venting
fram the exhaust
mantfold fust before the
turbine housing, and
the relatively small
header tubes. Note also
the thermal expansion
Joints just above the
wastegalte, where the ex-
hawst tubes fit into the
legs of the Y

coupling withowt being
welded.

Do the joints interfacing the turbo have any reliability problems?

(Gaskels between exhaust manifolds and turbos are often unreliable due to
the extreme heat. The most praetical solution to this problem is precision flat
surfaces that seal without gaskets.



Fig. 11-1. The best
exhaust for a turbo is
the least exhaust,

EXHAUST SYSTEMS

The modern turbocharged automobile has brought new meaning to the term
“free-flow exhaust system,” with its connotation of low back pressure. The
modern exhaust system also invariably has a catalytic converter, with its impli-
cation of high back pressure. At first glance, these two items are somewhat at
odds with each other. At last glance, the situation is a bit better than generally
believed. If the turbo could step up and dictate terms for design of exhaust sys-
tems, it would categorically state: None! If the feds could step up and dictate the
design of exhaust systems (which they can, have, and will continue to do), they
would state that the best tailpipe is one that nothing comes out of. Somewhere
between these two dissimilar requirements lies a real good exhaust system for
street use that will keep both parties happy. Well, relatively happy.

For our purposes, we shall call the exhaust system everything after the tur-
bo. Virtually all furbos require special tailpipes. Stock, non-turbe tailpipes
don't cut it. Seldom do aftermarket tailpipes prove satisfactory either. An ex-
haust system is an accumulation of optimized, carefully thought out features.
The ohjective that must be met in correlating these design features is the cre-
ation of a clean-running, acceptable-noise-level, lowest-possible-back-pres-
sure tailpipe.

ex RULE: Back pressure in an exhaust system 1s evil.

131
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Fig. 11-2. Turbos do
not like back pressure;
the lower the better.
Note the separate
exhaust pipes for the
wastegates.

Design
Considerations

Fig. 11-3. Strengthen-
tng ribs between each
fastener will greatly
tncrease the durability

of a flange-to-pipe joini.

Turso-to-TaiLPIPE JOINT. This part of the exhaust system is subject to temper-
atures ranging up to 1500°F, a factor that dictates much of the configuration of
the components. This is perhaps the most highly stressed section of the ex-
haust system. Therefore, strength is of prime importance. Strength starts
with the thickness of the turbine outlet flange. This flange can arguably be as
thick as 1/2 inch and still call for additional ribs or braces.

As flanges do not stay flat during welding, the mating surface to the turbine
must be surfaced prior to installation. Welding is generally harmful to the base
metal. A weakened condition thus exists at the flange/tube weld. An easy way
around this weak point is to weld the tube inside the flange and only intermit-
tently on the outside, making the weak segments discontinuous.

Basic TuBe size. It is easy to gel overeager on fitting large-diameter pipes
into an exhaust system. “The larger the better” is not the case. As indicated in
Chapter 5, there is an exhaust gas velocity that ought not to be exceeded. T am
going to suggest that for exhaust caleulations, this velocity is approximately
250 ft/sec. The considerable expansion of exhaust gas due to the temperature
inerease also requires a significant increase in the desired volume of the
tailpipe. The tubes for the hot gas on the exhaust side should therefore be larg-



Fig. 11-4. Approximate
exhaust pipe flow area
for specific power
output

Fig. 11-5. Turbine
outlet flange connec-
tions should not he
welded a full 3607 on
the external joint.
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er than the tubes for the cooler intake side. Base the calculation on the same
conditions as for intake tubes, but use a maximum velocity of 250 ft/sec rather
than 450 ft/sec. To size a tailpipe, you can adhere to this exhaust gas velocity or
to the simple guideline of selecting a tube diameter approximately 10% larger
than the turbine outlet diameter. Figure 11-4, exhaust tube size versus bhp, of-
fers a good guide to choosing an adequate tailpipe size.

25
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Diameter single pipe (in.)
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Weld inside
for seal

Weld 1/2" increments around
exterior flange-to-tube join
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Converter position. The position of the catalytic converter is locked in by
law. The converter must stay in the original position. Do yourself a favor and
leave it alone. Modern matrix-style converters are not very restrictive. Most
units will contribute less than 2 psi to the total back pressure in the tailpipe.
That is acceptable,

When adding a catalytic converter to a system not previously so equipped,
place the converter as close to the turbo as possible, to help the converter reach
operating temperature quickly.

Fig. 11-6. A good
example of fitting
exhaust tubing in the
avatlable space while
maintaining adeqiate
tibe size and mandrel
bends. This also shows
a good Y connection
combining two turbine
owtlet tubes,

OxyGEN sensoOR posiTioN. The oxygen sensor ideally wants to be as close to
the combustion chambers as temperature permits. In most circumstances
where a turbo is involved, the oxygen sensor should be immediately aft of the
turbo.

Expanston Joints. The wide temperature fluctuations experienced by the
tailpipe of a turbo engine cause somewhat greater thermal expansion than
would otherwise be the case. Permitting the tailpipe to expand and contract
without restraint thus becomes vital, to avoid cracking caused by thermal-ex-
pansion-induced binding.

Fig. 11-7. Thermal a Engine

expansion of the T
exhaust system must ;’/
be allowed, to auoid

cracking. —
5 & 1

/— Cracking will be induced al turbine outlet joint

Rigid anchor to transmission



Fig. 11-8. A joint at the
transmission showld be
flexible.

Fig. 11-9. The swaged
tailpipe joint is the
simplest and most
versatile of all joinis.

Fig. 11-10. Swages,
either singly or in
mulitples, can be used
as flex joints.
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A degree of flex can be built into a tailpipe, with swages used as connectors
for the pipe segments. Swages permit easy angular adjustment as well. The
pipe clamp can also readily serve as a hanger anchor.

Hangers. As simple as the idea may be of hanging a tailpipe under a car, you
need only look under a Ferrari to get a good feel for the fact that this subject
can be taken very seriously. Several problems crop up in properly locating a
tailpipe. Vibration, heat, engine rocking motions, thermal expansion, and
hanger design are all problems that need to be addressed before one has a du-
rable, unobnoxious tailpipe.

Vibration can usually be damped by frequent hangers and soft spots. Soft
spots are flex joints that will not transmit vibration. A swaged joint is an exam-
ple of a =oft spot.

Heat is only a problem if a vulnerable component is within range. In gener-
al, it is far better to insulate the item that can get damaged rather than the
tailpipe itself. Heat can damage such things as undercoating, fiber materials,
and painted surfaces. A bit of time spent looking for such vulnerable things
and providing a few shields will prove valuable in the long run. A simple sheet-
metal shield will provide a temperature drop of several hundred degrees.

+ 27 of motion

\
S

+ 4% of motion
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Fig. 11-11. Simple
hanger with clamp

Fig. 11-12. The clever
yet effective low-
restriction muffler
design from Super-
Trap.

Fig. 11-13. The Flow-
raster miutffler offers
low exhawst gas restric-
tion with adegquate
noLse SUPpPression,

]
LS

us

MUFFLER STYLES, SiZEs, AND NUmBER. Generally speaking, the muffler will be
the largest single restriction in the exhaust system. Unfortunately, the re-
quirements of low back pressure and silencing are usually at odds with each
other. Reasonable compromise can be reached most often with several large
muffers. The need to keep large flow areas through all sections of the exhaust
system can frequently be met by installing mufflers in parallel. Inspect the
flow area available in each case and be certain the sum of the cross-sectional
areas exceeds the basic tube area. It will pay dividends to make the muffler

flow areas about 25% greater than the basic tube, as the drag coefficient inside
the muffler is usually pretty shabby.
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The choice of muffler styles is limited to straight-through glass-pack types
or the relatively popular “turbo” mufflers. Generally, straight-through units
offer better flow capability, while baffle-style turbo mufflers provide superior
silencing. Glass- or steel-pack units have the reputation of burning the silenc-
ing material out at an early age. Oddly enough, the turbo dramatically extends
the life expectancy of these mufflers, as it takes out a great deal of heat that
would otherwise do damage.

Two types of cores are popular in the glass-pack units: drilled and louvered.
Drilled cores have a much cleaner, thus less restrictive, low path. If drilled-
core units prove scarce, louvered-core mufflers work better when flowed back-
ward.

Fig. 11-14. Top: Paral-
lel glass-pack mufflers
flow well and offer low
restriction. Bottom:
This muffler layout
may offer an advantage
in tight spaces.

=%
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Fig. 11-15. Glass-pack
mufflers are made in
two different styles, 1 = i

drilled-core and A
louvered-core. Dirilled- MNet % g
size Flow direction

COre are S'Hpﬂli"{.t}.i‘.
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sigr; < Flow direction
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Fig. 11-16. A separate
tatlpipe for the waste-
gale is best.

Fig. 11-17. The waste-
gate vent tube suffers
the most from thermal
expansion; length
changes must be
accommodated. Note
direction of swage for
best seal when not
operating wunder boost,
due to normal back

pressure in the tatlpipe,

Fear of excessive noise with straight-through mufflers is usually valid. This
is not the case with a turbo engine, as the turbo alone can be considered ap-
proximately one-third of a muffler.

WasTEGATE INTEGRATION. 'T'he wastegate, discussed more extensively in Chap-
ter 12, presents no special requirements with respect to silencing but does cre-
ate an opportunity that can benefit performance. In any catalytic-converter-
equipped car, the wastegate discharge must be put back into the tailpipe before
the converter, because all the exhaust gas must pass through the converter.
Where no converter is required, the opportunity exists to make a completely
separate tailpipe solely for the wastegate. A simple muffler may prove neces-
sary to keep noise within limits when the system is at maximum boost. The
value in creating a separate tailpipe here is that it effectively increases the ex-
haust system’s total flow area. In general, a wastegate will be more positive in
response and somewhat more effective in controlling boost pressure when ac-
companied by its own tailpipe.

The wastegate vent tube or tailpipe will suffer unusually large fluctuations
in operating temperature. This situation exists because the wastegate is closed
most of the time, and the vent tube will thus be eold, since no exhaust Aow is
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Fig. 11-18. This waste-
gate ona Honda CRX is
mounted remotely from
the exhawst manifold
for packaging reasons.

Tailpipe Tips
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present. As soon as the wastegate opens, the entire vent tube experiences a
rapid rise in temperature. This fluctuation will occur every time the wastegate
opens. This requires the vent tube design to be such that it can expand and
contract without putting itself in a crack-inducing bind. Expansion joints can
take the shape of swaged or bellowed connections. Bellows, to prove long-term
durable, must be stainless steel and of sturdy construction. The material
should be a minimum of .03 inch thick. A bellows must be supported so as to
eliminate vibration, or it will fail due to metal fatigue.

MateriaLs anp Finiswes. Mild steel is an entirely adequate material for ex-
haust system construction. Stainless steel, while distinctly superior, presents
the problem of obtaining all the system components from this material. Stain-
less tubes welded to mild steel mufflers accomplishes little for long-term dura-
bility.

FASTENERS AND @ASKETS. Bolted-together joints are surely the most trouble-
some parts of any exhaust system. If properly configured, the fasteners and
gaskets that hold the joints together can go a long way toward insuring that
these joints remain in service without trouble. Creating the correct setup is
largely a matter of several do’s and don'ts, listed in Chapter 10.

Franees. A flange has the twofold responsibility of keeping the gasket se-
curely clamped at all times and insuring that the tailpipe tube receives ade-
quate support. These requirements are easily met by using flanges 3/8 inch
thick or greater. A small flange, such as for a wastegate, can survive as thin as
5/16 inch. In general, the thicker the flange, the longer it and its gasket will
stay there,

Since the only visible segment of the entire exhaust system is the last few inch-
es, 1t 1s tempting to let style do a number on efficiency. Style is almost always
nice, but not when it costs power. Make sure the exhaust flow area is main-
tained through the tips. Thoughts of tip designs that “extract” exhaust gases
might be alluring, but wait until they show up on Formula 1 race cars before
gelting too enthused about their merit. Most fancy tip offerings will prove less
than satisfactory.
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Fig. 11-19. Nice
cosmetic exhaust
detailing from Borla.
The outer tube is the
basic pipe size.

Special
Requirements
for Front-Wheel-

Drive Cars

EXHAUST SYSTEMS

A front-wheel driver is most often a transverse engine layout. This presents a
new problem to the designer, in that the tailpipe is required to flex up and
down when the engine moves relative to its mounts when transmitting torque.
It is not feasible to bend a tailpipe and expect it to survive more than one fast
lap around the block. The flex joint takes on a whole new meaning with the
front-drive transverse-engine vehicle. Don’t put yourself into the position of
building pipe after pipe with the strength to stay in one piece and trying to get
one to live. The problem is to design in enough fexibility of joints so that the
engine can move virtually anywhere and not overstress the tailpipe. Antici-
pate 10° of Hexibility and provide for it.

AND FURTHERMORE . . .

Do the joints interfacing the turbo have any reliability problems?

Almost always. Stock systems are designed for flow rates produced by stock
engines. To try to pump 50% more flow (approximately 7 psi boost) through an
exhaust will raise tailpipe pressure to an unacceptably high level.



Restrictor

Fig. 12-1. Boost can
be controlled by «
compressor inlet or
outlet restrictor. While
effective, this increqses
hieal and is a bad idea.

Fig. 12-2. A lailpipe
restrictor can control
boost, but heat goes up,
Effective, but also a bad
iclea.

2 BOOST CONTROLS

The need for effective and positive boost controls in a turbocharger system is
brought about by the turbo’s characteristic of increasing its rate of airflow
faster than the ability of the engine to accept that flow. If unchecked, the turbo
can quickly produce damagingly high boost pressures that lead to engine
knock. The methods and details by which boost pressures are held in check are
key elements in the success of any turbo system design.

Boost-control devices vary in style and effectiveness, from the angle of the
driver’s right foot to the sophisticated variable area turbine nozzles. The fol-
lowing discussion will outline the schemes and their merits for keeping boost
production under reasonable limits.

Boost can be controlled by creating a restriction for either intake flow or ex-
haust flow. On the intake side, simply drawing through or pumping through a
calibrated (by trial and error) orifice at the compressor inlet or outlet, respec-
tively, ean limit the flow so boost won't get out of hand. A slightly more clever
device varies flow area as boost rises, so nonboosted operation is wide open. In-
take charge temperatures will rise with this control, because the boost made
will be from less air let in; thus the pressure ratio and temperature are greater.

The restrictor will also work on the exhaust side. Again, the calibrated ori-
fice will limit the flow, as the turbo is free to make huge amounts of boost, only

— Heslrictor before compressor

Restriclor alter compressor

A A =
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Vent Valve

Fig. 12-3. Boost
pressure can be vented
after work s done fo
create it. Effective,

but a bad idea.

Wastegate

Fig. 12-4. The waste-
gate. This is the way to
control boost with the
classic turbocharger,

to scrap the flow at the orifice. This restrictor can take the form of a large
washer at the turbine outlet or even a muffler that hates performance. Any re-
striction to exhaust flow will drive combustion chamber temperatures up, be-
cause exhaust back pressure, and thus reversion, will be greater.

The fundamental notion of adding a turbocharger to increase flow through
an engine and then adding a restrictor to control that flow must, in the final
analysis, be considered a dopey scheme. No Formula 1 cars have flow restrictors.

A rather sophisticated radiator cap can be used as a boost-control device. Gen-
erally, these types of controls will prove inaccurate and often noisy. While far
superior to any form of restrictor, these valves probably have their greatest
value as safety controls in the event of a wastegate failure. They can commonly
be found on production turbo cars as overboost safety devices. The vent valve
has no business being a primary boost-control device. Furthermore, it cannot
he used on a draw-through carb system, as it would be required to vent a fuel/
air mixture.

-
O N

The wastegate derives its name from the fact that it functions by wasting a
portion of the exhaust energy, By wasting, or bypassing, a controlled amount
of exhaust gas energy around the turbine, the actual speed of the turbine,
hence the boost, can be controlled. Imagine the wastegate, then, to be nothing
more than an exhaust bypass valve that allows only enough exhaust gas flow to
the turbine to produce the desired boost.
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Fig. 12-5. Two
excellent examples of
wastegales from HKS

Fig. 12-6. Adapters
to place a wastegate
between the turbo and
the manifold

Selecting the
Wastegate

SELECTING THE WASTEGATE 143

Although the wastegate is currently the best choice for the job of boost con-
trol, it is not a perfect concept. That it functions by wasting energy is obviously
a flaw. A second flaw is the need for the wastegate valve to start opening quite
early in the boost rise time, so it will reach a position to stabilize boost when
boost reaches the desired maximum. In other words, a wastegate set at 10 psi
will usually start to open at about 5 psi and clearly waste a bunch of energy
that could otherwise be used to speed the turbo up. Trying to gain turbine rpm
while the wastegate valve is open is, in part, chasing one’s tail,

The thousand-horsepower Formula 1 cars used wastegates, and o does ev-
ery proper turbo system in the world. Until the VATN-controlled turbo be-
comes widely available at a reasonable cost, the wastegate is the best boost
control.

Two styles of wastegate currently exist: integral and remote. Integral implies
that the wastegate is built into the turbocharger itself. The remote can be
placed wherever one feels the need. Or, at least, in a more ideal place.

The decision as to which style to employ is one of balance between econom-
1es and performance. The nod on economics roes to the integral style. The per-
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Fig. 12-7. The integral
wastegate is (nexpen-
sive and easy.

Fig. 12-8. The remole
wastegate 15 the best of
the boost-control soli-
tioins.

integrating the
Wastegate into
the System
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formance advantage, while small, is usually with the remote wastegate. Show
me an integral wastegate on a race car.

One of the key items in integrating the wastegate into the system is the loca-
tion of the exhaust gas bleed-off from the exhaust manifold. This feature is
eritical, because it determines such things as load balance between cylinders,
accurate and quick response of the gate, and, in part, turbine inlet pressure.
The bleed-off must vent from a location where the pulses from all eylinders
have been collected. This virtually always means the manifold, close to the tur-
bine mounting flange. Symmetry and easy flow paths are ideals for laying out
a wastegate system.

[t is vital that exhaust gases be given an easy job of changing direction from
the route toward the turbine to the bypass through the wastegate. If flow has
any difficulty whatsoever changing direction to exit through the wastegate,
the ability to control boost in the higher rev ranges may simply disappear.



Fig. 12-9. The waste-
gate that does not vent
from all cylinders

untformiy is a bad idea,

Nor should it cause
reversal of flow from
the turbo, as here.

Fig. 12-10. Bleed
angles into wastegates
are important, to allow
exhaust gas to flow

easily out of the system.
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Exhaust gas return from the wastegate to the tailpipe after the turbine
should receive the same forethought as gas entering the wastegate. The prin-
ciple here is to avoid interfering with exhaust gas flow exiting the turhine. In-
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Fig. 12-11. Integral
wastegates usually
dump vented gases
immediately belind the
turbine and create high
turbulence, reducing
overall flow,

Fig. 12-12. [ntegral
wastegates that keep
vented gas away from
primary exhaust gas
permil superor power
cretpid,

terference will raise exhaust back pressure, thus reducing power. An integral
wastegate will usually channel bypassed exhaust gas back into the system im-
mediately aft of the turbine wheel. This is acceptable for economie reasons but
is not in the best interest of power. A few integral wastegate designs, like some
models of the Japanese 1HI, have provided a separate exhaust pipe for the by-
passed gases. When this separate pipe is available, it should be taken advan-
tage of and routed some distance down the tailpipe before being dumped back
into the main exhaust system. A minimum distance would be 18 inches.

As discussed in Chapter 11, the ideal circumstance for bypassed gases from
the wastegate is a completely separate tailpipe. This offers the most positive
wastegate response, lowest back pressure, and no interference with flow
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Fig. 12-13. A variation
on the integral waste-
gate, but with a
separate vent path

Wastegate
Actuator Signal
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through the turbine. Perhaps not cheap or easy, but a maximum-effort turbo
system will have a separate tailpipe for the wastegate, with suitable consider-

atlon given to thermal expansion of the tube without any cracking of the joint
between tube and tailpipe

Boost pressure applied to the wastegate diaphragm is referred to as the actua-
tor signal. The source of this signal can influence wastegate response, ultimate
boost pressure, and, under certain circumstances, even fuel fow rates. It is
therefore important to consider where this actuator signal should come from.
It is vital to know and understand that the wastegate will control the pressure
at the point where the actuator signal is taken from the system. If the signal is
taken at the compressor outlet, that is the point in the system that will experi-
ence boost pressure dictated by the basic setting of the wastegate. Likewise, if
the signal is taken from the exhaust pipe (don’t laugh), pressure in the tailpipe
at that point will, again, be dictated by the basic setting of the wastegate. It is
known that pressure distribution through the engine/turbo system varies due
to such flow-restricting devices as intercoolers, throttles, sometimes venturis,
and just plain plumbing problems. Obviously, then, pressure through the en-
tire system will vary based on the location of the actuator signal source. So.
where to put the signal source?

Issentially, three choices exist for sourcing the signal: the compressor out-
let, a plenum entering the throttle bodies, and the intake manifold. Fach of
these has merit and problems.

The signal originating at the compressor outlet offers the best control over
the wastegate with regard to its response and ability to consistently control
boost to a given value.

The bad side is that torque-curve rise will suffer slightly, as this source will
create the earliest possible wastegate cracking point. This early crackin g point
will ofier some relief thermally, because the entire system will virtually never
see more boost than the basic setling of the wastegate. This can be important
in avolding a quick heat soaking of the intercooler,
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Fig. 12-14. Flexible
wastegate vent tubes
allow for extreme
expansion and
contraction caused by
large temperature fluc-
tications through the
wastegale.

Fig. 12-15. The waste-
gate signal source can
affect the system with
respect to heat load and
turbine response.

Design Features
of the Wastegate
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The intake plenum signal source will slightly improve boost response, since
the turbo is free to make all the boost it can until the pressure reaches the sig-
nal source and is transmitted to the wastegate. The fact that the turbo is free
to make a briefl spike of boost will cause the intercooler to be hit by a greater
slug of temperature. Greater temperature is always to be considered a nega-
tive. For a blow-through carburetor system, where the wastegate and fuel
pressure regulator must see the same signal simultaneously, the plenum sig-
nal source is best.

sourcing the signal from the intake manifold should be considered only
when turbo response is of the highest importance and the short blast of extra
heat can be tolerated or ignored.

All things considered, heat should be the controlling factor. Unless unusual
circumstances dictate, hook the wastegate signal to the compressor outlet and
call it a day.

A variety of design features influence the function and capability of the waste-
gate. Most wastegates on the market today have a good balance of features ver-
sus cost, but a close analysis of these features may show one unit to be superior
to another for a specific application.

Common pirecTioN. One general characteristic all wastegates must have isa
common direction for the pressures applied to the valve and diaphrvagm, Ex-
haust gas pressure applied to the wastegate valve absolutely must push in the
same chirection as boost pressure applied to the diaphragm.
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Spring preload
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STABILITY AND CONsISTENCY. The stability with which a wastegate controls
boost pressure, and the wastegate’s day-to-day consistency, are generally rre-
lated to the ratio of the areas of the diaphragm and valve. All other things
equal, the greater the ratio, the better the wastegate.

Hear 1soLamion. Heat isolation is eritical to the life expectancy of the waste-
gate, Heat isolation is, in part, where you choose to put the thing, but it is alzo
very much a function of the path available for heat to get from the very hot
valve area up to the diaphragm area. The idea 1s, of course, to keep the heat
away from the [ragile diaphragm. Heat travels through heavy sections of met-
al quickly; thus, the less material area between the two, the better. Aluminum
conducts heat superbly, whereas stainless steel is lousy at il. Therefore, a
stainless steel wastegate should treat the diaphragm to an easier life.

Cracking PRESSURE. The cracking pressure of the wastegate is the pressure
at which the valve first lifts off its seal, This pressure is usually one-half to one-
third of the stabilizing (maximum boost) pressure. A high cracking pressure is
important, because a fair amount of energy intended for the turbine will be
vented out the wastegate as soon as it cracks, vetl the turbo is not up to maxi-
mum boost. Thus the turbo’s ability to gain boost after the eracking point is
reached 1s slightly diminished.

Apjustasiuiry. Adjustability is a nice feature to have in any wastegate. This is
usually aceomplished by a screw that changes the preload of the valve spring.
The nature of spring rates, free lengths, and compressed lengths usually die-
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Fig. 12-17. This clever
design by Turbonetics
avoids the cracking
pressure tssue by using
a throtile-plate waste-
gate valve,

Fooling the
Wastegate

tates a range of adjustment of the basic wastegate limited to about * 2 psi with-
out changing the spring itself. Virtually all gate manufacturers offer a variety
of springs for different boost pressures. Generally, remote wastegates offer an
adjustment feature; integral units do not.

MounTtinG FLANGE. Mounting flange styles can be an important consideration

when selecting a suitable gate. Rigid, strong, clamped-up flanges are long-term
reliable. All else is somewhat less.

Turning up the boost is becoming the favorite pastime of serious power enthu-
siasts, It is simple to think in terms of making more power by just turning the
boost serew. Alas, this is not the answer. The premise under which one must
operate if one desires to turn up the boost is to remove some heat from the in-
take charge, make sure the air/fuel ratio stays correct, and, when possible, add
octane. Then, and only then, is one entitled to turn up the boost to a new level
that adds hack to the system the same amount of heat that was taken out by
improving the system’s efficiency.

For example, a more efficient intercooler that can remove another 45°F
from the intake charge will permit the boost to be raised about 3 psi—provid-
ed, of course, that the air/fuel ratio remains constant. Arbitrarily turning up
the boost without any precautions whatsoever essentially states that you
think the designers were conservative bordering on foolish. We are generally
agreed that accountants and lawyers determine tolerable boost pressures, but
suppose for a moment that the engineer with a graduate degree in thermody-
namics was actually the man responsible. Then we are in trouble if we arbi-
trarily turn up the boost. Take your pick. Chances and logie suggest we would
he advised to take some heat out before we turn up the boost. With this bit of
soapboxing complete, here are the schemes by which boost can be turned up:

ALTERED sPRING. A simple modification for a permanent change of boost level
is to alter the spring in the wastegate actuator. This can be done in three differ-
ent ways: shim the original spring to a higher preload, replace the original
spring with a stiffer one, or add a supplementary spring to aid the original.
Estimating the stiffness of the spring required for a specific boost gain is a bit
of a lengthy calculation. Perhaps trial and error is easier if you are not keen on
caleulation. A relatively easy approach to selecting a supplementary spring is



Fig. 12-18. A simple
integral wastegate
modification for
tncreased boost

Fig. 12-19. The basic
concept of the remote
boost-change device.
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Original spring —
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and adjust as required

to choose one of approximately the same length as the original but about half
as stiff. This will result in a boost setting about one-third higher than stock.

DiaL-a-8oost. Another easy form of variable boost control is the concept of
dial-a-boost. This device is nothing more than a controlled leak in the actuator
signal line. If, for example, a 2 psi leak can be created in the signal line, it would
take 9 psi of boost to open a 7 psi wastegate. An adjustable leak can be created
by using a pressure regulator as the leak adjustment. Turn the knob, vary the
leak, and presto: dial-a-boost.

Two-LEVEL BoosT switcH. Dial-a-boost with a variation can become a two-
boost-level, high-and-low switch. Dial-a-boost works by creating a leak, and
the leak can be turned on and off by a solenoid controlled by a switch from the
cockpit. This same scheme could be expanded to any number of boost levels
deemed necessary. The logic of two or three boost levels is not tough, but the
logic of ten different ones would escape me.

BLeep oriFice. Perhaps the simplest means yet devised of upping boost is the
simple bleed orifice that lets out part of the signal the wastegate actuator re-
ceives. Start with a bleed hole of approximately .06 inch. Merely adjust the size
up until the desired boost is achieved. A restrictor orifice may be required in
the signal line, as turbo systems generate such huge volumes of air that a bleed
hole of .06 inch is usually meaningless without somehow reducing the overall

Controlled leak by orifice,
needle valve, or pressure regulator

. :

O_J
i -

Restrictor to reduce CFM =0 that
L Wastegate

leak appears relatively larger
ahiEp ylatd aetuator
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Fig. 12-20. The HKS
Electronic Valve
Controller is o multi-
level boost-change
device that also
produces faster boost
rise by blocking the
signal fo the wastegate
until near-maximum
boost is achieved,

Override
Safety Device

flow available to the actuator. It is best to keep the cfim restrictor hole to about
06 inch alsa.

ELECTRONIC/PNEUMATIC WASTEGATE CONTROLLER. The electronic controls recent-
ly available for the wastegate offer an additional benefit. Not only do they pro-
vide several different boost pressures at the push of a button, they also keep
the wastegate valve closed until desired boost pressure is reached. This is ac-
complished by blocking the pressure signal to the wastegate, preventing it
from cracking open 5 or 6 psi before maximum boost. Boost rise from mid-
range to maximum is significantly faster. While difficult to perceive in first
gear, the benefits are obvious and substantial from third gear up.

(£

e 5 ;
& -
A ecTRONTE mﬂ

WREVE
conTROLLE

It is hard to argue against some form of emergency boost control that will take
over should the wastegate experience a failure. Don't think for an instant,
however, that if this happens, the engine is destined to melt down. When a
wastegate begins to fail, it does not take a rocket scientist to see the higher
readings on a boost gauge and deduce that something is amiss. Nor does it take
Mario Andretti to tell that the vehicle is accelerating a bit faster and that per-
haps a change has occurred in something that merits a closer look. Fundamen-
tally, if one blows an engine because of a failed wastegate, one ought to turn in
one’s driver’s license. Nevertheless, it is easy to have an override safety, keep
your toot in it, and just not worry about a thing.

Several schemes function satisfactorily as safety devices. In OEM turbo sys-
tems, these vary from pop-off radiator-style vent valves to electronic fuel cut-
offs or ignition cuts. If one has done one’s homework and wishes to raise the
boost of an OEM system, the factory overboost safety device must be defeated.
but it 1s still a good idea to install a new one to account for the higher boost lev-
el. The individual approach to blocking these devices is likely a search of the
tactory manual or consulting someone in the aftermarket who has done such
tinkering.

If you are designing your own turbo system, it is also advisable to create an
override safety device. A hoost-pressure-sensitive switch can cut the 12-volt
pulse to a coil, igniter, or fuel pump. Merely identify the proper wires, insert a
pressure-actuated switch set 1-2 psi above the wastegate setting, and supply it
with a boost signal. Killing the fuel supply is probably the better of the two
choices. These devices can cause a jerking on and off if the foot is kept in it (as
boost repeatedly comes down to a safe level, closing the circuit, which causes
boost to rise again), but safety they do offer. This approach is not, of course,
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quick enough for carbureted engines and is therefore limited to those that are
EFI-equipped.

AND FURTHERMORE . . .

Why is a wastegate important?

A gasoline-application turbo system must have a boost-control mechanism
to prevent the possibility of too much boost causing damaging detonation. The
wastegate is the standard-configuration turbo’s only technically correct boost
control. The only other viable alternative is the VATN turbocharger, which
controls turbine speed, and thus boost, by vane position (see Chapter 16). This
type of turbocharger has far greater technical merit than standard turbos with
wastegates.

How should a wastegate integrate into the system?

A wastegate has two plumbing requirements: where it vents from and
where it vents to. The wastegate should draw [rom the same area of the ex-
haust manifold as the turbo. The vent from the wastegate should ideally have
a separate exhaust pipe and muffler. This causes the least disruption to the
flow through the turbo and tailpipe. The vent tube back into the tailpipe ought
to be located well down the pipe from the turbo, a minimum of 18 inches. For
these reasons, the remote wastegate is always superior to the integral type. Se-
rious turbo people, like Porsche, haven’t yet succumbed to the cost savings of
an integral wastegate. Furthermore, no race cars have integral wastegates,
and I doubt they ever will. It’s fun to see ads for turbo kits touting one of the
least desirable features of a turbo system: the integral wastesate.
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Are there any beneficial safety devices?

Overrev and overboost back-up safety devices are good features. A detona-
tion indicator is useful for the hearing impaired. A closed-loop detonation de-
tection and correction system is a valuable safety addition.



Deciding on
Specific
Objectives

Compression
Ratio

Fig. 13-1. Approximale
boost-pressure allow-
ables for varying fiel
pctanes and engine
compression ratios

3 PREPARING THE ENGINE

Surel},ir one of the delightful benefits of turbocharging is the fact that a turbo
can combine forces with a “good, stock™ engine and produce terrific resulis.
That does not imply that careful preparation of the engine would not offer re-
turns commensurate with the effort expended. To do the job right means pre-
paring the engine only to the extent that performance objectives require. Any
engine built anywhere by anybody (OEM, that is) will withstand the rigors of a
properly set up 5 psi of boost. Therefore, “doing the job right” at a performance
objective of 5 psi means you need a “good, stock” engine. One should not, how-
ever, expect the “good, stock” engine to survive the performance regimes of 50
psi Formula 1 turbo engines. Further, one should not waste elaborate prepara-
tion on an engine only to run wimpy boost pressures. Balancing performance
objectives with engine preparation is the subject pursued in this chapter.

Desired power translates to a boost pressure range required to achieve that
power. Engine preparation needed to permit those boost pressures can be re-
duced to a group of generalities. Certainly, many engines have specific require-
ments and weaknesses. A literature search for any given engine will usually
turn up a wealth of information, probably far more than needed.

In outlining engine performance desired, the first decision is the compression
ratio. Compression ratio affects a large number of performanece and driveabil-
ity factors. Throttle response, economy, bhp per psi of boost, and that intangi-
ble, sweel running condition associated with engines eager for action are some
of the performance factors determined in large part by the compression ratio.

15 +

o

Boost (psi)

iy |

0 = I | J —1 J
& 7 i 9 10 11 1
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Fig. 13-2. Approximale
boost-pressure varig-
tion as a function of
compression ratio and
intercooler efficiency

Do not be hasty to lower compression ratios just because most OEMs like to
do so. The proper compression ratio for the job is determined by lengthy ther-
modynamic calculation and comprehensive testing. All that good technology
has its place, but usable numbers can be generated by some experience and
will hold for most general applications. The two largest influences on compres-
sion ratio are boost pressure desired and intercooler efficiency. Fuel octane
certainly plays a big part, but we are usually limited to using commercially
available pump gasoline.

e RULE: A turbo engine must never be reduced to a low-compression slug.
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CALCULATING A COMPRESSION RATIO cHANGE. T'o calculate a compression ratio,
we must know the displacement volume and clearance volume (see glossary)

displacement volume + clearance volume
clearance volume

Compression ratio =

or
1i'f-ti + V::
|4

o

CR =

where

V; = displacement volume

V., = clearance volume

Some minor manipulation of the equation will put it into a form that allows
easy calculation of clearance volumes for specific compression ratios.

one-cylinder displacement
compression ratio — 1

Clearance volume =

Example:
400 cid V-8 with CRof 11.0to 1

400

Cleararce volume = ——— =5.01in.



Fig. 13-3. Defining the

compression ratio
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Clearance

volume (V) | T~Displacement
volume (Vg)

To change the CR to 8.5 to 1, the new clearance volume will be
400
8
8.6-1

Clearly then, to get from the 11.0 to 1 compression ratio to the 8.5 to 1 ratio,
6.67 — 5.0, or 1.67 cubic inches, must be added to the combustion chamber vol-

ume. How one adds this volume can vary, but the math remains that easy.
CHANGING A COMPRESSION RATIO. A variety of methods exist to change a com-

pression ratio. Almost all are unaceeptable. The crux of the matter is upsetting
the “squish volume” around the rim of the chamber. A chamber is designed so
that the charge is pushed toward its center as the piston achieves top dead cen-
ter. This is perhaps the strongest deterrent to detonation designed into the
system, as it tends to either eliminate end gas or keep charge turbulence high.
This squish volume is a rim about .3 to .4 inch wide around the chamber, and
approximately .04 thick—a big, washer-shaped volume between piston and
head. Consider “squish volume” sacred and do not tamper. It is possible to err
s0 badly in removing the squish that a resulting 7-to-1 compression ratio may
ping worse than a 9-to-1 with proper squish. Clearly then, choices for reducing
compression ratio are limited to opening up selected parts of the head side of
the chamber, installing a new piston with a dish in the center, or remachining
the original piston to create a dish. It is perhaps a little rigsky to undertake re-
machining a eombustion chamber, because the thickness of the material is
usually unknown. Furthermore, chamber shapes are closely controlled fea-
tures of most modern engines. If the chamber must be recut, ultrasonic inspec-
tion can determine the material thickness. Commercial inspection service
companies frequently offer this service. An entirely new piston, with the re-
quired dish that maintains the squish volume, is a proper approach. Machin-
ing a dish into the original piston is sound, provided the top thickness is
adequate. A reasonable rule would require the top thickness to be at least 6%
of the bore. Approaches to lowering the compression ratio that do not work are
thicker head gaskets and shorter eonnecting rods.

Clearance volume = — BB i

Cylinder head preparation is once again a function of the engine’s purpose. A
good street turbo engine is usually quite comfortable with a completely stock
cvlinder head. On the other hand, a full-Aedged turbo racing engine will re-
quire complete preparation consistent with the type of racing intended.



158 CHAPTER 13: PREPARING THE ENGINE

Preparing the
Cylinder Block

Head Gasket
improvement

If the opportunity to prepare a street head presents itself, attention should
center largely around assuring that the head is in excellent condition. Flatness
of the head gasket surface is of obvious importance. A minimum truing cut
would be advisable. All holes should be chamfered and all threads chased with
a sharp tap. Every edge and every corner should be deburred. Inspect for cast-
ing flash and casting process roughness and remove accordingly. The combus-
tion chambers should be deburred and all edges radiused or blended into the
surrounding material. All unengaged spark plug threads should be removed.
The purpose is, of course, to eliminate hot spots that could serve as potential
ignition sources. The valves themselves should receive similar attention. The
quality of the valve seating surface must be first class. Here is the place to
spend a little extra money and insure good sealing against the higher pres-
sures induced by the turbo. Quality work on the valve seats will also conduct
slightly more heat out of the valves.

Intake and exhaust ports should receive preparation consistent with the ob-
jectives of the engine. With a mild street engine/turbo system, a cleanup and
matching of ports is logical. Competitive situations are different. Airflow rates
through turbo engine ports far exceed those through atmo ports; therefore,
imperfections cause considerably greater drag. Turbo heads used for competi-
tive events consequently merit a higher degree of port preparation.

Inspect the manifold mating faces for flatness, and remachine as required.
Seldom is there any requirement to improve sealing at the intake manifold
gasket. A boost pressure of 14.7 psi (on the inside pushing out) is virtually the
same as the pushing “in” with a manifold vacuum of 30 inches (brought about
by backing off the throttle at high rpm). Vacuum and pressure are, to a limited
degree, the same thing—they’re just pushing in different directions.

Seldom will a cylinder block need special attention just because a turbo enters
the scene. A good stock block will serve most applications well. But somewhere
between higher performance, longer durability, and plain old pride of work-
manship exists a logical reason to give thought to cylinder block preparation.

Vat the block in hot solvent for convenience of handling, deburr everything,
and retap all threads. Decks must be flat. Insure that the decks are equidistant
from, and parallel to, the crank centerline. Crank bores must be concentric
and round. It is extremely important that cylinder bores be round. Vat the
block again when all the ahove is done, to make sure it really is clean.

I[f one characteristic of a cylinder block eould lend a hand to the turbo appli-
cation, it would be rigidity of the deck surface.

The thought of trying to improve a head gasket should not imply that the head
gasket is a weak link. A new stock head gasket, mated to flat surfaces and ac-
companied by properly torqued head studs, is a good joint. Head gaskets in
general do not tend to “blow.” Rather, one could say that detonation will blow
anything, and the head gasket is often the first thing standing in line. Almost
always, the most effective cure for blown head gaskets is control of detonation.

Clearly, however, maximume-effort engines must be equipped with maxi-
mum-effort head gaskets. Several methods exist for substantially improving a
stock head gasket. The fundamental idea is to offer some form of motion barri-
er that will help the gasket stay put if it is subjected to a few detonation blasts.
This barrier usually takes the form of an interlock or mechanical barrier, as
shown in figures 13-5, 6, and 7.



Fig. 13<4. Performance
head gaskels. Top: The
steel wire ring provides
maximum combustion
sealability bt may
brinell aluminum
heads. Bottom, lefi:
The pre-flattened steel
wire ring has the
strength of steel wire
sealing with mintmum
brinelling of aluminum
heads. Bottom, right:
The copper wire ring
will not brinell alumi-
num heads and offers
superior heat
dissipation from
combustion hot spots.

Fig. 13-5. Head gashet
improvement by a
groove without an
()-ring

Fig. 13-6. Head gashet
strengthened by an
O-ring
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Fig. 13-7. Head gasket
strengthened by a
double O-ring

Improving Head
Clamp-up

Torguing the
Head Fasteners

Fig. 13-8. Studs will
always hold a head on
better than bolts.

Stand each O-ring up out of o
the block about ,004-.005"

An improved head-bolt system can permit greater clamping loads between
head and block. The first serious improvement should be to replace bolts with
high-strength studs. A properly anchored stud, with its shank bottomed out in

the block, will always prove a superior fastener system to a bolt tightened into
the block.

e RULE: A head bolt is an accountant’s decision. A head stud is an engineer’s
decision.

It is reasonable to install head studs of the next size up and gain the addi-
tional clamp-up force available from higher torque values. Serious fore-
thought should be given to upper-cylinder distortion caused by larger
fasteners with higher torque-ups.

The purpose of tightening a bolt, or a nut on a stud, is to put tension into the
shaft of the bolt or stud. The extent to which torque gets converted to tension
is almost solely dependent on the friction between the threads of the stud and
the threaded hole and the friction between the washer and nul. To achieve




Fig. 13-9. Top: When a
stud is torgued up, the
shank bottoms out on
the chamfer. The stud’s
threads pull on the
shank, inducing
COmpressive stress in
the surrounding base
metal. Bottom: An
upward force applied
to the stud pulls the
compressive stress back
to zero before inducing
tensile stress, resulting
tn lower net tensile
stress,

Turbo Pistons
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maximum tension in the shaft for a given torque, friction must be reduced to a

minimum. This 1s accomplished by making sure the threads are in perfect con-
dition and the bottom side of the nut is smooth. This limits the number of
times a bolt or stud is used, because it becomes scored, gouged, or otherwise
damaged. Three times is probably stretching it.

A second and most important means of reducing friction is a proper lubri-
cant on the threads and between the bottom of the nut or bolt head and the top
of the washer. Molysulfide lubricants are best. Light oil will doin a pinch. Con-
sult the shop manual or fastener suppliers for torque values. Unless otherwise
specified, these values are for clean, dry threads. When using molysulfide, all
specified torque values must be reduced by 10% because of molysulfide’s ex-
treme lubricating qualities. Light oil requires torque values to be reduced by
about 5%. Lubricating these surfaces is of such extreme importance that if for-
gotten, one must redo the job before start-up.

—-=— Compression stress
- ==  Tansile stress

T

O &0
a6 MNostress

The piston is the weak link in a turbo engine. When turbo system functions g0
astray, it is the poor piston that usually gets beat up. Heat and heat-induced
detonation are the two things that do the most damage to the piston. These
two enemies can best be resisted by high-temperature-strength material, the
mechanical design of the piston, and heat removal.

Pisron mareriaLs. Forged aluminum, cast aluminum hypereutectic, and T6
heat-treated hypereutectic alloys are common choices in piston materials.
Forged aluminum is, in some cases, considerably stronger than the cast mate-
rial. It is not, however, without its own peculiar problems. Forged alloys are
similar in strength to T6 hypereutectic alloys, with the hypereutectic having
the advantage in the ring land area, where great strength is most important.
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Fig. 13-10. A good
turbo piston will have
thick, strong ring
fands.

PREPARING THE ENGINE

Forgings do have the downside characteristic of needing slightly greater wall
clearance. Large wall clearances can destroy a piston in small inerements dur-
ing the engine warm-up cycle. If too great a clearance is used, life expectancy
can about equal that of an overloaded cast piston. Some of the more modern
forgings have conquered the wall clearance problem and make excellent pis-
tons. The problem is, of course, knowing exactly what you have.

Hypereutectic alloy pistons are cast aluminum alloy with a high percentage
of silicon. Their most useful characteristics are lower thermal expansion and
reduced heat transfer. The jury is still sequestered, but it will probably reach a
favorable decision. Clearly, these pistons merit investigation prior to choosing
the best part for your engine application.

The decision should actually be based on three things: percent increase in
the rpm limit, boost pressure, and the presence of an effective intercooler.
Keep in mind that inertial loads in pistons skyrocket with increasing revs,
more boost makes more heat, and good intercoolers take out heat. It's all a

judgment call. Unless circumstances are highly unusual, street cars with stock

redlines will prove more successful with cast pistons. Forgings should be re-
served for the high revvers, while T6 hypereutectic alloys can cover almost all
requirements.

i RULE: Do not rush to the forged piston store every time a turbo engine
needs preparation.

MecuanicAL pesign. A specially designed turbo piston will be sommewhat more
robust overall than a piston destined for lesser duty. The area of most concern
is the thickness of the ring lands. Ring land area is the focus of most of the
pounding that knock gives a piston. The thickness of these lands must be a
minimum of twice that employed on pistons for atmo engines. Often the de-
tails of a turbo piston will include better heat escape routes from the piston
crown to the sidewalls.

Heat RemovaL. (One way to increase the strength of the piston is to reduce its
operating temperature. Two methods seem viable in accomplishing this: ce-
ramic coating on the piston top and/or oil spray on the bottom. With ceramic
barriers, it is acceptable for charge temperatures to rise slightly as a conse-
quence of less heat entering the piston. Bear in mind that charge heat is the
cause of detonation. Oil spray on the bottom of the piston has proven workable



Fig. 13-11. (il spray
pnto the bottom of the
piston reduces the
piston’s operating
ternperatire, increasing
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Oil at engine pressure sprayed
Huum onto bottom of piston crown

on vehicles as varied as M-B diesels and early "80s Grand Prix cars. Although
not an easy installation, oil spray should be given the nod first. It should be ac-
companied by an increased-capacity oil pump, or at least by a stiffened oil
pump relief- valve spring. Nozzle diameters will need some experimentation,
but .03 inch should be a good place to start.

The rush to ceramic coat everything that sees fire in the engine is, in this
writer’s opinion, a bit premature. Keeping heat out of the piston is generally
desirable. Conducting heat out of the chamber is equally desirable. [ feel quite
capable of arguing both sides eloquently. T'wo things are clear: First, if the det-
onation characteristics of the combustion chamber can stand more heat left in
the chamber by ceramic coatings, then raise the compression. Second, when
Formula 1 engines use ceramic coatings and we are permitted to know that, we
should, too. Until that time, ceramic coat the exhaust port from the valve to
the manifold face and get on with other details.

The turbo has little regard for mechanical smoothness. The fact remains that

any engine destined for high-performance preparation gets a complete and
thorough balancing, or the end user is simply not serious.

Make no mistake in the fact that turbo performance cams are very different
from atmospherie performance cams. The characteristics of long duration and
high overlap for atmo cams are unwelcome in a turboe system. The street turbo,
which is generally small, operates with exhaust manifold pressure somewhat
higher than intake boost pressure. This situation, when presented with long-
duration, high-overlap cams, creates a huge amount of reversion. Thus the
“turbo cam” tends to become a low-duration, very limited overlap cam.

e RULE: It is hard to find a turbo cam that works better than the stock item.

The selection of such items as valve gear, connecting rods, bearings, and rod
bolts is independent of the turbo. These items should be selected based on ex-
pected rpm limits. In general, stock equipment will prove adequate for virtual-
ly any turbo system that keeps rpm limits within the original manufacturer’s
recommendations.
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Fig. 13-12. Qverlap in
the turbo cam should be
held to a minimum.
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AND FURTHERMORE . . .

What is the best compression ratio for a turbocharged engine?

There is no such thing as the best or ideal compression ratio. The simple
fundamentals are

* the lower the compression ratio, the easier it is to produce a lot of boost
with no detonation

* the higher the compression ratio, the greater the fuel efficiency and
nonboosted response

Suppressing detonation is more difficult with a high compression ratio. For
all practical purposes, one is forced to use the compression ratio of the stan-
dard engine. Serious efforts with intercooling make this both possible and
practical.

Is it necessary to change the cam?
No, decidedly not. Stock cams usually work excellently. For the absolute last
word in a super-boost (15 psi) performance turbo car, a change of cam will be

necessary, but so will several other things. Leave the stock cam alone and you
will generally be much happier.

Will I have to modify the cylinder head or rework the valve frain?
No on both counts.

Will I have to use a special head gasket?

Head gasket strength varies tremendously {rom engine to engine. It is nec-
essary that the stock head gasket be in stock condition. If it is in proper order
and the head bolts are properly torqued, boost pressure will seldom dislodge
the gasket. Special head gaskets and O-rings are often cures to the wrong
problem. They are only poor excuses for not dealing properly with detonation.

Il'detonation is the problem, cure it, and a stock head gasket will usually per-
form well,



Equipment and
Tools

Air Filter
Flow Loss
Evaluation

Fig. 14-1. A vacuim
gauge 18 used to
determine flow losses in
the air inlet system.
Crauge 1 indicates
pressure loss through
the air filter. Gauge 1
minus gauge 2
indicates pressure logs
through the mass
flowometer.

4 TESTING THE SYSTEM

Nnthing can bring about a better understanding of the relationship of the
turbo to the engine than a comprehensive test and evaluation of all the sys-
tem’s parameters. What to check, how to do it, the tools required, what it all
means, and how to evaluate the numbers will be discussed in the following
paragraphs.

Most of the measurements are of temperature and pressure and will involve a
variety of gauges. There are no expensive pieces of equipment here except a re-
ally good air/fuel ratio meter. The local hardware store will have a variety of
pressure gauges, but temperature measguring equipment usually requires a
specialty house.

Air filter flow losses can gang up on an otherwise healthy engine and produce
undesirable side effects. The simple idea that a restrictive air filter can cost
power because it won’t let air in is quite easy to grasp. The presence of the tur-
bo, however, complicates this simple situation. As far as the turbo is con-
cerned, after air has been through the filter, it is ambient. This situation is
particularly significant because all calculations of temperature changes, pres-
sure losses or gains, and efficiencies are based on what the turbo sees as ambi-
ent conditions. For example, suppose boost pressure is set at 10 psi and the
mythical zero-loss air filter is upstream. Using the formula for pressure ratio
from Chapter 3,

Pressure ratio = ————— = 1.68

Now insert an air filter that causes a 2 psi loss at the same maximum load
conditions;

Pressure ratio = % = 1.94
i1 42
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=% o)
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Compressor
iniet
Temperature

Fig. 14-2. Temperaticre
gauging the intake for
determining tempera-
ture rise through the
turbo. Gauge 1 indi-
cates ambient air
temperature avatlable
to the turbo. Gauge 2
minus gauge 1 indi-
cates temperatiire rise
across the turbo,

Compressor

Dutlet
Conditions

So here the odd circumstance exists that flow is down, boost remains the
same, and the pressure ratio is higher. Any time the pressure ratio goes up,
heat goes up. Net result is that power is down and heat is up. Sounds almost
like a Roots blower. This may seem like science or some such, but it’s not really.
The idea that the turbo is told to make the same amount of boost out of less air
logically means it must work a bit harder to do so. The harder it has to work,
the more heat it makes. We've all experienced similar situations.

Ta measure flow losses through the intake system upstream of the turbo, 1n-
sert a vacuum gauge just in front of the compressor inlet. Then

ki s s T Standard barometric pressure
' " Standard barometric pressure — loss through filter

Standard barometric pressure is 29.97 in. hg. In practice, 30 can be used as
an approximation for 29.97.

Should the gauge read 3 inches of vacuum under maximum load conditions,
the percent loss can be judged to be

o 30
ilter loss = —— -1=11%
Air filter flow loss 303

Obviously a zero loss is elusive, but the effort to create a low-restriction in-
take system will be rewarded with more power and less heat. All the same ar-
guments apply to keeping the air filter element clean.

Thermodynamics is not everyone’s cup of tea, but the equations are simple,
and a fifteen-dollar calculator can solve them. The value in crunching the
numbers is to determine whether the turbo is the correct size. The air temper-
ature entering the compressor is vital information, because it is the number
from which all others are calculated. Do not assume this temperature is ambi-
ent. If the air inlet is outside the engine compartment, compressor inlet tem-
perature may be the same as ambient. If it is in the engine compartment, too
often the inlet air is diluted by air that has passed through the radiator or
looped around the exhaust manifold. Measure compressor inlet air tempera-
ture with a gauge positioned as in figure 14-2.

L%
1

e ( :
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R
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L—'/ \J | | Q
/ tass tlowmeter Turbo
Air filter

Two quantities must be known at the outlet side of the turbo: pressure and
temperature, Compressor outlet pressure is the true boost produced by the
turbo, All measurements of the Aow as it gets closer to the engine will be refer-
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enced to this pressure for flow loss or efficiency calculations. For example, this
pressure minus the pressure entering the intake manifold will measure flow
loss characteristics of the intercooler and associated plumbing.

Compressor outlet temperature is the other factor required in calculating
the turbo size to fit the engine. It is used twice in the equation for IC efficien-
cies, so measure it carefully. Once pressure and temperature at the compressor
outlet are known, the real pressure ratio can be calculated, provided no inter-
cooler is present. With an intercooler, pressure ratio caleulation should wait
until the intercooler outlet conditions are known.

The most significant calculations to be made here are spot checks of the tur-
bo’s efficiency range. The tools for these measurements are not adequate to de-
termine the entire compressor map. Nevertheless, one can develop a feel for
whether the turbo is operating in the efficiency range that will get the job
done. These calculations are somewhat laborious, but there is no other way,
short of calling on a thermodynamics buddy.

At least two spots should be checked: somewhere around torque peak and at
maximum rpm—both, of course, at maximum boost. The check involves calcu-
lating the efficiency at which the compressor is operating and comparing those
numbers to the efficiency predicted by the compressor flow maps.

Compressor efficiency (E,) is calculated using the following formula:

0.28
E = (PR A Tmﬁx} B Tub
© = Temperature rise

&

where

PR = pressure ratio
Tabhe = compressor inlet temperature on the absolute scale (see glossary)

Because this is a thermodynamic formula of general applicability, it is nec-
essary to insert the relevant temperature rise in the denominator (from Chap-
ter 5):

Temperature rise = T - T

co (]

The exponent 0.28 in the numerator is determined by the gas constant, a
number that indicates the extent to which a gas heats up when compressed.
The x¥ key on the fifteen-dollar calculator will allow us to find the value of
PRU.EE_

Example:

Let engine displacement = 200 cid, boost = 10 psi, and compressor inlet
temperature = 90°F (= 90° + 460° = 550 absolute). At or near torque peak
(4500 rpm), let outlet temperature = 210°F; at maximum load (6500 rpm), let
outlet temperature = 235°F

Using the formula for pressure ratio from Chapter 3,

Pressure ratio = M = 1.68

14.7

Calculation of E, at or near the torque peak:
Using the formula for temperature rise from Chapter 5,

Temperature rise = 210°F -90°F = 120°F
Then

1 papl2B srasl  EEns
K. = ( 1.68 };:‘;{?E ) — 550 _ 079 = TG
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Ambient
Temperature
in Front of

the Intercooler

Fig. 14-3. Ambient
femperatiire measure-
ment, necessary for
determining intercooler
efficiency

Intercooler
Dutiet
Conditions

intake Manifold
Pressure

Using the formula for airflow from Chapter 3,

200 x 0.5 x 4500 x 0.85
1728

Calculation of E, at maximum rpm:
Using the formula for temperature rise from Chapter 5,

Temperature rise = 235°F - 90°F = 145°F

Airflow rate = = 221 ¢fm

Then
(168" xB50°) —550°
E, = 1450 = 0.59 = 59%
Using the formula for airflow from Chapter 3,
200 x 0.5 x 6500 % 0.85

Airflow rate = = 320 ¢fm

1728

These calculations give the pressure ratio and airflow for two points that
can be plotted on the compressor flow map, with pressure ratio the vertical
axis and airflow the horizontal axis (see Chapters 3 or 17). Compare the effi-
ciency predicted by the curve on the low map to the caleulated values. If the
predicted efficiency is two or three points higher or lower than the calculated
values, all is well. If the numbers calculated are four or five points higher than
the map, we are in wonderful shape. If they are more than four or five points
lower, performance has been compromised, and it’s back to the drawing board

Accurate determination of the IC’s real capability is in part based on determi-
nation of the temperature of the air that cools the cores. Although this factor is
not used directly in calculations involving the turho system, it is of interest in
really getting into checking the merit of one core design versus another with
respect to heat transfer coefficients.

Thermometer

a Vi

—_Jy

Intercooler

)
N

VYVYVYVYY

Temperature and pressure must be measured again at the intercooler outlet,
These numbers are significant, because they are the conditions the engine will
experience, This naively assumes that not much will happen in the tube from
the intercooler back to the engine. With these data, we have enough informa-
tion to determine the intercooler’s efficiency and the power loss due to hoost
pressure loss.

Should any significant events oceur in the charge’s trip from the IC to the in-
take manifold, they will show up in the intake manifold pressure relative to 1C
outlet conditions. 1t is relatively common to have a throttle plate far too small



Fig. 14-4. The five
points of interest for
temperature and
pressure measurement

Fig. 14-5. Measuring
pressure loss across

the throtile body.
Gauge 1 minus gauge 2
indicates boost-
pressure luss across
the throttle plate,

Turbine Inlet
Pressure
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P compressor outlet P intercooler outlet
T compressor outlel T intercooler autlel
P compressor inlet
T compressor inlet
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Turbo
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P intake manifold
Air filter

for the job, and here is the way to find it. If more than 1 psi difference exists
between the IC outlet and the intake manifold, it will probably prove revealing
to check the pressure right in front of the throttle plate versus that in the man-
ifold. This will determine if the loss is in the return tube or if the throttle plate
is the problem.

The boost gauge in the instrument panel is set up to read intake manifold
pressure. This is the amount of pressure you have left of the original pressure
created by the turbo less all losses incurred on the way to the intake manifold.
Try to keep the total loss under 2 psi—or, better yet, 10% of the boost pressure.

#1 e
T
> #
>
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O

Exhaust manifold pressure can better be deseribed as Turbine Inlet Pressure.
This TIP is an evil thing. In the final analysis, I suspect TIP will be called the
only evil thing brought to bear by the turbo. The reason TIP is an undesirable
gquantity is the fact that it is almost always greater than the intake manmifold
pressure (IMP?) generated by the turbo. When this occurs, a certain portion of
the burned exhaust gas 1s pushed back into the combustion chamber during
the cam overlap period. This situation is detrimental to several things, all ex-
plained elsewhere in this book.

It is this writer’s opinion that a good street turbo system will show the ratio
of TIP to IMP to be approximately 2. If a ratio of greater than 2 exists, the tur-
bois too small and is choking the system down and not permitting much power
gain. If the ratio is less than 2, often the boost threshold will be higher than
desirable for cormmuter car use. This situation is offset by the fact that as the
ratio comes down. power goes up, In fact, one of the desion parameters of a
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Fig. 14-6. Measuring
turbine inlet pressure.
The steel line will
redicce exhaust gas
temperature to silicone
hose allowables.

Tailpipe
Back Pressure

race turbo system is that the TIP/IMP ratio be less than 1. When this crossover
point is reached, where intake pressure becomes greater than exhaust pres-
sure, a turbo can begin to make serious power. This is one of the reasons the '87
Formula 1 racers could generate over 1000 bhp from 90 cubic inches. It may
come about one day that we can have our cake and more cake again when vari-
able area turbine nozzle turbos are commonplace. They will permit low boost
thresholds while allowing boost to exceed TIP once boost has stabilized at its
maximum setting.

Measuring turbine inlet pressure requires a bit more effort than other pres-
sure measurements, as exhaust gases are obviously very hot.

=10" of 5/32" stee! line

;

Silicone hose o

Iintake

Where do you suppose the fairy tale started that tailpipe back pressure was
needed to prevent burned exhaust valves? Someone ought to quickly inform all
those racers out there that they are in serious trouble. Tailpipe back pressure
can be just as evil as TIE but at least it is easy to do something about. Potential
sains are more power and less heat in the system—exactly the right things to
achieve.

In measuring tailpipe back pressure, it is also necessary to measure restric-
tion distribution, as indicated in figure 14-7. In so doing, one can determine
what contribution to the total back pressure is created by the pipe, catalytic
converter, and muffler.

Tailpipe back pressure is partly responsible for the magnitude of the tur-
bine inlet pressure. Any decrease in tailpipe pressure that can he brought
about will be reflected in a nice decrease in TIP

Fig. 14-7. Determining tailpipe
restriction distribution. Gauge
#1 indicates total tailpipe back
pressure. #2 indicates bock
pressure caused by the pipe and
miffler. #3 indicates back pres-
sure caused by the muffler. #1
mins #2 18 pressure loss aeross
the converter. #2 minus #3 1s
pressure loss through the pipe.
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Air/Fuel Ratio

Fig. 14-8. Left: The
excellent air/fuel ratio
meter from Horiba,
While expensive, it
offers lab-test-quality
resutts, and its sensor
can be mounted at the
end of the tailpipe.
Right: Although not a
tab test instrument, a
drode-readout mixture
indicator is an excellent
low-cost tuning guide,
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Knowing the air/fuel ratio is somewhat like knowing your checkbook balance.
It tells you what you've got and where vou stand, but not what you can do
about it. A wide variety of pieces have recently been introduced to the market
for measuring afr,

The neat little oxygen-sensor-based units on the market will give you a good
guide, if not exact numbers, but real accuracy has yet to come cheap. For seri-
ous tuners, the Horiba and Motec meters are perhaps top of the line. Check the
source listings at the end of the book and gather the information to make a rea-
sonable decision.

Measurement of the numbers is nothing more than equipment and time.
Evaluation of those numbers is where a bit of experience helps out. When test-
ing, two significant numbers will be required: cruise afr and full-throttle afr
Cruise afr will likely be in the range of 14.0 to 15.0 to 1. Full throttle is where
the fun is and should be close to 12.50r 13.0 to 1.

For the home tuner, the oxygen sensor that fits into the tailpipe near the
heat source will do a good job. It can be considered a permanent installation
and checked as often as desired.

LEan | RICH
8TO.

FUEL AR RATIO




Inspecting the
Engine for
Turbo-induced
Damage

Fig. 15-1. Worst case
SCenarios are never
pretty, and the fallout
from a malfunctioning
turbo system is no ex-
ceplion.

5 TROUBLE

When investigating running problems on a turbocharged engine, vou need
to remember that there are two categories of problems that can arise. The first
category includes those types of problems that can happen to any engine,
whether turbocharged or not. Turbo engines can still have problems with
spark plugs, plug wires, coils, ignition control boxes, EFI computers, timing
chains, water pumps, fan belts, alternators, throwout bearings, cam bearings,
and. . . the picture is obvious. With regard to these problems, a turbo engine is
no different from a normally aspirated engine. Today’s attitude toward service
and repair of the turbocharged performance car generally leads to the some-
what ridiculous/comical response of, “Whatever the problem, it’s that damn
turbo’s fault.” Fixes for general engine problems can be sought elsewhere and
are not within the scope of this book.

The second category is the malfunction of a component in the turbocharger
system, or a problem caused by a malfunctioning turbo system. This chapter of-
fers a guide to isolating and recognizing these problems. Also, at the end of the
chapter, you’ll find a troubleshooting guide which offers a lot of information.
Study it carefully and eliminate the simple things first.

When you encounter any problem that even remotely hints at possible engine
damage, it is best to check it out pronto. Get proof that the engine is undam-
aged, or focus on fixing it. Worrisome signs are rough running at idle, loss of
power, or bluish-gray or white smoke issuing from the tailpipe. Excessive puff-
ing of oil vapor from the valve cover or erankease breather is also cause for con-

173
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Fig. 15-2. The leakdown
cheek is the most sophis-
ticated test vel devised
for determining the in-
tegrity of the combustion
chamber. The regulator
controls pressure to the
eylinder, Gauge 1 indi-
cates that pressure.
Gauge 2 indicates pres-
stre renaining in the
cviinder after all leak-
age. With the source reg-
wlated to 100 psi, gauge 2
reads the percentage seal
of the chamber.

cern. The proper method of checkout is a leakdown test, which indicates the
condition of individual compression rings, intake and exhaust valves, and the
head gasket, and the presence of eracks in the block or eylinder head. This is
done by pressurizing the combustion chamber and observing the amount of
leakage and where the leaks are. The amount of leakage is measured by regu-
lating the compressed air going into the chamber to a convenient number. One
hundred psi is the most useful pressure, as the pressure remaining in the
chamber is the percentage seal of the chamber. The location of leaks can be de-
termined by listening at the tailpipe for exhaust valve leaks, at the air filter for
intake valve leaks, and through the oil filler cap for blow-by past the rings.
Damage to the head gasket or eracks that intersect the water jacket will show
up as bubbles in the cooling system.

The leakdown must be done on a warm engine, with both valves closed and
the piston at top dead center. Judgment of the measured numbers is some-
where in this area:

97-100 Very good

92-96 Serviceable
B89-81 OK but impaired
88 or less Fix it

The leakdown check is superior to the old compression check in a variety of
ways. The condition of the battery and starter motor don’t matter. Valve lash
variance won't matter. Cam timing doesn’t count.

Regulator

E@&@#.
-

I

100+ psi
air-pressure source

i N

_J{Z | -
Cylinder head gasket sealing can easily be checked by a chemical process
that identifies traces of exhaust gas products that find their way to the coolant.
Check the parts store for the product.
The area around the combustion chamber is just about the limit for turbo-

induced engine damage. It is extremely unlikely that any other damage can be
even remotely related to the turbo,




Fig. 153. The atrifuel ra-

tto meter 15 an indispens-
able testing and
troubleshooting tool.

Inspecting the
Turbo System for
Malfunction
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WiLL not sTaRrt. The turbo can cause a starting problem only if the problem is
related to an air leak in the system. This is even limited to EFI cars equipped
with an air-mass flow sensor and to draw-through carb systems. An air leak in
the presence of a mass flow sensor will rob the sensor of some of its signal, cre-
ating a lean condition on start-up. It’s a similar deal for a draw- through carbu-
reted system. Frequently the flowmeter is responsible for turning the fuel
pump on. Thus, a large leak can often appear as a fuel pump failure. A speed
density EFI1, which employs no air-mass sensor, cannot fail to start due to a
turbo problem, as air leaks are of no consequence. A draw-through carb system
can have one additional problem: trying to get a rich cold-start mixture
through a mass of cold metal. Not too bad in Yama in August, but Duluth in
December will rule out going anywhere. This is not a turbo problem, but a de-
sign problem—reason enough not to build a draw-through piece in the first
place,

Finding a vacuum leak is a standard troubleshooting procedure. The same
technique applies when a turbo is present, except for leakage upstream of the
throttle. Leaks upstream must be huge to affect starting. Look for disconnect-
ed hoses, big cracks in hoses, tubes dislodged, and items of that magnitude.

POOR IDLE qQuALITY. Less significant leaks than those generally associated
with hard starting can upset idle quality. Idle air/fuel ratio will always be a crit-
ical adjustment. Consult the proper instruments and adjust accordingly. These
leaks will likely be downstream of the throttle.

MisFires. The turbo can create two conditions in which the engine will mis-
fire: a lean condition and a requirement for higher voltage to spark off the
denser mixture in the combustion chamber. The turbo can occasionally cause
an EFIl-equipped car to suffer a lean spot at or near atmospheric pressure in
the intake manifold. This is brought about by the fact that the turbo will actu-
ally be pumping pressure up from, say, 15 inches of vacuum to maybe 10 inch-
es. To keep the vehicle from accelerating, the throttle position must be reduced
slightly, thus reducing the throttle position sensor’s signal to the EFI comput-
er. This reduced signal will slow down the fuel flow for any given airflow, pro-
ducing a lean condition.

Any misfires at full throttle induced by a lean condition are serious and must
be dealt with prior to operating at that boost level asain. A lack of fuel raises
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chamber temperatures dramatically. Heat is the cause of detonation, which is
the nemesis of high performance. Don’t be too slow to fix any lean conditions.

Lean running conditions can easily be detected by some of the portable oxy-
gen sensors. A requirement for increased voltage to the spark plugs is some-
times encountered and is due to the fact that the air/fuel mixture in the
combustion chamber is actually an electrical resistor. The more air and fuel
pumped into the chamber by the turbo, the greater the resistance; hence, the
greater the voltage required to drive the spark across the plug gap. This prob-
lem is readily helped or cured by adding voltage to the system and/or by install-
ing new spark plugs.

Power Loss. Troubleshooting power loss should be centered around inspec-
tion and optimization of boost pressure, ignition timing, air/fuel ratio, throttle
opening, and tailpipe back pressure. Except for throttle angle, which is self-ex-
planatory, these items are all covered elsewhere in this chapter.

EXCESSIVE BOOST PRESSURE. Overboost is worrisome. Since the wastegate is
charged with boost-control responsibility, it is certainly the first item to inves-
tigate when overboost is encountered. Several facets of the wastegate are sub-
ject to failure:

Signal line. The wastegate can malfunction if it fails to receive a proper sig-
nal. The signal line can get clogged, or it can develop a leak. Check out both
possibilities. Also, check the fittings at both ends of the signal line.

Actuator. Virtually the only part of an actuator subject to failure is the inter-
nal diaphragm. On an integral actuator, the simplest test is to blow into the
signal port. The signal port should be a complete dead end. Any sign of leakage
iz evidence of the problem and requires replacing the actuator. This same test
can be used on remote wastegates, except that pressure must be applied to the
atmospheric side of the diaphragm. The valve side of the diaphragm is almost
always designed for a small amount of leakage around the valve stem; thus,
testing from the valve side will measure stem guide leak as well as the dam-
aged diaphragm.

Valve. The wastegate valve can become jammed and refuse to open, or be-
come otherwise dislodged. This requires removal and disassembly of the
wastegate valve mechanism to determine the cause and the fix.

Flow. The owner of a homemade turbo system must know that the flow capa-
bility of the wastegate is up to the demands. This can also afflict kit makers on
occasion. Matching these flow requirements is a design problem, not a trouble-
shooting problem. If all else checks out and the wastegate strokes properly
when given a pressure signal, investigate its size relative to the application.

Taipipe. The tailpipe can frequently cause an overboost problem. Often, the
wastegate depends on an increment of back pressure in the tailpipe to function
properly. This is particularly true with integral wastegates. The problem can
be further aggravated by the OEM’s tendency to use smaller-than-reasonable
turbos. These factors can combine to cause overboost when something in the
pipe fails and reduces back pressure. Wouldn't it be fun to have a rust hole in
the muffler of your expensive turbo car cause an overboost problem that leads
to engine failure? No wonder Yankees park their performance cars in winter. It
could be argued that some ought to park them regardless.

Exnaust nousing. If a homemade or aftermarket turbo system exhibits over-
boost but the tailpipe and wastegate are known to be in order, turbine speed
may be too high for overall engine/turbo conditions. This means that the turbo



Low or Sluggish
Boost

Fig. 154. One way to
feghten the compressor
retatning nut. Using a
T handle will eliminate
bending loads in the
turbine shaft,
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exhaust housing is toe small, thus overspeeding the turbine and making too

much boost. The answer is to increase the A/R ratio of the exhaust housi ng,
slowing the turbine, which in turn reduces the tendency to overboost.

Tureo. Several aspects of the turbo can cause low or sl uggish boost response.
Most of the causes are applicable to either a mishehaving new setup or an old
system with a new problem.

Size. If the turbo is too big, certainly the response will be sluggish. It is pos-
sible to get the turbo so large that it does not produce any boost at all, because
exhaust gas from the engine is insufficient to power it. Although this is highly
unlikely, it is almost equally unlikely that the optimum size turbo was selected
on the first try. The fix is generally to reduce the size of the exhaust housing.

Exhaust leaks. Large exhaust gas leaks before the turbine can contribute to
sluggish response. Leaks this large will not only be audible, they will be obnox-
ious. Unless a hole is found that you can stick a pencil through, don’t expect
the exhaust leak to fix a response problem.

Compressor nut. The compressor retainer nut, if loose, will allow the shaft to
spin inside the compressor wheel. Access to the turbine wheel is necessary to
anchor the shaft while tightening the compressor retainer nut. These nuts are
generally tightened to about 25 in.-Ib of torque. This can be approximated by
tightening the nut until it touches the compressor wheel and then an addition-
al quarter turn. When tightening a compressor nut, it is important not to per-
mit any side load to reach the turbine shaft. This eliminates the possibility of
bending the shaft with the torque wrench.

No air filter. Damage to a compressor wheel can reduce boost. Operating
without an air filter will eventually cause the compressor wheel to erode to the
point that it can no longer pump air. When the eroding process is occurring,
the compressor wheel will lose its efficiency, causing the air temperature to
rise, which in turn can lead to detonation problems.

WasTeGATE. A mechanical problem that keeps the wastegate from closing
properly will ereate a large exhaust leak around the turbo, producing slugeish
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low-speed response. A failed wastegate valve will seldom keep the turbo from
producing about the normal amount of boost, but it will take a lot more revs to
reach that normal amount. If, for example, the wastegate valve seizes at the
position it reaches to control maximum boost, the system must produce
enough revs just to overcome the leak before producing any boost.

Taripe. Any failure in the tailpipe that creates a blockage for the exhaust
gases will tend to produce a higher boost threshold and/or less maximum
boost. Check the pressure in the pipe upstream of any possible blockage. In
general, back pressure greater than 10 psi will cause almost a complete loss of
boost. Back pressure greater than 2 psi is undesirable under any circumstanc-
es, even if not of a magnitude to cause loss of absolute boost pressure.

AIR FILTER. An air filter that is too small or too dirty will keep the system
from functioning up to expectations. This condition will also create the bad
side-effect of raising intake temperature.

COMPRESSOR INLET HosEs. Almost always, the air filter or airflow meter will be
connected to the turbo compressor inlet by flexible hose of some sort. If the fil-
ter or flowmeter is restrictive, it is possible for the vacuum thus created to col-
lapse the connecting hoses. Usually the symptom of collapsing hoses is a
sudden loss of all boost. The forces on large hoses from small pressure differ-
ences can be deceptively large.

mMisFires. Any misfire while under boost will be caused by a failure to ignite
the mixture or by an air/fuel mixture too lean to burn. Failure to ignite the
mixture can be a bad plug, wire, coil, or all those stock ignition problems. If the
ignition checks out properly, then the problem will be found with the air/fuel
ratio.

Boeaing. A distinct type of full-throttle malfunction is an overly rich air/
fuel-ratio-induced bog. This is manifested in a loss of power at full throttle, of-
ten accompanied by black smoke from the tailpipe.

Another frequent cause of bogging, with similar full-throttle feel, is an over-
active ignition retard. A failing knock sensor can induce the same symptoms. A
dangerous side effect of retarded ignition is a dramatic rise in exhaust gas tem-
perature. Exhaust manifold and/or turbine damage can result from retarded
timing.

Devonation. The audible metallic pinging sound of detonation is a clear sig-
nal that the engine’s life is threatened. Every effort must be focused on ridding
a system of detonation problems. The wide variety of detonation causes can
prove lengthy to troubleshoot, but a turbo engine that pings under boost must
be considered a pending serious expense. In general, all detonation problems
will stem from one of the six items discussed in the following paragraphs.
Their likelihood as the source of the problem is approximately the same as the
order in which they are listed.

Octane. A fuel’s octane rating is a measure of its resistance to spontaneous
combustion, or detonation. The greater the octane, the greater the resistance.
Fuel quality is relatively consistent, but it is advisable when quality is suspect
to change brands.

Ignition timing. Improper ignition timing is rarely a system failure but,
rather, an adjustment error. A check of both static and maximum advance will
virtually always uncover any discrepancy in the ignition system. The knock-
sensor-controlled ignition timing retard can be subject to many types of fail-
ure, one of which is failure to recognize knock and do something about it.



LOW OR SLUGGISH BoosT 179

Should a knock-sensor system failure he suspected, consult the service manual
for the unit or; in OEM applications, for the vehicle.

Lean air{fuel ratio. A lean running condition will promote detonation, be-
cause a lesser quantity of fuel, when vaporized, will absorb less heat. Thus a
lean mixture increases heat, the root cause of detonation. A turbo engine of-
fers the freedom to run slightly richer mixtures than with a normally aspirat-
ed engine, permitting the extra fuel to act a bit like a liquid intercooler. Call
that an OEM intercooler.

Exhaust gas back pressure. A very small turbine, blockage in the exhaust
manifold, or some form of restriction in the tailpipe will cause an increase in
the system back pressure. Back pressure keeps the burned, hot gas in the com-
bustion chamber. A failure of any sort that increases back pressure seriously
aggravates the detonation characteristics of an engine.

Intercooler. An intercooler strongly affects the detonation threshold of the
turbo engine. Anything that comes along and compromises the intercooler’s
efficiency will lower the detonation threshold. Other than removing the obvi-
ous newspaper stuck in front of the intercooler, the only periodic service need-
ed is to clean out the internal oil film that accumulates in normal use. The ol
film will noticeably decrease the efficiency of the intercooler.

Ambient heat. There are days when nothing works right, and ambient heat
certainly contributes to some of these. Higher-boost-pressure turbo systems
usually operate somewhere near the detonation threshold and ean easily cross
over to the dark side when the ambient temperature takes a turn for the
worse. David Hobbs, one of the more able and literate racers, once suggested
that turbocharged race cars were so sensitive, he could feel a power loss when
the sun came out from behind a cloud. Engineering around the seasonal and
daily changes of ambient temperature is not within the scope of this book.

AND FURTHERMORE . . .

What is detonation, and why is it so destructive?

Detonation is the spontaneous combustion of the air/fuel mixture ahead of
the flame front—combustion by explosion rather than controlled burning. It
occurs after the combustion process has started and is usually located in the
area last to burn. As the flame front advances across the chamber, the pres-
sure—and thus the temperature—in the remaining unburned mixture rises, If
the autoignition temperature is exceeded, this remaining mixture explodes.
The audible ping is the explosion’s shock wave.

Detonation is extremely destructive. This is a result of temperatures that
can reach 18,000°F in the center of the explosion. The pressure spikes caused
by the explosion can reach several thousand psi, and pressure rise is rapid
enough to be considered an impact load. These temperatures and pressures
are almost ten times higher than those accompanying controlled eombustion.

No metals in existence today, no forged pistons, and no special head gaskets
can withstand sustained detonation. Virtually nothing can withstand sus-
tained detonation. Consider also that at 6000 rpm, fifty explosions can occur in
each combustion chamber in one second, Thus:

i RULE: If vou ever hear a nine worr B oy Bt
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Trouble
and symptoms

Probable causes
code numbers

Probable cause description by code number

Engine lacks power

Black smoke

Blue smoke

Excessive oil
consumption

Excessive o1l
turbine end

Fixcessive oil
compressor end

Insufficient
lubrication

(il m exhaust
manifold

Damaged

compressor wheel

Damaged
turbine wheel

Drag or bind in
rotating assembly

Worn bearings,
journals, bearing
hores

Noisy

Sludged or coked
center housing

1,4,5,6,78, 09,10, 11,
18, 20, 21, 22, 25, 26,
27, 28, 28, 30, 37, 38,
39, 40, 41, 42, 43

1,4,5,6, 7,89, 10, 11,
18, 20, 21, 22, 25. 26,
27, 28, 29, 30, 37, 38,
39, 40, 41, 43

1,24, 86,8,9,17, 19,
20, 21, 22, 32, 33, 34,
37, 45

2, 8, 15, 17, 19, 20, 29,
30, 31, 33, 34, 37, 45

2,7, 8, 17, 19, 20, 22,
29, 30, 32, 33, 34, 45
1,2 4,5, 86,8, 19, 20,
21, 29, 30, 33, 34, 45

8, 12, 14, 15, 16, 23, 24,
31, 34, 35, 36, 44, 46

9, 7, 17, 18, 19, 20, 22,
29, 30, 33, 34, 45

3,4, 6, 8,12, 15, 18, 20,
21, 28, 24, 31, 84, 35,
36, 44, 46

7, 8, 12, 13, 14, 15, 186,
18, 20, 22, 23, 24, 25,
28, 30, 31, 34, 35, 36,
44, 46

3,6,7,8, 12, 13, 14, 15,
16, 18, 20, 21, 22, 23,
924, 31, 34, 35, 36, 44, 46
6,7, 8, 12, 13, 14, 15,
16, 23, 24, 31, 35, 36,
44, 46

1, 3,4,58,6,9,8,9, 10,
11, 12, 13, 14, 15, 16,
18, 20, 21, 22, 23, 24,
a1, 34, 35, 86, 37, 44, 46

2,11, 13, 14, 15, 17, 18,
94, 31, 35, 36, 44, 46

e I

o

=T

© 00

10.

11.
12,
13.
14.
15.
16.
17.
18.
19,
20,
21,
22,
23,
24,
25,
26.
27.
28.
20.
30.
31.
32.
a3,
a4
35.
36.
37.

38,
a9,
40,
41.
4.
43,
44,
45,
46.

Dirty air cleaner element

Plugged crankcase breathers

Air cleaner element missing, leaking, not sealing cor-
rectly; loose connections to turbocharger

Collapsed or restricted air tube before turbocharger

Resztricted/damaged crossover pipe, turbocharger to inlet
manifold

Foreign object between air cleaner and turbocharger

Foreign object in exhaust system (from engine; check

engine)

Turbocharger flanges, clamps, or bolts loose

. Inlet manifold cracked; gaskets loose or missing; connec-

tions loose
Exhaust manifold cracked, burned; gaskets loose, blown,
or missing

Restricted exhaust system
0il lag (oil delay to turbocharger at start-up)
Insufficient lubrication
Lubricating oil contaminated with dirt or other material
Improper type lubricating oil used
Restricted o1l feed line
Restricted o1l drain line
Turbine housing damaged or restricted
Turbocharger seal leakage
Worn journal bearings
Excessive dirt buildup in compressor housing
Excessive carbon buildup behind turbine wheel
Too-fast acceleration at initial start (oil lag)
Too little warm-up time
Fuel pump malfunction
Worn or damaged injectors
Valve timing
Burned valves
Worn piston rings
Burned pistons
Leaking oil-feed line
Excessive engine pre-oil
Excessive engine idle
Coked or sludged center housing
Qil pump malfunction
il filter plugged
Oil-bath-type air cleaner:

a. air inlet screen restricted

b. oil pull-over

¢. dirty air cleaner

d. oil viscosity low

e. oil viscosity high
Actuator damaged or defective
Wastegate binding
Electronic control module or connector(s) defective
Wastegate actuator solenoid or connector defective
Egr valve defective
Alternator voltage incorrect
Engine shut off without adequate cool-down time
Leaking valve guide seals
Low oil level




Today

Fig. 16-1. The best-
known 0-60 time for
a turbocharged VW is
sometvhere under 3.0
seconds.

DEVELOPMENTS IN
TURBOCHARGING

High-performance automobiles have no right to abuse our environment. No
individual has the right to litter the atmosphere with emissions, any more
than he would litter the side of the road with beer cans. Everyone living in this
atmosphere must exercise a certain level of responsibility toward keeping it
clean. Through turbocharging, the high-performance, emissions-compatible
automobile of today has increased performance more than any other class of
vehiele from any era. This situation is not coincidental.

The response of the automotive engineering community to federal and state
emissions laws has created a set of controls with such exceptional technology
that today’s powerful street car can achieve more mpg than yesterday’s
econobox, and today’s econobox can often outrun yesterday’s supercar. Good
technology applied to an urgent problem, with the performance car enthusiast
constantly pushing the envelope, has resulted in a fleet of vehicles that per-
form better, are more economical, last longer, require less maintenance, don’t
pollute the environment, and are just downright fun to drive, What did tech-
nology do to turn this trick? They invented new equipment. They optimized it
well and calibrated it within tight limits. They manufactured it under such
control that it is hugely durable. No doubt whatsoever exists as to the extreme
durability of electronic engine-management systems relative to breaker-point
distributors and carburetors. The technology developed to contend with to-

i
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The Future

Turbocharger
Iimprovements

day’s needs consists primarily of electronic fuel injection, programmed igni-
tion-timing control, oxygen-sensor closed-loop feedback, and catalytic
converters.

The combination of these four items is the heart of obtaining the superb
driveability and economy we need while keeping emissions within necessary
limits. These items are all available in the aftermarket. It is technically feasi-
ble to use these pieces of equipment, tune them carefully, and create a fully cer-
tifiable vehicle within operational requirements. The first place to start is
learning the rules. The most stringent rules are those of the California Air Re-
sources Board (9528 Telstar Avenue, El Monte, CA 91731; (818) 575-6800). It
makes senge to play by the strictest set of rules. These rules are available upon
request. Secure them, learn them, and let them be the guidelines under which
designs are created.

These are exciting times for car performance. Engineering, quality, perfor-
mance, economy, emissions, and durability are all experiencing great improve-
ments. It seems as though we get acquainted with a great new model only to
have another come along in swift succession, rendering the first one obsolete.
Predicting the path of development that turbo- and engine-related systems
will take then becomes both timely and precarious.

If it all happens the way I think it should, much work will be done in three
distinct categories: the turbocharger, turbocharger system-related hardware,
and the engine proper.

Virtually all improvements to the turbo will be aimed at forcing it to leap up to
hoost-producing speeds in less time. If a turbo could be made instantaneously
responsive, the shape of the torque curve of a normally aspirated engine and of
a turbo engine would be essentially the same. That is the goal. While it is not
yet quite possible to achieve that, progress will come in two primary areas:
bearing losses and variable A/R ratio turbine housings.

BeARING LossES. Power wasted in the bearings of the turbo is simply the drag
loss in shearing the oil film in the bearing as the shaft rotates. This loss is pro-
portionately large at low speeds, when little exhaust gas energy is available to
drive the turbine, but wanes to minor importance at high speeds. At high
gpeeds, enough exhaust gas energy exists to kick the turbo so fast as to scare
most journalists. The actual power lost in the bearing area is, however, enough
to mow your lawn. If this power loss could be applied to revving the turbo up
quickly from low speeds, the rate of acceleration of the turbine would be con-
siderably greater.

Low-friction bearings can come about in three ways: smaller-diameter
shafts, ball bearings, or air bearings. Each approach has problems. Smaller-di-
ameter shafts create higher bearing loads and aggravate eritical vibration fre-
quencies, Good engineering will be required to make them work.

Ball bearings hold great promise for low friction. The extreme quality con-
trol required of a bearing to operate at turbocharger shaft speeds is not fun for
a manufacturing engineer to contemplate. It can be and is being done, and one
day will be here for us to use. The willingness of some automakers to spend an
extra twenty-five dollars per car for an improvement of the magnitude of low-
friction ball bearings in the turbo is a situation that is more likely every day.
Performance is now as competitive as any other aspect of the automobile.



Fig. 16-2. This cross
section shows details
of the two otl-wick-
lubricated ball bearings
of the Aerocharger.

Fig. 16-3. Closing one
of the two ports creates
a small A/R ratio,
improving low-speed
response. The gradual
opening of the second
port atl higher speeds
creates a larger A/R
ratio,
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Air bearings may see use in select applications where cost becomes less a de-
termining factor. The technology of air bearings is well established, but quality
control again becomes a huge barrier to volume production. These are the low-
est-friction bearings of all and would yield substantial performance gains.

In view of production technology in the world today, I'll vote on ball bear-
ings as the next bearing system for the turbocharger.

VARIABLE A/R RATIO TURBINE HousINGs. All other things remaining the same,
the smaller the A/R ratio of the turbine housing, the lower the rpm at which
the turbo will produce boost. This same low A/R turbine housing will cause in-
creasingly large exhaust gas back pressure as total exhaust flow rises with in-
creasing rpm. Big A/Rs make large amounts of power because of reduced back
pressures but are not exactly splendid for low-speed response.

While not yet commonplace, turbochargers are in production with a design
feature that permits the turbine housing to act like a small A/R at low speeds

Exhaust gas

Secondary / /

Primary

Turbine
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Fig. 16-4. The fastesi-
response turbo in the
world is the VATN
Aerocharger.

and a large A/R at higher speeds. This feature is generally referred to as the
variable A/R turbine housing. It indeed offers the merits of both large and
small A/Rs, all in the same package. With this feature, the turbo comes much
closer to the instant response we want. It also acquires the ability to produce a
torque curve similar to a larger, normally aspirated engine at low engine
speeds. Two types of variable A/R units are likely to see some form of popular-
ity. The relatively simple twin scroll idea is an inexpensive mechanism that
may prove adequate when judged on its own merit. The other mechanism is
the VATN (variable area turbine nozzle). The VATN so far outshines all other
possibilities that it will prove to be the winning ticket.

Twin scroll turbine housing. The TST housing derives its name from the ge-
ometry of the exhaust gas inlet into the turbine. Two different-sized scrolls are
generally used, a primary and a secondary. Typically, the primary is open for
low-gpeed operation, and both for high-speed use. This creates the ability of
the TST to be a small A/R housing at low speeds and a large A/R at higher
speeds.

TST designs are of merit in that they offer a better combination of low-
speed response and high-speed power. It would be difficult to configure the
unit to control boost by effectively varying A/R. A wastegate is therefore still
necessary to control boost pressure. Simplicity of the twin scroll turbine hous-
ing 1s its big selling point.

Vartable area turbine nozzle. The VATN i1s a whole new deal. The vanes of
the VATN pivot to present varying areas to the discharge stream, changing the
exhaust gas velocity as it enters the turbine, permitting the speed of the tur-
bine to vary. The merit of the VATN lies in several areas: it acts like a small A/R
when asked to do so, a large A/R when required, and it produces a smooth tran-
sition through all points between the two extremes. The VATN can create such
a huge A/R that turbine speed over the entire range of operation can be con-
trolled by varying the A/R alone. Thus the VATN becomes its own boost con-
trol, and no wastegate is required. When no wastegate is present, all exhaust




Fig. 16-5. Details of the
VATN. When the noz-
zles are nearly closed,
exhaust gas velocily is
high. When they are
open, velocity, and
therefore back pressure,
is lowest,

Fig. 16-6. Response
time of the VATN versus
standard turbine
response. The time
required by the VATN is
approximately half that
of the standard turbo.
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gas energy is available to power the compressor, and “waste” becomes a thing
of the past. Turbine performance can take on whole new dimensions. Since
turbine speed is always controlled by the VATNs, the A/R ratio is always the
largest possible for the boost pressure at that instant. If the A/R were smaller,
turbine speed would rise, creating more boost, which would raise turbine
speed, which would raise boost again. This situation will always keep exhaust
gas back pressure at its lowest for any given boost pressure. This creates the
wonderful condition of the exhaust back pressure being less than the boost

pressure. When this “crossover” occurs, power production takes on new di-

mensions. This condition is not generally feasible with conventional turbos
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Fig. 16-7. This cross
section shows the
complexity of the
marvelously crafted
and engineered Aero-
charger. Complexity is
the trade-off for the
Aerocharger’s extra-
ordinary response,

without the turbine’s being so large that it becomes unresponsive at low
speeds.

The success of the VATN is directly attributable to having the vanes in the
right position at the right time, which depends on the “intelligence” of the
vane controller. Varying load conditions will require the controller to create
the correct A/R for exactly that situation. The load condition of steady-state
cruise will want the vanes fully open for the least possible back pressure. On
application of throttle, the controller must anticipate the pending demand for
boost and close the vanes, so as to bring the turbine up to boost-producing
speeds as quickly as possible. Once the desired boost level is achieved, the
vanes will gradually open as engine speed rises, in order to control turbine
speed and thus the boost pressure. Sufficient range of motion for the vanes
must exist that the engine redline can be reached before the vanes are fully
open. It is clear, then, that the VATN controller is the secret to the extreme
benefit of the VATN concept.

SELECTION OF YURBOCHARGER s1ze. Few of today’s turbocharged automobiles
are equipped with the proper-sized turbo. I remain convinced that the reason
for this is the incorrect perception by the marketing types as to the desires of
the end user. I contend that the end user wants a powerful automobile, not nec-
essarily one that makes boost at the lowest possible rpm. When, and if, major
manufacturers size the turho for the enthusiast, we will see an increase in
power, a decrease in charge temperatures, smoother driveability, and an over-
all increase in margins of safety—all of which is possible with simple changes
in size,

Ceramic TurBiNES. A dramatic reduction in the rotational inertia of the turbo
can be brought to bear by the use of ceramic instead of metal for the turbine
wheel. While a wonderful idea, yielding a tangible improvement in the turbo’s
response, the ceramic turbine remains expensive and fragile. This writer be-
lieves that other than for hrief field tests, the ceramic turbine is a feature for
the twenty-first century.
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ComposiTe materiaLs. Carbon composites have tremendous strength and
stiffness-to-weight ratios. The possibility of compressor-wheel inertia reduc-
tions brought about by composite materials seems likely. Further reducing the
inertia of the lowest-inertia component of the turbo is perhaps worthwhile.
But fixing the weak links first has an element of logic, and the compressor
wheel is not the weak link.

GENERAL REFINEMENTS. Without the fanfare accorded revolutionary compo-
nents, most of the items inside the turbo will continue to be improved in both
efficiency and durability. Bearing losses will ereep downward, rotational iner-
tias will decrease, heat rejection will improve, and turbine and compressor ef-
ficiencies will slowly but surely improve. Steady improvements, but no great
changes,
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Fig. 16-10. Perhaps the
turbocharger of the
future will take the
form of this tnnovative
design, with variable
area turbine control
and an axtal-flow
compressor ahead of
the radial compressor.
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Intercooung. Although the science of intercooling is well known to automo-
bile designers of the world, the next few years should show large improve-
ments in this area. The force behind the improvements will be a change in
attitude. When one of the world’s great car companies builds a vehicle they call
a Super Coupe and places an intercooler in a position such that the only cooling
air it can possibly get must first go through the cooling system radiator and the
AC condenser, this is evidence of an attitude problem. It is possible that the re-
frigeration-cycle gas intercooler may one day be practical. New processes and
techniques will be required as AC compressors consume more power than bet-
ter intercoolers can offset. The part-time intercooler, where the air charge 1s
sent directly to the engine at all boost pressures below the threshold of need
for intercooling, may one day yield a tangible improvement in response for the
entire system,

BoosT cONTROLS. Smarter wastegate controls can produce more responsive
turhos as well as flatter torque curves, While ultimate power may be little in-
Auenced, a torque curve with one or both ends raised a bit will produce a faster
car. Electronic control of the wastegate actuator signal will be the concept that
permits these improvements. Conventional wastegates crack open at a point
well below the desired boost and then creep to the position required to control
boost pressure. This early creep robs the turbine of useful energy with which it
could gain speed faster. Having the wastegate open and bypassing substantial
energy around the turbine when the turbine is trying to gain speed is basically
madness. Electronics will fix that situation. Raising the low end of a torque
curve or smoothing a flat spot in it can be accomplished by programming boost
signals. A boost-pressure equivalent of an extra passing gear could he pro-
orammed as well.



Engine

Fig. 16-11. The Cheuy/
Iimor Indy engine was
designed from scratch
as a turbocharged
engine. The camshafits,
port sizes, compression
ratio, bore/stroke ratio,
and rpm operating
ranges were all config-
ured to complerment the
turbocharger.
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Exnavst system. Virtually all current production exhaust systems are exces-
sively restrictive. Tailpipe-induced back pressure is truly useless. T do believe
it possible to produce quiet, low-back-pressure tailpipes as economically as the
current bad designs. This would permit the same turbo systems to operate at
the same power with less heat, less boost, and a far greater margin of safety.

The inverted-sound-wave silencer is an idea whose time is yvet to come. The
principle is to record the sound from the engine, electronically invert it, and
play it back, superimposed on the original. The hope is that the two sound
waves will cancel each other, eliminating the need for a muffler. Back pressure
could be way down, so we remain interested.

STAGED AND STAGGERED TurBos. Many interesting schemes have been created
to couple two or more turbos together. The purpose is generally to achieve
greater efficiency at extreme boost pressures or to gain low-end response and
broad, flat torque curves. Such schemes may be useful in vehicles like the fab-
ulous Porsche 959, but the likelihood of such complexity’s reaching the market
in significant numbers appears small. The value of a ho bbyist’s trying to recre-
ate such intricate equipment seems staggering indeed, Complexity and cost of
this magnitude, accompanied by all the service and repair problems inherent
in that complexity, is mind-boggling. Stick to fundamentals, do them very well,
and let performance be the stagzering factor.

A clean-sheet-of-paper engine designed specifically for turbocharging would
not be dramatically different. However, many details would change:

* In my view, the positions of the turbo and catalytic converter would he
reversed, to improve cold-start emissions. Turbine response would ordi-
narily suffer in this position, but the VATN turbo would more than
restore any lost response,
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Engine speeds would likely be reduced. With the broad-band torque
increases offered by the turbo, high rotational speed is no longer
necessary to make adequate power. Lower engine speeds would reduce
component weights and friction as well.

With lower engine speeds comes the ability to take advantage of longer-
stroke, smaller-bore engines. For reasons buried in the foggy depths of
thermodynamics, longer-stroke engines can enjoy greater fuel efficiency.

Smaller intake and exhaust ports would improve low-rpm torque by
creating higher intake-air velocities, permitting better cylinder filling as
a result of the increased momentum of a faster-moving column of air. The
turbo will take care of torque for the remainder of the rpm range.

The number of cylinder-head-to-block fasteners should increase. A great-
er number of smaller studs, perhaps six per cylinder, would be allowed by
reduced port areas.

Heat will be dealt with by at least two changes. First, oil spray onto the
hottom of pistons or oil passages through pistons can greatly improve
piston strength by reducing operating temperatures. Second, the
exhaust port will be insulated to reduce heat transfer to the head and the
coolant. This will improve catalyst light-off (response time for the con-
verter to achieve minimum operating temperature from a cold start),
reduce radiator sizes, and carry more heat to the turbine for response
henefits.

Electronie controls will play an even greater role in running the turbo
engine. Today's engine-management systems will be expanded to control
VATNs, boost pressures, and, of course, the relation of spark timing and
fuel mixture as they influence engine knock.



BRINGING IT ALL

TOGETHER

It 1s easy to get smugly comfortable with the idea that you can design ideal
pieces to fit into imaginary spaces in a beautiful and artistic manner. The sm ug-
ness usually leaves abruptly when you are confronted with the prospect of plac-
ing all the items required for a proper turbo system underneath the hood of a
modern automobile. The reality of the problem of finding not Just space, but the
best space and the logical spatial relationship for the components, can humble
the cleverest of designers. The first part of this chapter offers guidelines for
bringing all the pieces together into a theoretical, coordinated, least-compro-
mise system. Hopefully, this will help you get past the initial fright of looking
under the hood. The second part of the chapter deals with the design parame-
ters of installing a turbo system on an actual car, the Acura NSX.

DEFINING A THEORETICAL SYSTEM

Fig. 17-1. GGale Banks
produced this big-block
Cheuy twin with a
water-based intercooler
housed in the cast
aluminum plenum atop
a Holley carburetor.

The first step is to define the specific performance objectives. Second is defin-

ing the system required to meet those performance objectives. Third is creat-

ing an outline of the components needed to build that system. A typical outline

can take the following form, using a 300-350 cid Chevy V-8 as an example.
Performance objectives:

» 600 bhp @ 6500 rpm
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Fig. 17-2. Do not copy
any features of this old
draw-through on a
Capri V-6,

General Layout

* BRINGING IT ALL TOGETHER

* 650 ft-1b torgue (@ 3500 rpm

* 20 mpg (@ legal cruise speed

* 93 octane fuel

System requirements:

* 300-350 cid engine

 pressure ratio of approximately 2.0
turbocharger(s)

wastegate(s)

intercooling

programmable electronic fuel injection
high-voltage ignition
* bypass valves

Specific components:

» Chevrolet 350 cid V-8 (four-bolt mains, forged-steel crankshaft, x.x
compression ratio, aluminum cylinder heads)

* turbocharger (brand, water-cooled bearing housing, compressor size,
turbine size, exhaust housing style)

* wastegate (brand, basic boost setting, valve size)

* intercooler (air or water style, charge air flow area, heat exchange area

This outline should continue until the components, brands, and sizes are

all defined. When the outline is complete, the scope of the task will be clearly
spelled out.

Once the outline of the job is clear, the actual component positions can be stud-
ied and determined. Paper, pencil, some study and sketching will go a long way
toward eliminating problem areas.

All aspects of the layout must give full consideration to the need or inten-
tion to seek a California Air Resources Board exemption order for the system.
A prime factor is the position of the catalytic converter and the oxygen sensor.
There is no need to move an oxygen sensor, but traditionally, the turbocharg-
er is placed between the engine and converter. With respect to any certifica-
tion, you need fo consider converter light-off (the point at which it is hot



Fig. 17-3. Jim Feuling
butlt this marvelous
200 mph Quad 4
system. Note integra-
tton of the wastegate
after all exhaust pulses
are in one tube.
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enough to start working) as of foremost importance in order to pass the
warm-up cycle emissions test.

The first job is positioning the turbo. The factors contribu ting to the choice
of position are as follows:

Is exhaust gas entry into the turbo from the engine as direct as possible?
This will influence or dictate the manifold or header pipe design. Can a
smooth, large-radius-bend exhaust manifold fit in the space dictated by
the turbo position?

Does the position permit space for and easy installation of the turbine
outlet pipe and proximity to the catalytic converter? The closer to the
converter, the hetfer,

Does the compressor inlet allow easy entry from the air filter and the
outlet easy exit to the intercooler?

(Gan the wastegate be properly tied in to the exhaust manifold collector?

Will heat from the turbine damage any nearby components, and are heat
shields necessary?

Is the turbo high enough for a gravity-powered oil drain to be adequate?
Does the turbo need support other than the exhaust manifold?

Does the position allow clearance to objects that could contact
components of the turbo system when engine torgue lorces distortion
into engine/drivetrain flex mounts?

Once the best combination (least compromise) of position requirements is
determined, the turbo can be anchored by temporary hangers while installing
connecting hardware.

The second job is building the defined intercooler and placing it into posi.

tion. Considerations are as follows:

* Is the spatial volume sufficient for a large enough intercooler?

Does the general layout of the vehicle require a waler-based intercooler
or some other unusual feature?
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Fig. 17-4. Good

hasic plumbing from
Parsche, ns one would
expect. The intercooler
can get excellent
ambient air from.
behind the rear wheel
and is protected by a
heauvy wire-mesh

SCIEETL.

Fig, 17-5. The great
Ferrari Turbo GTO
used one wastegate to
control two turbos. Note
the integration of anti-
surge valves into both
compressorowtlets, The
intercoolers show good
pndernal streamiining
and generous core area,
but ambient cooling atr
i5 sprse.

Can the tubes be routed conveniently to and from the intercooler, and do
they meet How requirements?

L]

Will the cores receive adequate ambient airflow, or will they require air
ducts?

Is the position safe from road hazards?

Is the intercooler in front of the radiator bulkhead, if front-mounted?

Doea it block the least amount of airflow to the radiator (if applicable):
The third job is defining and positioning the air filter. Use the filter man-

ufacturer’s recommendation on size versus horsepower. Keep in mind the fol-

lowing:



Fig. 17-6. Larger air
filters are necessary for
performance and to
help keep thermal loads
in check. Note the
thermal blanket over
the exhaust housing.
The compressor inlet
Hex hoses need to be
reasonably stiff to avoid
being collapsed by the
stight pressure drop
through the filter,

Fig. 17-7. Taking
system air from directly
above the exhaist
manitfold is not a good
idea, particularly
where no intercooler is
present. A simple air
duct to the front would
lenwver the charge tem-
perature about 50°F,
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i

* The filter requires clean air but must be protected from puddle or splash
water. However, cool ambient air is not essential if the system is properly
intercooled.

* The further the filter is from the vehicle occupants, the quieter it will be.

* A bell-mouth-shaped transition from the filter to the fHowmeter or
compressor inlet tube is desirable.
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Fittings

The fourth job is the location of a muffler with an adequately large flow
path. If the system is rear- or mid-engined, the muffler becomes key to the
packaging, due to its relative size. If front-engined, the positioning require-
ments relax considerably.

The fifth job is creating a connection to the throttle body. This establishes
the destination of the tubes exiting the intercoolers. The throttle plate in the
throttle body is a relatively high-drag point in the system. For this reason,
particular attention must be given to smooth section changes in this area and
avoidance of other drag-producing imperfections.

The sixth job is to design and build the exhaust manifolding. Factors to
keep in mind include easy oil-line access, clearance to heat-susceptible parts,
compressor inlet and outlet paths, turbine outlet space, and turbo section
clocking problems due to an integral wastegate (if present). Spark plug and
plug wire access need close attention.

Where possible, pipe-thread fittings should be chosen for simplicity and sure
sealing. The less-than-wonderful aesthetics of pipe threads can easily be
masked by sinking fittings up to the last thread.

All intersections of signal-line hoses should be made with brass tees. Signal
lines should be silicone-based material, resistant to heat and hydrocarbons.

The locations of all components in the system must receive due consider-
ation. When that has been done and done well, the major hurdle of bringing
the components together into a system will have been accomplished.

DEFINING AND TESTING AN ACTUAL SYSTEM

Objectives

Here we will further examine the design, development, construction, and test-
ing procedures discussed in the previous sections in regards to creating a new
twin turbocharger system for an Acura NSX. The validity of the lessons in this
book can be determined by comparing the defined ohjective with the finished
product.

For economy of operation and to more easily keep engine emissions within
EPA/CARB certification limits, the engine has been kept absolutely stock.

The obvious hurdle presented by this project is the high compression ratio
of the NSX engine, at 10.2 to 1. This value, in an engine powered by street fuel
of 92 or 93 octane, dictates low maximum boost pressure to obtain long-term
durability.

Any construction effort of this nature must consider the guidelines for en-
gine system modifications drawn up by the U. S. Environmental Protection
Agency and the California Air Resources Board. The decision to apply for an
exemption order from CARB for the NSX turbo system for true street-legal
status dictates several facets of the design:

* All electronic engine management functions are to remain unaltered.

* The original catalytic converters must remain stock and in the original
position.

* Fuel system controls must function only when under boost.
* Actual engine emissions must remain within CARB guidelines for the
NSX.
Torque and power of the system should complement the engine’s broad-
range torque curve and substantial power. Honda/Acura spent considerable



Fig. 17-8. This maodest
b psi system for the
BMW 535i was de-
stgned with low maxi-
mum boost pressure for
tong-term durability.
In order to get compa-
rable durability, the
Acura NSX engine will
dictate o similarly
modest system becauise
of its high compression
ratio,
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money and engineering talent on creating a broad torque curve, largely
through use of a clever variable valve-timing mechanism. To preserve the su-
perb driveability offered by the NSX’s torque curve, it will be necessary to
achieve substantial boost at low engine speeds. This is a characteristic of
smaller turbos. However, achieving high-rpm torque increases without huge
exhaust gas back pressure losses dictates the need for a larger-than-normal
turbocharger. These diametrically opposed requirements can be dealt with in
three ways:

* A variable area turbine nozzle turbo, which has the ability to act like a
small turbo at low speeds and a large turbo at high speeds, thus
potentially satisfying both requirements

* T'wo turbos, utilizing one for low speed and both for high speed, where a
twin scroll turbine is not available in a large enough size

* A standard turbo with the best possible sizing between the two opposing
requirements

Ordinarily, the factors discussed in Chapter 3 (vehicle cost and class, sys-
tem cost, objectives) would influence which of these three options is selected.
Lack of pizzazz rules out a system based on a standard turbo. With a twin se-
quential layout, performance is good, but complexity rivals a space shuttle’s
main engine,

A complicating factor is that space restrictions in the NSX dictate mount.-
ing the turbo low in the chassis, which is inadequate for the gravity oil-drain
requirements of a standard turbo. The choice iz then between installing
sumps and pumps for return oil on a standard turbo or using the self-lubri-
cating Aerocharger. The added attractions of the Aerocharger’s fast response
and good low-rpm boost make this an easy decision,

The original power rating of the NSX, while substantial, (275 bhp at 8000
rpm), still falls short of the desires of most buyers with $65,000 to spend on a
performance automobile, Simple caleulation of serious performance-car
weight per horsepower suggests that the NSX can step into the high end of
the supercar category with the addition ol 100 bhp, which will require two
Aerochargers, since no single unit is large enough to provide the desired air-
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Preinstallation
Test Data

Fuel Injection
Analysis

flow. An increase in base engine output of 36% will then be necessary through
the turbo system:

desired bhp
original bhp
275 + 100

= ———— — | = 0.36= 36%
375 Ll

Ferformance gain =

The perceived value of an add-on system like this is always a balance of
power gain versus cost, installation complexity, increased service require-
ments, and expectation of long-term durability degradation. The relatively
low boost required (performance gain times atmospheric pressure, or
(.36 x 14.7=5.2 psi) for the anticipated 100 bhp gain suggests that the other
value considerations will fall into line.

As mentioned in Chapter 3, after the field of available compressors is nar-
rowed to two or three that appear, from their flow maps, to be in the right
range of pressure ratio and c¢fm, with efficiency not below 60%, it is necessary
to calculate which of the compressors is the more suitable. In this case, two
sizes of Aerocharger will be examined: models 101 and 128,

Long-term durability of an engine/turbo system is in part keyed to exhaust gas
temperature. Although a high temperature is able to really kick a turbine up to
speed quickly, performance must be weighed against durability. The size of the
turbine will depend partly on exhaust gas temperature. Heat distribution
through the exhaust system can be illustrated by the temperatures before and
after the catalytic convertors. These measured a remarkably low 1100°F be-
fore and 1040°F after.

As described in Chapter 7, a fuel pump’s ability to deliver the rate of flow
required for the anticipated bhp must be verified, or the unit must be replaced
with one of known capability. Here, the fuel pump will be tested by actual tri-
al. If fuel pressure stays constant at maximum load, the pump is adequate.

The pulse duration of a fuel injector required to fuel a maximum-torque
pulse is useful information. This pulse duration will be compared to the en-
gine cycle time to determine the method of supplying fuel to operate under
boost. With the objective of a 36% torque increase, the fuel supply must be in-
creased by 36% also. If' a 36% increase in pulse duration does not exceed en-
sine cycle time, it is possible to achieve the fuel flow increase by electronically
extending the pulse durations. If the pulses are too long to permit this, a ris-
ing-rate fuel pressure regulator or an entirely reprogrammed fuel curve, us-
ing larger injectors, will be necessary. The obvious difficulty of matching
Acura’s accuracy in fuel system calibration will likely peint to the rising-rate
regulator for the job. Another reason not to use the extended-pulse method is
the inability of the NSX's ecu to interpret above-atmospheric pressure signals
from the manifold alr-pressure sensor.

Further test data were needed regarding this vehicle’s emissions. Emis-
sions were checked on a four-gas analyzer from a cold start and every 10 sec-
onds thereafter until the vehicle was warmed up. Emissions plotted versus
time are shown in figure 17-9.

It is necessary to know the time of one revolution, in order to compare it to the
pulse duration of the fuel injector at maximum load. This comparison will de-
termine whether the injector can stay open longer to feed the additional air
supplied by the turbos.



Fig. 17-9. Prior to the
EXPensive enmissions
laboratory cold-start
tests, 1t was constdered
advisable to run an
tnexpensive test on a
four-gas analyzer.
Resulis showed cold-
start emissions essen-
tially unchanged.
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As indicated in Chapter 7, the time of one revolution can be determined ei-
ther from figure 7-3 or by formula. Using the formula, let rpm = 8000.
Then

6 C

Time of one revolution = —-% = 0.0075 s¢¢ = 7.5 msec
SO0 a——
min

The N5X's EFI is sequential, which reverts to nonsequential over approx-
imately 3000 rpm, as discussed in Chapter 7. Therefore, pulse duration
should be checked at over 4000 rpm. Actual pulse duration at maximum load
was measured at 5.0 msec.

stock pulse duration

Duty cyele = = ] :
= e of one revolution
5.0 msec
= = 0.67 = 67%
1.3 msec

The inverse of the duty cycle minus one is the available increase in fuel flow
from extending injector pulse duration. This is .5, or 50%. Therefore, we could
hold the injectors open all the time and achieve a 50% increase in fuel flow.
This is adequate for the 36% increase in airflow necessary to achieve the 36%
performance gain (and, therefore, fuel flow) calculated earlier.

The fuel pressure required to operate at a 36% increase in airflow can be
approximated by squaring the sum of one plus the airflow rate increase:

(1.36)° = 1.85
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Performance
Testing

Turbo Selection

This shows that 85% more fuel pressure than stock will be required:
1.85 =45 psi = 83 psi

where 45 psi is stock pressure for the NSX.

Preliminary test and caleulation have shown that the fuel system can sup-
ply sufficient flow for the power desired by either increasing pulse duration
or raising fuel pressure as a function of boost pressure. As the latter approach
is less expensive, it is the prime candidate unless proven inadequate.

The Varicom VC200 acceleration computer was used to colleet the following
data:

0 to B0: 5.7 sec

1/4-mile time: 14.0 sec

1/4-mile speed: 101.0 mph

Estimated bhp: 268

Determination of the best compressor for the job is a process of looking at
whether the airflow and efficiency numbers are sufficient to push the required
amount of air through the system.

The new pressure ratio will generally be close to the performance gain.
Therefore, the performance gain of 36% calculated earlier means the pressure
ratio must be approximately the same value, or 1.36. This would represent
the following airflow requirements:

Using the airflow rate formulas from Chapter 3, with 90% as the volumet-
ric efficiency for a 183-cubic-inch engine,

.3
183 in~ x 8000 rpmlx 0.5 x U.‘-:'J{]_x {36 = 520 ofm

1728 =
[t

Airflow rate =

In a twin-turbo system, this figure would be divided by 2 to obtain the re-
quired cfm per turbo:
20— 260
=

The pressure ratio of 1.36 and the cfm of 260 plotted on the compressor
maps being considered will reveal the best combination of peak efficiency, ef-
ficiency at maximum load, and low-speed surge characteristics.

The line on the first Aerocharger compressor map (model 101) crosses the
maximum-efficiency island at 78%. As engine rpm increases, and thus airflow
(efm) at the same boost pressure, efficiency drops off to an indicated 50% at
maximum load.

The second Aerocharger map (model 128) shows efficiencies of 76% peak
and approximately 60% at maximum load.

Although the 101 has higher peak efficiency, efficiency al maximum load is
of greater significance and is the basis for the decision. Since the second map
shows greater efficiency at maximum load, the model 128 is the better choice
for this application.

The following caleulations at these two points will show the charge air tem-
perature gains through the compressor.

As discussed in Chapter 14, when the air inlet is not in the engine compart-
ment, one can assume compressor inlet temperature is equivalent to ambient.
In this case, assume an ambient temperature of 80°F, which will he an abso-
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lute temperature of 80° + 460° = 540°.
Using the formula for compressor efficiency from Chapter 14, we can de-
rive the temperature rise at maximum efficiency:

"y
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" Temperature fse
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Therefore,
28
{FR A Tﬂ."'.'.'.:l -
r

i

athy

Temperature rise at maximum efliciency =

Inserting the above values,

/B
| ; o [(1.36) " x 540°] - 540°
Temperature rise at maximum efhiciency = = 63

0.76

Since the size of an absolute degree is the same as that of a Fahrenheit de-
gree, the rise of 63° at maximum efficiency added to the ambient temperature
of 80°F equals 143°F

Temperature rise at maximum load can be derived by multiplying the cal-
culated value of 63° by the ratio of the highest efficiency to the lowest efficien-
ey of the system as previously plotted on the flow map:

Temperature rise = 63° X {[% = T97
The rise of 79° at maximum load added to the ambient temperature of 80°F
ecquals 159°F,
This calculation predicts a maximum compressor discharge temperature
gain of 79°F above compressor inlet temperature.

The value of intercooling can be estimated by a ratio of the absolute tempera-
tures before and after cooling. This ratio represents the relative density
change. It is adequate to assume an intercooler efficiency of 85% for prelimi-
nary calculations. An 85% efficient intercooler will remove 85% of the heat put
in by the compressor. Therefore, using the formula from Chapter 5 for temper-
ature removed, the expected temperature exiting the intercooler will be

Temperature removed = 80 — (0.85x 79} = 13°F above ambient
Using the formula for density change from Chapter 5,

540 + 79
540 + 13

Density change = -1 = (0,119 = 11.9%

In view of the high compression ratio (10.2 to 1) of the NSX engine and a
charge density gain of 11.9%, the decision to include intercoolers in the sys-
tem is an easy one,

Refer to earlier in this chapter for the factors to consider in deciding layout.

Tureo posimon. The Aerocharger gives a freedom of choice not heretofore
available in positioning the turbo. The absence of any oil lines to the self-lu-
hricating Aerocharger removes the requirement for either a gravity drain or
a sump-pump-aided oil return.

Although the turbocharger is traditionally placed between engine and con-
verter, the selection of turbochargers with the ability to make considerable
boost at low exhaust gas flow suggests that they can be placed after the con-
verters. This position still offers a high degree of response yet permits the
converters to get exhaust gas heat undiminished from the engine, to [acilitate
catalyst light-off,

Some attention to a symmetrical turbo position with respect to the exhaust
header will require one header pipe to be longer than the other, but this s not
of major significance.

INTERCOOLER DESIGN. Anticipated power output will dictate the internal flow
area of the intercoolers. As discussed in Chapter 5, when pressure loss through



Fig. 17-12. Positioning
the right turbo required
femporarily hanging it
from fasteners on the
heat sheeld directly
above it, then making
a mock-up of and
building the short tube
assembly between the
converter and the
turbine inlet.

Fig. 17-13. The left
turbo hangs from the
original rubber tailpipe
mownt. The turbine
inlet pipe originates at
the center converter.

The fiber hose runs
forward to the valve-
cover breather:
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the cooler is controlled to an acceptable value, temperature drops will always
fall in line, with no other requirement than an adequate supply of ambient air.
The suggested value is 6 square inches flow area per 100 bhp. Assuming a
desired bhp of 375,
O 1||.2 R i

375 =-£3 1L
375 bhp % 100 bhp n

Using the guidelines discussed in Chapter 5, the core material with 23
square inches of flow area will typically be a core with 46 square inches on the
core face exposed to the charge, because about half the face is composed of the
air tubes. So a core with a depth of 3 inches will need to be 15 inches wide.

A search for space for a core this size, or two cores half this size, reveals a
location aft of the rear wheels with space for cores of 3.5 inches deep by 9 inch-
es wide. Two cores of 31.5 square inches each exceeds the objective, The
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Fig. 17-14. The inter-
eoolers are positioned
hehind the rear wheels.
Heavy mesh screens
offer protection from
road debris,

Fig. 17-15. Plumbing
from the intercoolers
unites in a single inle!
to the throttle body. The
mechanism attached to
the forward side of the
throttle inlet casting is
an overboost safety vent
valve.

unique location of the intercoolers, behind the rear wheel, offers abundant
ambient cooling air. Debris thrown by the tires is a problem to be resolved.
Heavy screens of stainless wire mesh that will allow airflow but defeat rock
flow are adequate to protect the intercoolers from foreign-particle damage.
Exnavust system. The quality and material of the Borla stainless steel muf-
fler were felt to be consistent with the vehicle’s quality. As the turbine exit
diameter is 2 inches, the turbine outlet pipe to the muffler need be no greater
than 2 inches. A brief discussion with Borla settled the question of the proper
muffler volume and style. The design settled on was a drilled-core, straight-
through style with two paths from opposite ends of the muffler, one for each



Fig. 17-16. A lwo-path
Borla muffler, placed
between turbine outlets,
gives each turbo its own
tatlpipe.

Fig. 17-17. With the
compressor discharge
tihe to the intercooler
installed, the bvpass
valve can be sef to
vent direcily from the
discharge tube to the
compressor inlet tube.
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turbo. Although the exhaust system is quite compact, silencing proved to be
adequate, since the turbos themselves function as approximately one-third of
the silencing requirement.

ComPRESSOR BYPASS VALVE. The need for compressor bypass valves to sup-
press surge noise on lifting off throttle is less necessary with the Aerocharger
than with standard turbos. Initial testing showed the noise not entirely sup-
pressed by the Aerocharger; thus, valves were incorporated into the design.

Because bypass valves can offer their own characteristic air venting sound,
they were placed at the farthest point in the system from the driver. The
available space is directly across the compressor, from outlet to inlet.

The bypass valves are operated by intake manifold vacuum signals. For co-
herent signals, two dedicated lines were run from the intake manifold to the
valves.
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Fig. 17-18. Because the
ECU is not
programmed for
pressure above atmo-
spheric in the

inteke manifold, a
signal block s neces-
sary to keep the MAFP
sensor from recelving
pressure when the
engine is under boost.

Material
Selection

Construction
Sequence

Fit and Finish

TOGETHER

Material selection is eritical only with respect to the hot side of the turbo sys-
tem. Because the layout will not cause thermally induced expansion, stainless
steel can be used for the hot side. Stainless grade 304 was chosen for its combi-
nation of high-temperature strength and long-term corrosion resistance. It 1s
also readily weldable with the tig process. Mild steel was used for flanges,
which need not he stainless.

Tubing used in the cold-side plumbing is all mandrel-bent, thin-walled
mild steel, which is easily welded, internally smooth, and can be finished in a
wide variety of processes. The ends of the fubes are soft enough to permit flar-
ing, for better hose retention. All hose connections are of high-temperature,
hydrocarbon-proof silicone hose m aterial.

The aluminum intercooler cores are welded to cast 363 aluminum alloy
caps. All tabs, mounts, and hose bosses are cut from aluminum 6063-T3 (heat-
treated) alloy.

Construction sequence follows the order given in the list of factors to consider
earlier in this chapter.

Stainless grade 304 does not require any coatings for long-term durability or
appearance. All aluminum and mild-steel components are subject to corrosion
and diseoloration without protective coatings. Chrome plating was not consid-
ered. as it is difficult to keep hose connections from sliding off chromed parts.
Powder coatings satisfy all appearance and du rability requirements, with the
added benefit of a wrinkle-texture finish for improved grip on hose connec-
tions. Powder coating of wrinkle black was applied to all parts that do not see
temperatures in excess of 300°F. Threaded connections must be protected from
the coating; otherwise, the thickness of the coating will prevent assembly or
reguire retapping.



Fasteners

Gaskets

Testing

Fig. 17-19. The rising-
rate fuel pressure
regulator fits easily in
the space previously
occupied by the air
filter box. The regulator
has two adjustments,
The side adjustment,

a needle valve, deter-
mines fuel pressure at
maximim boost, The
spring-loaded center
serew sets the point of
onset of pressure gain.
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The NSX design offers a series of flanged joints. These are best served by
through-bolts. (See earlier discussion.) The turbine outlet requires a stud an-
chored into the cast iron housing with a mechanical locknut.

All joints must be examined as to the need for a gasket. If a gasket is required,
the choice of style and material must be made. The NSX design offered no cir-
cumstances where a gasket could be omitted from a bolted joint. Although it is
common to omit a gasket between a turbo and an exhaust manifold with ma-
chined flat surfaces, the NSX presented no such opportunity.

As discussed in Chapter 10, the sandwich-type gasket is preferable, but it
was not available. The second choice, embossed stainless, is included with the
Aerocharger.

The testing process has two primary objectives: tuning the details and check-
ing to see if any major errors in the designer’s judgment have occurred.

Tuning the air/fuel ratio is clearly the first necessity. Measurements were
made with the Horiba meter. This meter has an electrically heated oxygen
sensor that conveniently mounts in the exhaust pipe outlet. Initial bench cal-
ibration of the fuel pressure regulator was for 82 psi at 5 psi boost. This num-
ber did not prove quite adequate, as a fuel pressure of 92-95 psi was required
to achieve the desired 13 to 1 air/fuel ratio. The discrepancy comes from the
need to run a richer mixture under boost than the normally aspirated engine
runs at full throttle. The regulator was therefore adjusted to provide the high-
er flow rate.

Checks on the air/fuel mixture were also made at 1 and 3 psi boost to assure
that the regulator was keeping the mid-range mixtures correct as well. These
pressures measured 55 and 70 psi, respectively. The Horiba indicated that
these pressures created a progressive change in air/fuel ratio from 15 to 1
down to 12.3 to 1 as boost increased from 1 to 5 psi.

With the confidence that the air/fuel mixture is in the appropriate range,
we were free to test for engine knock. Trust in the ability of the ear to detect
detonation did not seem appropriate with an engine as expensive as the
N5X's, s0 a J&S Electronics knock indicator was used as a supplement. Both
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Fig. 17-20. The lower

side of the finished
assembly.
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indicated no knock was present in repeated runs to the redline under maxi-
mum boost. Testing weather was a hot and sunny 100° August day. The judg-
ment that this was harsher than most operational conditions suggested that
the system would be free of detonation virtually anywhere.

With safety of the system established, testing of adherence to the design
ohjectives can begin,

Since a graph of efficiency of the compressor plotted versus airflow and boost
pressure is always a curve, 1t 15 necessary to determine whether our data
points are on the upslope or downslope.

Four items of information are necessary: temperature into and out of the
turbo compressor, boost pressure, and engine rpm. Measurements must be
made at full throttle yet must also be as near steady-state as possible. To do
this, we chose 6000 rpm in third gear and 4000 rpm in fourth gear. By drag-
ging the brakes and not permitting the vehicle to accelerate, some reasonable
degree of steady state can be achieved. From the gauges, il appears to take 6
to 8 seconds to reach a steady state. Three trials created the data shown in the
following table. The pressure ratio and cfm are calculated as shown earlier in
this chapter. One should always make note of the ambient temperature.

Rpm

Temperature
in (°“F)

Temperature
out (°F)

Pressure
ratio

: :

&

6
6

4000
6000

99
99

4000
6O00

6
&

4000
6000

101
100
98
100

LTl
173

177
177

' 1.41
141

141

174
176

141 |

Calculated
efm

298
448

298

1.41
1.41

298
448

Three trials are barely adequate to establish the best and worst conditions,
but this is a field test, not Porsche’s research laboratory. The data with aster-
isks. which are median numbers, will be used for analysis. The process is to



Fig. 17-21. The vacu-
um/fboost gauge is not
used frequently and is
therefore mounted in
the glove box, where it
can be referred to if
necessary.

Turbine Section

intercooler
Efficiency
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caleculate what the compressor maps indicate the temperatures ought to be
and compare those numbers with the actual measurements.

The estimate of temperature gains at the initial selection of turbo compres-
sors was 61°F and 83°F. Testing showed all gains to be between 72°F and 77°F.

Temperature inlet measurements in the above table indicate a 2° temper-
ature rise at the point of air pickup by the filters. With the filters positioned
inside the rear fenders, air temperature should be ambient. Possibly the tem-
perature sensor was receiving heat radiated from the exhaust housing, or a
convection current (misunderstood airflow) was carrying heat from the turbo
toward the temperature sensor. Curious, but insignificant.

The exhaust gas pressure change across the turbines tell us two things: wheth-
er turbine size 1s close to that desired, and the amount of exhaust back pres-
sure created by the muffler and tailpipe.

Turbine inlet pressure is measured by placing a fitting on one of the tur-
bine inlet pipes and attaching a pressure gauge. The expected turbine inlet
pressure is usually two to three times greater than the boost pressure gener-
ated; therefore, we expected 12 to 18 psi. Surprisingly, 15 psi was the maxi-
mum pressure developed before the turbine, with just .5 psi after. Although a
slight decrease in inlet pressure would be desirable, it is not enough so to in-
stall bigger turbines and produce any less low-speed response. The .5 psi loss
through the muffler and exhaust plumbing is entirely satisfactory.

Verifying the value of the intercooler will indicate that temperature drops
across the coolers are sufficient and that pressure loss remains below 1 psi at
maximum load.

Only one pressure-loss check was made at redline rpm: it showed a tick
over 1 pst at 7700-7800 rpm, While this was slightly disappointing, the deci-
sion was made to keep the intercoolers as is if heat rejection efficiency exceed-
ed 80%.

Temperature probes placed in the compressor outlet and intercooler outlet
will collect the necessary data for intercooler efficiency calculation, including
ambient temperature.

Testing was conducted by holding steady-state maximum boost at 4000
rpm in fourth gear. Again, 6 to 8 seconds appeared to be neaded to stabilize
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Emissions
Testing

Performance
Verification

temperatures and the response times of the gauges. Four tests were made to
collect the data, as shown in the table. Although the results are reasonably
consistent, data collection is not always as one wants it to be. The real effi-
ciency is probably close to the average of the four trials.

Using representative values from the table in the formula for intercooler
thermal efficiency from Chapter 9,
172 - 114
172 - 101
The net result of the intercooling effort is to get the charge temperature to

within 12 to 14°F of ambient. Pressure loss of 1 psi suggests that these are not
race-quality intercoolers but are excellent for street use.

E = = (.82 = 82%

Test | Ambient Turbo outlet Intercooler outlet
temperature ("F) temperature (°F) temperature (“F)
: Sl 171 112
2 101 173 115
? 101 172 114
4 101 177 115

The four-gas-analyzer emissions test was repeated after system installation
was complete. No surprises were in store. Hydrocarbons and carbon monoxide
showed a slight decrease, all else remaining virtually unchanged. The odd note
of air/fuel ratios running about 2% richer at all times was observed. No ready
explanation is offered. The conclusion is that the system should not have any
difficulty passing the CARB test procedures.

The Varicom VC200 was again the instrument of measurement for post-turbo
performance. Six efforts at establishing some degree of consistency gave the
following data:

0 to 60: best, 4.4 sec; average, 4.7 sec

1/4-mile time: best, 12.8 sec; average, 13.0 sec

1/4-mile speed: best, 113.0 mph; average, 111.5 mph

Power: 390 bhp

AnND FURTHERMORE . . .

How difficult is it to install a turbocharger system?

The skill required is comparable to that of overhauling a two-barrel carbu-
retor. The time required is at least twice the kit maker’s claim. You may be
assured that the lowest time claim will be the least comprehensive turbo kit.
It takes no time at all not to install a wastegate, for example. Be assured also
that the details determine the success of a turbo installation. Anyone can fig-
ure out where the exhaust manifold goes, but it takes patience and care to get
all the small adjustments made correctly. It is in this respect that the do-it-

yourselfer will usually excel in a truly guality job.
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Will I need any special tools?

Not likely, although a special tool for torquing the cylinder-head bolts may
be required.

What gauging should accompany a turbo?

A vacuum/boost gauge is a virtual necessity. An exhaust gas temperature
gauge is a nice addition, particularly on engines with characteristically high
exhaust temperatures. Diesel engines are another matter. Their redline is a
function of exhaust temperature, and they must have egt gauges.

Will I have to buy anything else to supplement the turbocharger?

Wow, what a loaded question. Every kit maker’s system is “complete.” If
the kit is heavily advertised as “complete,” you had better be prepared to
bring along your own wastegate, exhaust system, boost gauge, fuel system,
and detonation controls. “Comprehensive” is the descriptive term you are
looking for, not that tired, overworked term “complete.”

Are chromed steel parts necessary?

Chrome does not rust and is durable. Chrome is a nice touch, provided it is
consistent with the OEM components. It is, however, too slippery for hose
connections. The general rule is, If it doesn’t work well, chrome-plate it.



Fig. 18-1. Clean the
engine compartinent
prior to starting an
installation and the
experience will be more
pleasant.

8 INSTALLING A TURBO KiIT

It is profoundly unnecessary to know anything about the science and engi-
neering of turbocharging to competently install a well-designed aftermarket
turbocharger system. The installer need only be a competent hobbyist me-
chanic. The experience level is about equivalent to that of changing a clutch or
removing and replacing an intake manifold.

A German proverb clearly states the problem of accomplishing such a job:
“Thedevilis in the details.” To illustrate the accuracy of this proverb, it is easy
to imagine that most people could install an exhaust manifold correctly. Yet a
simple air hose not properly attached to a fuel pressure regulator can keep an
otherwise faultless system from functioning correctly. Therefore, thoughts
about one’s competence to install such things should center around how con-
scientiously one can do the details,

This chapter is a walk-through of the installation of an aftermarket turbo
system into a Mazda Miata. The vehicle is stock. The system carries the CARB
EO number D-349,

Follow instructions faithfully, When a system has a street-legal exemption
order, it is absolutely necessary to follow instructions to the letter to maintain
the legal status. Furthermore, the installer should presume the designer knew
what he was doing.

There is some logic to the process. Read the instructions and make notes of
questions, if any, to pose to the kit maker. It is both easy and natural for in-
struction writers to gloss over many points of the installation, since they know
all the pieces and processes intimately. Service is supposed to begin after the
sale. You purchased a kit in good faith and were told that with modest ability,
you could properly install it. You will likely need many points of the instruc-
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Tools and
Equipment

tions addressed before and during the -nstallation. It is entirely fair to require
the kit maker to give you guidance on the procedure where necessary. Clearly,
this form of feedback also improves the writer's ability to create proper in-
structions.

Familiarize yourself with the parts of the system. Learn the name the writer
has given each part. Inventory the parts with respect to the packing list, to be
certain all items were included. Call the manufacturer for shortages at the ear-
liest opportunity.

No kit maker should be shipping parts less than spotlessly clean. However,
it is a serious error to assume they are clean and ready to install. Any installer
worth at least his weight in salt will insure that every part is perfectly clean.

The vehicle subject to the installation need not be in perfect condition. A
proper installation on a 90% vehicle will, however, yield only 90% results.
While clearly superior to stock, 90% 1s not the objective of this book or what
this writer perceives as the objective of the fellow hard-core enthusiast. 1f
something is mechanically amiss, fix it before the installation.

Prior to starting the installation, fill the fuel tank with gasoline of the oc-
tane suggested in the instructions. Do not dilute with lesser octane fuel al-
ready in the tank. If necessary, drain the tank. Never use octane boost as a
testing aid—it will mask many critical characteristics, such as air/fuel ratios
and ignition timing controls.

It is convenient to establish directional references with respect 1o the in-
struction writer’s viewpoint. 1f unspecified, consider left and right from the
position of the driver.

After the installation has begun, the best procedure is to complete the en-
tire job prior to driving the vehicle. Certainly the job can be broken up into seg-
ments, like installing the boost gauge, fuel pump, heat shield, etc. The catch is,
one cannot install only the turbo and associated pipes and then set out to see
how fast it will go. That will surely prove a disaster.

Always read the statement of warranty prior to starting the installation. If
questions of policy exist, this is the best time to discuss them.

The speed with which you aceomplish the installation is not of any conse-
quence. A few extra hours mean nothing.

A reasonable selection of hobbyist mechanic’s tools is all that’s required for a
successful installation:

» Metric open/box combination wrenches

« Metric socket set

» SAE open/box wrenches

Assorted slot and Phillips screwdrivers
Flectric drill and assorted bits
[gnition timing light

Sealing compound
 Never-Seize compound
Loctite #271

Spray can of cleaning solvent

™

Oil filter and oil change

L ]

Teflon tape
» Safety wire
+ Clean rags
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Miscellaneous

Auxiliary
Fuel Pump
Installation
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* Floor jack
* Jack stands (4)
* [actory shop manual

Position the car on four jack stands. Check the shop manual for the suggested
hard points. Be certain the car is supported by all four stands.

Disconnect the negative battery cable. Consult the manual for any special
precautions.

Keep the removed parts organized, especially the nuts and bolts.

Major items to remove:

* Air filter and flowmeter assembly. When removing the electrical connect-

or, do not pull the wires.
e Flowmeter from filter box
* Cross tube to the throttle body

» Intake resonator/silencer box below the throttle
= Exhaust manifold heat shield

* Oxygen sensor from exhaust manifold. Avoid touching the element end
of the sensor.

* Exhaust manifold

* Cruise control actuator and mount. (Leave cable attached to linkage and
place actuator on valve cover.)

» Valve cover breather tube at left forward corner

* Lower splash pan and black radiator inlet duct

» Exhaust pipe hanger bolt attached to left lower side of transmission

* Fuel filter cover beneath car (on passenger side, about 2 feet forward of
differential)

» Bracket beneath flowmeter/air filter box. This bracket will unbolt from
front gusset at strut tower

The water bypass tube located beneath the exhaust manifold must be reposi-
tioned slightly to clear the turbo exhaust pipe. Anchor the tab to the second-
from-rear exhaust stud by sandwiching the tab between two nuts. This will
force any bending to take place aft of the tab. With a suitable pry bar, bend the
bypass tube aft toward the firewall. Bend the end of the tube approximately 5/4
inch.

Wrap the heater hose located afi of the exhaust manifold with insulation.
Safety-wire the insulation securely in place.

Wrap the brake line at the left side of the frame rail in a similar manner.

Attach the high-pressure auxiliary fuel pump to the left rear frame rail, ap-
proximately 4 inches in front of the shipping anchor, as follows. At the filter,
the fuel lines are rerouted to and from the pump.

NOTE —
Remove the fuel tank cap to let pressure out—less fuel will be spilled.

Install the banjo hose barb and connecting bolt onto the fuel pump. Use the
copper sealing washers. Add the short segment of hose and the p/n 21009 adap-
tor.

The fuel pump will hang inside the segment of rubber hose. The pump is re-
tained in the hose with a large hose clamp. See Fig. 18-3.
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Fig. 18-2. The aux-
tliary fuel pump is
suspend ed in rubber
and placed at the rear
of the Miata to reduce
noise.

Fig. 18-3. A stainless
steel hose clamp holds
the fuel pump within
the rubber hoop.

Wiring the
Fuel Pump

The pump/hose assembly will hang from the frame rail by a bolt positioned
from inside the rear deck. A piece of tape covers a hole through which the bolt
can be inserted. The bolt head must be downward. Use washers on all faces.

Install the pump/hanger assembly. Use the 5-inch bolt.

Remove the fuel line from the inlet side of the filter and route to the new
pump inlet.

Route the new pump outlet to the fuel filter inlet.

Route the fuel lines over the cross member and anchor with tie wraps. Keep
the lines away from heat, road debris, and any moving parts. Replace standard
clamps with higher-strength spiral-lock clamps. See Iig. 18-4.

CAUTION —
Fuel spillage will oecur on removal of the fuel lines from the filter.

Roll back the carpet on the shelf behind the seats. Remove the service-hole
cover. This is the cover anchored by six Phillips-head screws. See Fig. 18-5.

Locate the blue wire with the red stripe. Splice into this wire with the con-
nector provided. This wire allows the OEM rollover fuel pump cutoff to be ex-
tended to the gecond pump.



Fig. 18-4. The higher-
pressure fuel system
requires replactng
standard fuel-line
clamps with higher-
strength spiral-lock
clamps.

Fig. 18-5. The power
wire to maintain the
rollover fuel pump cut-
off to the second pump
is accessed through the
shelf behind the seats.

Exhaust Manifold
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Route a 7-foot segment of wire downward between the tank and chassis. It
is helpful to pull this wire through with a straightened coat hanger.

Replace the fuel tank service cover and carpet.

Add suitable end terminals to the power and ground wires. Crimp these
carefully and test with a firm pull.

The fuel pump negative wire must be grounded. The rear bumper retaining
bolt is a suitable location. Note the terminal designations on the pump.

Inspect the inside of the exhaust manifold for casting debris. Clean as neces-
Sary.

Install the two lower mount studs into the manifold with Never-Seize com-
pound on the threads. Use the double-nut jam method. The front lower stud
must be the shorter of the two. See Fig, 18-6.

Install the exhaust manifold onto the engine. Reuse the old gasket. If using
a thin-walled box end wrench, the original center nut may be reinstalled. Oth-
erwise, the center nut must be replaced with the thin nut provided, since
wrench clearance is minimal. Reuse the remainder of the old locknuts. Attach
the water tube bracket to an exhaust stud, as it was originally configured.
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Fig. 18-6. The turbo is
held to the manifold by
two studs and two
through-bolts. The
studds must be wirenched
into place by the double-
nut jam method.

Fig. 18-7. The exhaust
manifold’s compaci
(linmensions require a
sitm-profile nut for the
center fastener

Turbine
Outlet Pipe

Fig. 18-8. Preparation
of the turbine outlet
pipe s limited lo
installation of the
studs needed to fasten
to the stock Miata
exhaust header pipe.

Install three studs into the lower end of the turbine outlet pipe. Use Neve
Seize compound. Reuse the original gasket. See Fig. 18-8.




Fig, 18-9. The turbine
outlet pipe must be
placed into position
before the turbo is
installed,

Turbocharger

Fig. 1810. Preparing
the turbo for installa-
fion by adding signal
lines to the vane
position actuator

TURBOCHARGER 219

Unhook the oxygen sensor wire from its anchor at the bell housing spacer
plate. .
Insert the turbine outlet pipe into position. Leave the nuts loose until the
pipe is attached to the turbine.

Attach the oxygen sensor to the tailpipe.

Reattach the exhaust clamp at the transmission bracket. Leave the bolts
loose.

Attach three silicone signal-line hoses to the fittings on the turbo vane actua-
tor. The center fitting “vent” will be the short line.

Remove the top fitting from the turbocharger oil reservoir. Add 120 cc of oil
to the reservoir. Do not overfill. Replace the plug. Inspect the plugs in the oil
reservolr to assure that the air breather plug is the uppermost of the two.
These are pipe threads and need only be tightened until snug.
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Fig. 18-11. The oil
reservolr is sealed with
a special sintered brass
“breather” plug.

Fig. 18-12. Turbo prep
includes filling the
regservoir with 120 ec
of the special aircraft
turbine engine oil.

Attach the turbo to the exhaust manifold. The upper bolts must be inserted
from the engine side. Use the mechanical locknuts.

The mechanical locknuts are critical, since engine vibrations tend to loosen
fasteners. Use the gasket provided. Leave the nuts finger tight.

NOTE —

When the turbo is in position, the compressor outiet should point
straight up and the actuator downward and inboard. The actuator needs
only adequate clearance to other objects. If the positions are incorrect,
the turbo must be returned to the kit manufacturer for adjustment.



Fig. 18-13. Nuie protec-
tion of the compressor
outlet while the turbo is
being fitted to the mani-
fold. Every fastener
must have a washer
under the head and nut,

Fig. 18-14. With the
turbo in place, fit the
turbine outlet gasket
and secure the fasteners
to the outlet pipe.

intercooler

221

INTERCOOLER

Temporarily cover the compressor outlet with something— for example,
the fuel pressure regulator baggie. Any foreign particle dropped into the com-
pressor outlet will likely damage the turbo. Also stuffl a clean rag in the com-
pressor inlet. (Do as I say, not as I do in the photo.)

Attach the outlet pipe to the turbine. Insert the studs through the fange,
placing the gasket in position, and anchor with the double-nut method. Use
Never-Seize compound on all related threads.

Tighten all related fasteners: outlet pipe to turbo first, outlet pipe to tailpipe
second, transmission anchor third, and turbo to manifold last.
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Install the intercooler in front of the cooling system radiator and mount it at two
points. Attach one mount to the lower bolt of the vertical support bracket for the
hood latch. Use the longer bolt provided. For proper alignment without binding
it may be necessary to add a spacer between the mounting plate and lue.
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Fig. 18-15. The inter-
cooler is postlioned in
front of the cooling
system radigtor crriel
AC condenser. The
hottom 1s angled oli-
werd to cause the least
blockage of atrflow to
the cooling system.

Fig. 18-16. As
installed, the tnter-
cooler receives
substantial airflow
through the standard
air indfel.

The second intercooler attachment is the frame end of the body support rod.
Place the intercooler bracket between the support rod and the frame. Use the
original fasteners.

NMOTE —
Do not replace the splash pan. This pan inhibits air flow to the radiator.

InTERcOOLER Tuses. Install the 10-32 hose barbinto the aft side of the throttle
body inlet casting. Seal with Loctite. Be very careful with the small th reads, as
they can easily strip in the casting. Do not permit Loctite to clog the hose barb.

Install the throttle body inlet casting. Point the casting inlet straight down.

Attach the hose from the idle air-control valve to the throttle inlet casting.
Secuire with the original clamp.

Assemble the remainder of the intercooler tubes, Leave all joints loose and
adjust the position and fit of tubes for clearance and appearance, then tighten



Fig. 18-17. With the
turbo and intercooler
it position, the inter-
connecting tubes can be
installed.

Fig. 18-18. Tightening
hose clamps on pressiur-
ized tubes should be
done with a ratchet
wrench. Screwdriver
ttght will almost assure
a tube’s popping off
under boost,

Compressor Inlet

COMPRESSOR INLET 223

all hose clamps. Be certain each hose properly overlaps the inside tube and
that the retaining clamp is completely aver the tube.

CAUTION —
The compressor outlet tube can rub the hood when the engine rocks if
the tube is not pushed into the compressor outlet until it touches the
compressor outiet boss,

NOTE —
Do not replace the plastic inlet duct.

[nstall the brass fittings for the valve cover breather into the compressor inlet
casting. Use a 90° el and point the hose barb upward.

Install the rubber O-rings into the grooves on the turbo. Lubricate the O-
rings with a small amount of grease.

Remove the rag guarding the compressor inlet. Press the inlet casting onto
the turbo and swivel the inlet to point directly outboard.



294 CHAPTER 18: INSTALLING A TURBO KIT

Air Filter BoX

Fig. 18-19. The air
filter bottom case serves
as the airflow meter
mount.

Fig. 18-20. The flow-
meter/filter case
assembly mounts o

the Miata's struciure
with rubber isolators

to allow for engine rock.

The filter box will attach to two points. One is a tab on the aft sheet metal gus-
set for the left front strut mount. This point is immediately below the front
end of the brake master cylinder. Install the rubber isolator onto this tab. Use
the nylon locknut and appropriate washers. Leave finger tight.

The gecond mount is an existing hole located 3-1/2 inches forward and 4-1/2
inches outboard of the left strut centerline. Drill this hole to 1/4 inch. Install a
second isolator at this point.

Install the small hose barb into the threaded hole adjacent L0 the rear
mount of the filter box.

Attach the flowmeter to the filter hox. Reuse the original gasket, studs, and

nuts.




Miscellaneous

Fig, 18-21. The valve
cover breather has a
small restrictor inside
that must be placed
inside the new breather
hose. The breather must
be placed before the
turbo to avoid pressur-
izing the crankcase.

VATN Actuator
Signal Lines

MISCELLANEOQOUS 225

Press the filter element into the filter box. Bolt the upper and lower box
halves together with the stainless steel cap screws. Position the cap such that
the air inlet faces outhoard.

Slip the 2 3/4-inch-diameter hose onto the compressor inlet casting.

Place two hose clamps onto the hose and leave them loose.

Attach the wire harness connector to the Aowmeter. The wires are best
routed beneath the filter box.

Insert the flowmeter into the hose on the inlet casting and position the filter
box.

Attach the air filter assembly to the inner fender well at the two isolators.
Adjust the position until all alignments are correct. One or both isolators may
need spacing up. Use the nylon locknuts and appropriate washers. Check hood
clearance prior to closing the hood.

Tighten all related clamps and fasteners.

Remove the restrictor from the original valve cover breather hose and place in-
side a 6-1/2-inch-long segment of 5/16-inch hose. Use a small amount of lubri-
cant on the hose barbs for ease of assembly.

Route this hose from the hose barb on the compressor inlet casting to the
valve cover breather.

Attach the heat shield to the cylinder head. Use suitable washers under the
bolt heads.

The line from the lower fitting of the actuator (small end) is the boost-pressure
signal. This signal originates at the hose barb on the aft side of the throttle
body inlet casting. Check this hose barb for possible Loctite blockage by blow-
ing through the hose.

The upper fitting on the actuator is the vacnum signal. This line will get its
signal from the hose exiting the top of the intake manifold approximately 1
inch after the throttle body. Sever this hose and insert the brass tee. Attach the
actuator signal line to the leg of the tee.

The center htting on the actuator is a breather only. It is connected to the

Gitana al the gt bottom of the atr how
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Relocation of
Cruise Control
Actuator

Fuel Pressure
Regulator

Fig. 18-22. The rising-
rate fuel pressure
regulator conveniently
mounts to the firewall.
Drilling the mouni
holes accurately

requires a drill dimple.

CAUTION —
Check these lines carefully. If they are not correct, the turbo will be sub-

ject to overboosting. This may overrev the turbo and cause damage.

NOTE —
Prior to final assembly, blow through all actuator signal lines and fittings

to assure that none are blocked, crimped, or otherwise plugged.

Vehicles equipped with eruise control must have the control actuator moved. A
convenient location for the actuator is the small cavity just in front of the
cluteh master cylinder. A mount bracket is provided that attaches to the out-
hoard master brake cylinder mount. Keep the actuator cable as straight as pos-
sible.

Attach the regulator to the bracket.
Install the two fuel-line hose barbs. Use thread sealant. Do not use Teflon
tape. These fittings should only be tightened snug.

CAUTION —
Do not excessively tighten the hose barbs, otherwise the casting may

crack.

Mount the regulator and bracket assembly to the firewall at the position
shown. Assure clearance to the hood.

Remove the original equipment fuel injection return line from the steel re-
turn line on the frame of the car. Route this line to the side fitting on the regu-
lator. This line then connects the output of the stock regulator to the input of
the new regulator. Secure with proper hose clamps.

CAUTION —
Fuel spillage will occur,

[nstall a segment of the new high-pressure fuel line from the center fitting
of the regulator to the steel line at the frame. Secure with proper hose clamps.

NOTE —
These two preceding steps nave ingerted the regulator into the EFl re
turn line.



Fig. 18-23. Unce the
regulator s in place,
fuel and signal lines
complete tts hookup.

Fig. 18-24. For reasons
of safety, the fuel pres-
sure gauge, which is
needed to complete the
tuning process, showld
not be placed inside
the cockpit. Tape the
gauge to the outside of
the windshield at a
conventent location for
viewing while driving,
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FUEL PRESSURE REGULATOR

Locate and sever the vacuum signal line to the stock fuel pressure regulator.

Place a white plastic or brass tee in the signal line and route a vacuum hose
from the leg of the tee to the new regulator. Insert the small plastic restrictor
into this signal line.

Add the one-way check valve to the exit of the needle valve. This check valve
eliminates vacuum leaks yet allows adjustment of the regulator by boost-sig-
nal leakage.

Assemble a brass tee from the items provided. Install this fuel pressure
check gauge tee into the tfuel rail inlet hose at the frame connection. This is the
lower fuel line on the right side of the engine.

CAUTION —
The fuel inlet line will be under pressure and fuel will spill. Spillage can
be reduced by using fuelline clamps.

Tape the fuel pressure check gauge to the windshield such that it can be ob-
served while driving the car. Route a piece of the high-pressure fuel line from
the brass tee to the fuel pressure check gauge.
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Boost Gauge

Fig. 18-25. The signal
line for the boost gauge
passes through the fire-
wall at the speedometer
cable grommet. Asharp
bit turned slowly will
make a hole in the
gromuet,

ignition Retard

Miscellaneous

Testing

Attach the boost gauge and cup to the lower left windshield pillar. Use the
sheet metal screws provided.

Route one wire to the red wire with black stripe at the dimmer switch. The
switch pulls out of the dash easily with a serewdriver. The plug may be discon-
nected to ease splicing.

NOTE —
If you prefer the gauge light to vary brightness with the instrument
lights, wire it to the rheostat according o the factory manual.

Route the other gauge wire to a convenient black wire or ground.

The pressure line to the gauge can easily be routed through the firewall by
making a small hole in the grommet located to the left of the throttle cable. A
sharp bit turned slowly will make a hole in the grommet. Route the gauge line
to the capped fitting located aft of the throttle body, atop the plenum.

Install the MSD ignition retard unit in accordance with MSD'’s instructions.

Reconnect the battery. Clean the terminals if needed.

A vacuum check valve must be inserted into the hose to the vacuum canis-
ter. The canister is located 2 inches outboard of the throttle body. The check
valve goes into the smaller of the two hoses. Sever the hose and insert the
check valve with the white end toward the canister. This check valve permits a
vacuum to be drawn on the canister, but the canister will not be pressurized
under boost.

Start the engine and check for vacuum and fuel leaks. Correct as required.

Set the ignition timing to 10° BTDC. Open the connector on the wheel well
on the driver's side and place a jumper between terminals “GND” and “TEN.”
Attach the timing light to the number one plug wire. Change timing by loosen-
ing the bolt on the right side of the crank angle sensor at the rear of the intake
cam. Rotate the sensor until the 10° advance is achieved, as checked at the
front engine pulley. When the timing 1s correct, tighten the bolt and remove
the jumper wire.
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Fig. 18-26. The char-
coal canister mist be
protected from boost
pressure. A one-way
valve placed in the
vacuwm line allows the
engine to purge the
cantster while blocking
boost pressure.

' g L l" Llﬁ-

Several objectives must be met in the testing procedure:

Ascertain fuel pressure rise rate as a function of boost pressure. The needle
valve is the fuel pressure adjustment. Adjust in one-twentieth-turn inerements
until the desired fuel pressure is achieved according to the following table:

Boost Fuel
pressure (psi) pressure (psi)
0 35-39
2 47-653
4 BO-T70
Fal 95-100

+ Determine that no combustion roughness or engine knock occurs when
operating at maximum boost.

* Boost pressure should be between 4 and 6 psi at full throttle at 2000 rpm.
If less than this, call the manufacturer for consultation.

* Maximum boost pressure should be 7 to 8 psi.

CAUTION —
Due to the sparse sound insulation on the Miata, knock is difficult to
hear. Pay careful attention to the sound of detonation, as it is very dam-
aging to the engine.

If knock is detected, lift off the throttle immediately.

Drive the car a few miles prior to applying boost. If all systems are operating
normally, proceed with the testing. Generally, use third or fourth gears, to
keep events at a slower pace. Apply boost in small increments, so that no sud-
den changes occur.

Cireumstances can combine to make the Aerocharger either less or more re-
sponsive than desired. If either case is perceived during testing, call the kit
manufacturer for further guidance.

When the engine runs smoothly to the redline in fourth gear at 7 to 8 psi
boost pressure, with correct fuel pressure and no hint of detonation or rough
combustion, the installation may be considered complete.
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Fig. 18-27. When test-
ing and tuning are
done, remove the fuel
pressure gauge. The
installation may be
constdered complete.

STALLING A TURBO KIT

Remove the fuel pressure check gauge.

CAUTION —
Fuel spillage may occur,

Review the instructions and installation for any details overlooked, and cor-
rect as required.

General Rules -
of Operation .

Use 92+ fuel at all times. Higher, if available.

Do not apply maximum boost for more than 15-second durations.

If any sounds of rough combustion occur, cease using boost until the
cause is identified and corrected.

The oil must be checked every 10,000 miles in the turbo reservoir. Do not
overfill. Oil refill interval will be 20,000 miles.

Mobil Oil synthetic SHC630 is the only acceptable oil for the Aero-
charger, This is available from the kit manufacturer or a Mobil Oil
products distributor.

Use extreme caution when driving the vehicle on wet pavement, as the
rate of boost rise can cause an unexpected loss of traction.

The foregoing procedure is typical of the installation of an a ftermarket tur-

bocharger system. There are many reasons to respect the process. There are

none to fear it.
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Advanced Engineering
310-327-9336

EF1 systems, Fuel injectors,
Fuel pressure regulators,

Fuel pumps, Fuel system items,
Throttle bodies

Ak Miller
310-949-2858
Turbochargers, Wastegates

Alamo Motorsports
210-637-0373

Boost controllers,

Fuel pressure regulators, Fuel
system items, Intercoolers, Surge
valves

Allied Industries
909-279-5712
Flanges, Gaskets, U-bends

Applied Technologies
864-972-3800

Fuel injectors, Fuel pressure
regulators, Fuel system items,
Intercoolers, Mufflers

ARP Fasteners
B805-278-7223
Fasteners

Auto Avionics
201-870-9541
(rauges, Instruments
(testing)

Auto Meter
515-895-8141
Gauges, Instruments
(testing)

Bell Engineering
210-349-6515

Fuel pressure regulators, Fuel
pumps, Fuel system items,
Intercoolers, Turbochargers,
Turbo kit makers, Wastegates
Borla

S05-986-8600

Mufflers

Burns Stainless
T14-631-5120

Flanges, Gaskets, Mufflers,
U-bends

Canton Racing
203-484-4900
Fuel system items

Carroll Supercharging
201-835-1705
Fuel pumps

Cartech Racing
210-308-8464

Fuel pressure regulators,
Turbo kit makers

Childs & Albert
805-295-1905

Fasteners, Turbo pistons

Coast Fuel Iinjection
408-287-7600

Fuel injectors, Fuel pressure
regulators, Fuel system
items

Competition Cams
S00-999-0853

Turbo cams

Crane Cams
904-252-1151
Turbo cams

Crower
619-422-1191
Turbo cams

Cutler

305-653-90958

EFI systems, Fuel injectors, Fuel
pressure regulators, Fuel system
items, Intake manifolds, Throttle
bodies

Datcon Instruments
717-569-5713
(rauges, Instruments
(testing)

DFI

313-380-1322

EF1 systems, Fuel injeciors,
Fuel pressure regulators,
Fuel system items

Dinan Engineering
415-962-9401
Turbo kit makers

Duttweiler Auto
805-659-3648

EFI systems, Fuel injectors,
Fuel pressure regulators,
Intercoolers

DynoLab
206-243-8877
Instruments (testing)

Earl's Supply

310-609-1602

AN fittings, Fuel system items,
Hoszes, Oil lines

Electromotive
T03-378-2444

EF1 systems, Fuel injectors,
Fuel pressure regulators,
Knock sensors

Eurasian
800-444-3271
Fuel pumps, Fuel system items

Faria Instruments
203-848-9271
(rauges, Instruments
(testing)

Fel-Pro Gaskets
T08-674-7700
Gaskets

Flow Master
800-544-4761
Mufflers

Gale Banks Engineering
S18-969-9605
Turbo kit makers

Genie
a00-227-2242
Mutflers
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Goodridge
310-533-1924

AN fittings, Fuel system items,

Hoses, Oil lines

GReedy Performance
T14-588-8300

Air filters, Boost controllers,
Intercoolers, Surge valves,

Turbo kit makers

Hahn Racecraft
708-851-H444

Intercoolers, Turbochargers

Haltech EFI

214-831-9800

EFI systems, Fuel injectors,
Fuel pressure regulators

Horiba
313-213-65655
Instruments (testing)

High Performance
Coatings
800-456-4721
Coatings

HKS

310-328-8100

Air filters, Boost controllers,
Fuel pressure regulators,
Intercoolers, Mufflers, Surge
valves, Turbo kit makers,
Wastegates

Hose of North Texas
214-243-1393
AN fittings, Hoses, Oil lines

Isspro

h03-232-0134
Gauges, Instruments
(testing)

J&M Supply
512-888-93588
Weld els

JE Pistons
714-898-9763
Turbo pistons

Jet Hot Coatings
610-277-0646
Coatings

J&S Electronics

714-534-6975
Knock gensors

Jim Woelf Racing
(19-442-0680

Air filters, EF] systems, Fuel
injectors, Fuel pressure
regulators, Intercoolers

K&N Engineering
009-684-9762
Air filters

Keith Black Racing
310-861-4765
Turho pistons

Kent Moore Tool Group
313-774-9500
Instruments (testing)

Land & Sea
603-329-5645
Instruments (testing)

Mallory
T02-882-6600
Fuel pressure regulators

Manley Engineering
908-905-3366
Turbo pistons

Marren Motorsports
203-732-4565

EF1 systems, Fuel injectors, Fuel
pressure regulators, Fuel pumps

Mechtech Motorsports
619-432-0555

Boost controllers, Fuel

pressure regulators, Intercoolers

Mikuni
518-885-1242
Carburetors, Intake manifolds

Mitsubishi Turbos
708-238-8510
Turbochargers

Mosselman Turbos
(Netherlands)
011-311-831-1840
Turbo kit makers

Motec

714-895-T7001

EFI systems, Fuel injectors,
Fuel pressure regulators
MSD ignitions
915-857-5200

Fuel injectors

ND Turbosystems
408-980-1691
Turbo kit pakers

Neely Industries
817-274-4300

Lubricants (moly)
Octane Boost
214-289-0631
Fuel additives

Oeschner Supply
214-631-0402
Haoses

Omega Instruments
203-359-1660
Instruments (testing)

Paxton Producis
R05-987-5555

Fuel pressure regulators, Fuel
system items

Phillips Racing Fuels
918-661-7601
Racing fuel

PolyDyn Coatings
713-694-3296
Coatings

Precision Turbo
T08-418-5227
Fuel injectors

Racing Beat
T14-779-8677
Mufilers

RC Engineering
310-320-2277

Fuel injectors, Fuel pressure
regulators, Fuel pumps

Redline/Weber

310-604-0124

(Carburetors, Fuel system items,
Intake manifolds

76 Racing Fuel
800-345-0076
Racing fuel
Spearco
318-901-78561
Intercoolers,
Turbo kit makers

Sterling Instruments
313-471-0990
Instruments (testing)

Sunoco Race Fuels
800-722-3427
Racing fuel

Super Chips
407-260-0838
Boost controllers
Swain Coatings
T16-8389-2786
Coatings

Tenant Industries
T14-632-8430

(il pumps



Thermo Tec
419-962-4556
Coatings

Tilton Engineering
B805-688-2353

0il pumps
ToyoMoto

305-378-9325
Turbo kit makers

Turbo City
714-639-4933

(Gaskets, Gauges, Turbochargers,

Wastegates

Turbo Engineering
303-271-3997
Turbochargers

Turbonetics

805-529-8095

Flanges, Gaskets, Hoses,
Turbochargers, Wastegates

Turbo Performance Center
410-766-5215

EF1 systems, Turbo kit
makers

Turbo Power
916-677-2233
Turbochargers

Turbo Technology
206-475-8319
Turbo kit makers

Turbo Tuf
201-773-4200
Mufflers

TWM Induction

805-967-0478

Air filters, Carburetors, Fuel
injectors, Fuel pumps, Fuel
system items, Intake manifolds,
Throttle bodies

VP Racing Fuels
B12-238-2084
Racing fuel

VDO

T03-665-0100
Gauges, Instruments
(testing)

Vericom
619-933-4256
Instruments (testing)
Vinson Supply
214-369-1224

Weld els

Warner Ishi

217-774-9571
Turbochargers

Westberg Manufacturing
TO7-938-2121

Gauges

Wiseco Manufacturing
216-951-6600

Turbo pistons

Worldwide Racing Fuels

B800-648-2262
Racing fuel

SUPPLIERS
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GLOSSARY

ABSOLUTE PRESSURE. This term refers to pressure measured on the scale that has
its zero point at approximately 14.7 psi (at sea level) below atmospheric pres-
sure. It is a true measurement of all the pressure, rather than just the pressure
above atmospheric. See Gauge pressure.

ABSOLUTE TEMPERATURE. Similar to absolute pressure, absolute temperature has its
zero point where no heat exists. This is approximately 460°F below 0°F. An ab-
solute degree is the same size as a Fahrenheit degree. The freezing point of wa-
ter (32°F) is about 492°F above absolute zero, or 492° absolute.

AIR/FUEL RATIO (AFR). AFR is the ratio of the weight of air to the weight of fuel in
a combustible mixture. AFR is critical in the proper functioning of an engine.

AmBIENT. Ambient refers to the surrounding atmospheric pressure and tempera-
ture.

ATmospPHERIC. This word has recently taken on the connotation of an engine oper-
ating without any form of supercharger. My lawn mower has an atmospheric en-
sine.

BLow-THROUGH. This indicates that the throttle is on the outlet side of the turbo
compressor. See DRAW-THROUGH.

BoosT. Boost is pressure above atmospherie, measured in the intake manifold, This
book will use pounds per square inch above atmospheric pressure.

BoosT THRESHOLD Or Boost PoINT. This is the lowest engine rpm at which boost
from the turbocharger will increase power over the engine’s atmospheric equiv-
alent. More simply, the lowest rpm at which noticeable boost (usually 1-2 psi)
can be achieved,

BYPASS VALVE. The bypass valve permits a bleed of flow around the turbo when the
engine is not under boost.

CLeAaRANCE VOLUME. Combustion chamber volume above the piston at top dead cen-
ter 1s called clearance volume,

CoMPRESSION RATIO. 'T'his is displacement volume plus clearance volume divided by
clearance volume.

ComPRESSOR. In this book, the compressor is the air pump itself—the front half of
the turbo, through which intake air passes. It is also frequently referred to as
the "cold” side,

COMPRESSOR EFFICIENCY (E.). Efficiency is the ratio of what really happens to what
should happen. In the case of the compressor, measurement of the temperature
gain caused by compressing the air exceeds what thermodynamics says it should
be. Compressor efficiency converts caleulated temperature gains to real temper-
ature gains.

CoMPRESSOR SURGE. Compressor surge occurs when the throttle is slammed shut
and air is caught between a pumping turbo and the throttle plate. This air blasts
its way backward out the front of the turbo. When this happens, there is sudden-
ly room for more air in the manifold, and air is pumped back in by the still-spin-
ning turbo. The throttle iz still closed, so the air again blasts back out through
the turbo. This continues until the turbo loges enough speed for leakback around
the compressor to dampen the air oscillations. Compressor surge can also occur

235
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ander boost if too much boost pressure is present with low airflow through the
system.The chirping sound heard from the turbe when lifting off the throttle
while operating under boost results from this oscillating air volume. This noise
is suppressed by the bypass valve

CrossoVER POINT. This is the point at which manifold boost pressure equals tur-
bine inlet pressure.

DETONATION. Detonation is spontaneous combustion of the air/fuel mixture ahead
of the flame front. When pressure and temperature exceed that required for con-
irolled combustion, the mixture autoignites. The metallic pinging sound is the
resulting explosion’s shock wave colliding with the eylinder walls.

Note: Ping, knock, and detonation are equivalent terms, Pre-ignition is an alto-
gether different beastie. Do not call one the other.

DISPLACEMENT VOLUME. Displacement volume may be defined in several ways: (1)
the swept volume of the cylinder; (2) the area of the bore times the length of the
stroke; (3) total engine displacement divided by the number of cylinders.

DrAw-THROUGH. This indicates that the throttle is on the inlet side of the turbo com-
pressor. See BLOW-THROUGH.

END GAS. The end gas is the last part of the air/fuel mixture to burn. Its importance
to a turbocharged engine is paramount, because it is this end gas in which deto-
nation usually occurs.

GAUGE PRESSURE. (3auge pressure is the scale that reads zero at atmospheric pres-
sure. All references to boost pressure in this book will refer to gauge pressure.
For example, 5 psi boost would be 5 psi above atmospheric pressure.

IN. He. This phrase reads “inches of mercury” and is a measure of pressure on yet
a different scale. In this book, in. hg will refer to vacuum in the inta ke manifold,
and the scale works downward toward atmospheric pressure. For example, idle
speed vacuum is usually about 18 in. hg, and as throttle is applied, the vacuum
goes toward 0 gauge, which is atmospheric pressure.

INTERCOOLER. An intercooler is a heat exchanger placed between the turbo and en-
gine to remove heat from air exiting the turbo when operating under boost. In-
tercoolers are also called charge air coolers.

INTERCOOLER EFFiciENCY (E,). An intercooler’s efficiency 1s measured by how much
heat it removes relative to the heat added by the compressor.

INERTIAL LoAD. Inertial loads are those created by weight and acceleration. A heavi-
er piston creates a greater inertial load. Likewise, an increase in rpm means
greater acceleration and, thus, a greater inertial load.

Lag. Lagisthe delay between a change in throttle and the production of noticeable
boost when engine rpm is in a range in which boost can be achieved.

LEAN. Lean means not enough fuel to achieve a the correct air/fuel ratio for the ex-
isting conditions.

NONSEQUENTIAL FUEL inJECTION. LFI that pulses independently of the intake valve
position is nonsequential.

OEM. Original Equipment Manufacturer; the company that built it in the Orst
place.

Power. Strictly speaking, power is the result of how fast a certain amount of work
i« done. In the automotive context, power is the product of torque at any specific
rpimn times that rpm.

Power LoaD. This is the load induced into all engine components by pressure cre-
ated by the burning gases.
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PRE-DETONATION. This is a meaningless phrase and should not be included here or
anywhere else.

PRE-IGNITION. Pre-ignition refers to spontaneous combustion of the air/fuel mixture
prior to the spark.

PRESSURE RATIO. The ratio of absolute boost pressure to atmospheric pressure is
called the pressure ratio.

PuULSE DURATION. The amount of time, measured in thousandths of a second (msec),
that an electronic fuel injector is held open on any single pulse. Pulse duration
15 a relative measurement of the amount of fuel delivered to one eylinder per
combustion cycle.

ReversioN. Reversion occurs when some of the burned exhaust gases are pushed
hack into the combustion chamber and intake system during valve overlap.This
is caused by exhaust manifold pressure exceeding intake pressure or by shock
waves in the exhaust ports and manifolds.

RicH. Rich is the condition that exists when too much fuel is present to achieve a
maximum-power air/fuel ratio.

SEQUENTIAL FUEL INJECTION. A fuel injector pulse timed to discharge fuel when the
intake valve is in the most advantageous position is called sequenced. It pulses
the injectors in the same sequence as the firing order,

SUPERCHARGE. To force more air into an engine than the engine can breathe by it-
self is to supercharge it. A supercharger is the device that does this. [It may be
driven by a belt, gears, or a turbine. When driven by a turbine, it is called a tur-
bocharger,

THERMAL EFFICIENCY. Sce COMPRESSOR EFFICIENCY, INTERCOOLER EFFICIENCY.

THERMAL LOAD. In this book, thermal load will take the rather narrow definition of
heat added to the system by the turbocharger. This comes from heat produced
in the air that is compressed by the turbo and the mixture heat increase due to
reversion.

THROTTLE RESPONSE. A change in the speed or torgque of an engine brought about by
a change in throttle position is called throttle response. Throttle response
should not be confused with turbo response.

TorquE. The amount of twisting force provided by a turning shaft is called torque,
It 1s measured in foot-pounds, inch-pounds, or newton-meters.

TurBINE. The turbine is the fan driven by the engine’s exhaust gases. It is often
called the “hot” side of the turbocharger,

TuRBOCHARGER. A turbocharger is a supercharger driven by a turbine.

Unper BoosT. When a system has greater-than-atmospheric pressure in the intake
manifold, it is operating under boost.

VoLumeTric EFFICIENCY (E,). Thisis the ratio of the number of molecules of air that
actually get into a combustion chamber to the number of molecules in an equal
volume at atmospheric pressure. For atmospheric engines, this ratio is almost
always less than one. Supercharged engines are capable of operating at ratios
greater than one.

WasTeGATE. The wastegate is a boost-pressure-actuated valve that allows only
enough exhaust gas into the turbine to achieve desired boost. The wastegate
routes the remainder of the exhaust gas around the turbine and out the tailpipe.
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A

Absolute pressure, 26
Absolute temperature, 91
Accelerator pump delivery, 104
Actuators, 176

Actuator signal, 147

Acura NSX
construction sequence for, 206
emissions testing of, 210
fasteners for, 207
fit and finish for, 206
fuel injection analysis for,
198-200
gaskets for, 207
installing turbo system on, 191,
196-210
intercooler efficiency in,
209-210
intercooling value for, 202
lower side of finished assembly,
208 (fig. 17-20)
material selection for, 206
performance testing for, 200
performance verification
for, 210
preinstallation test data
for, 198
testing of system in, 207-208
turhine section in, 209
turboselection for, 200-202
turbo system layout for,
202-205
verifying turbo compressor effi-
ciency, 208-209

Aerocharger
complexity of, 186 (fig. 16-7)
compressor flow maps, 201
(fig. 17-10, 17-11)
embossed stainless gasket with,
207
Mobil Oil SHC630 for, 230
nil-wick-lubricated bearings,
183 (fg. 16-2)
VATN, 184 (hg. 16-4)

AFR. See Air/fuel ralio

Aftermarket turbo kits
buying, 16-18
HES Supra turbo,
17 (fig. 2-3)
ic fuel injection, 86, 87
idle, 175
and intercooler, 71-72
meter for, 165, 171 (fig. 14-8},
175 (fig. 15-3), 207
necessity for correct, 19
testing of, 171
tuning of, 207
in wastegate, 150
Adr-mass/air flow sensor,
56, 175
Air sensors, 97
Air temperature sensor, 86
Air-to-water intercooler
air/air core in, 67 (fig. 5-34)
charge-air heat exchanger,
67-68
coolant, 68-69
front cooler, 69

front-mounted heat exchanger,

70 (hg. 5-37)

front water coolers, 66
(fig. 5-31)

layout of, 67 (fig. 5-33)
intercooler, 221-24

items to remove, 215
preliminary steps for, 215
testing of, 228-30

tools and equipment for, 214-15

turbine outlet pipe, 218-19
turbocharger, 218-21
VATN actuator signal lines,
225-26
Airfair intercooler
adequate air flow to,
B4 (fig. 5-27)
bends and section changes in,
G2-63
cooling air estunate,
56 (fig. 5-14)

core flow area measurement, o4

(fig. 5-12)

core flow direction with, 58
core sizing for, 55-56

core streamlining in, 56
core thickness of, 58, 59
(fig. 5-19)

direct air path in, 65

(fig. 5-29)

drag and air stream, 63
(fig, 5-25)

duct inlet area in, 57

(fig. 5-17)

ducts in, 56-58

end-cap designs in, 61

(fig. 5-23)

end tank design, 60-61
enlarging of, 60 (fig. 5-21)
extruded tube style core, 57
(fig. 5-15)

frontal area, 56

hoses and connections, 63-64
in-cap design, 61
intercooler tube tie bars, 63
(fig. b-26)

internal baffling in, 60

(fig. 5-22)

internal flow area in, 54-55
internal flow area measure-
ment, 55 (fig. 5-13)
nomenclature of core in,

54 (fig. 5-11)

out-cap design, 61
placement of, 64-65
plumbing, 64 (fig. 5-28)
proper dusting, 58 (fig. 5-18)
round-edged extruded-
typecore, 57 (fig. 5-16)
staggered-core, 63

top and bottom cores, 59
(fig. 5-20)

in Toyota G'T'E, 65 (fig. 5-30)
tube intersections and flow,
62: (fig. 5-24)

tube sizes and shapes, 61-62

Air bearings, 183
Air corrector jet, 101
Alr duct

in harizontally mounted mnter-
cooler, 50 (fig. 5-3)



Air filter box
aftermarket kit installation,
224-25
bottom case function,
224 (fig. 18-19)

Aar filters

defining and positioning of, 194

lack of, 177
larger, 195 (fig. 17-6)
trouble with, 178

Airflow rate, 26
formula for, 27-28, 200

Air/fuel ratio meter, 165, 175
(fig. 15-3)
Horiba model, 171
(fig. 14-8), 207

Air{fuel ratios (AFR}
for aftermarket turbo
kits, 16
detonation and lean, 179
devices for maintaining,
19-20
and electronic fuel injection,
86, 87
idle, 175
and intercooler, 71-72
meter for, 165, 171
(fig. 14-8), 175 (fig. 15-3), 207
necessity for correct, 19
testing of, 171
tuning of, 207
in wastegate, 150
Ailr-mass/air flow sensor,
86, 175
Ailr sensors, 97
Air temperature sensor; 86
Air-to-water intercooler
air/air core in, 67 (fig. 5-34)
charge-air heat exchanger,
67-68
coolant, 68-69
front cooler, 69

front-mounted heat exchanger,

70 (fig. 5-37)

front water coolers, 66
(fig. 5-31)

layout of, 67 (fig. 5-33)

in Maserati bi-turbo, 66
(fig. 5-32) for Nissan V-6 sand
car, 72 (fig. 5-40)

and racing boats, 69

(fig. 5-36)

reservoirs, 69

variation on, 68 (fig. 5-35)
water pumps, 65

Aiar valves, 87

Ambient heat and
detonation, 179

Antisurge valve, 105-106
float-bowl pressure relief, 106
(fig. 8-10)
installation example, 107
(fig. 8-11)

Area/radius (A/R) ratio
choosing of, 32-34
and closing ports, 183
(fig. 16-3)
definition of, 32 (fig. 3-11)
and discharge area, 33
(fig. 3-12)
effect of varying, 33
(fig. 3-13)
and turbine housings,
183-84
and turbine size, 29

Atmospheric engines

driveability limitations with, 8

torque curve for, 8
(fig. 1-8), 11

Atmospheric performance
camshafts, 163

Auxiliary fuel pumps, 215-16
clamp holding, 216
(fig. 18-3)
positioning of, 216 (fig. 18-2)
power wire for, 217
(fig. 18-5)
wiring of, 216-17

Back pressure, 2, 131, 142
and exhaust gas, 179
and tailpipe, 170, 176, 178
and turbos, 132 (fig. 11-2)
Baffle-style turbo mufflers, 137

Ball bearings
improvements in, 182
pil-wick-lubricated, 183
(fig, 16-2)

Banks, Gale
big-block Chevy twin, 191
(fig. 17-1)

Barometric sensor, 86
Bearings, 163
Bell, Corky

depicted, iv

Bellows
stainless steel, 139
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WARNING —

* Automotive service, repair,
and modification is serious
business. You must be alert,
iLS€ comimon sense, and exercise
good judgement to prevent
persanal injury.

* Before using this book or
begining any work on your
vehiele, thoroughly read the
Warning on the copyright page,
and any Warnings and
Cantions listed on the inside
front cover,

Bleed orifice, 151-52

Blow-through carburetor
system
plenum signal source for, 148

Blow-through turbo applications,
102, 104-109, 110.
See also
Draw-through turbo applica-
tions
aftermarket BMW 2002, 105
(fig. 8-T)
controlling fuel pressure, 104
fuel pump requirements, 105
plenum design for, 109
plenum vent ports, 110
(fg. 8-15)
preparing of, 107-108
suitable carburetors for, 109
vacuum and pressure
distribution, 106-107

Blueprinting, 8

EMEE See Brake mean effective
pressure

BMW 2002, 19 (fig. 2-5)
Bogging, 178
Bolt lastener, 127

Boost
excessive pressure, 176
low or sluggish, 177-79

Boost controls, 188, See also
Wastegate
fooling the wastegate,
150-52
need for, 141
overboost protection, 153
tfig. 12-21)
override safety device,
162-53
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Boost controls, cont 'd
remote boost-change device,
151 (fig. 12-19)
and restrictor, 141-42
and vent valve, 142
wastegate actuator signal,
147-48
wastegate description and
selection, 142-44
wastegate design features,
148-50
wastegate integration,
144-46

Boost gauge
placement of, 225
signal line for, 228
(fig. 18-25)

Boost pressure, 11-12, 16, 147, 196
and blow-through carb
system, 107
and compression ratio, 156
and desired power, 155
and engine knock, 141
excessive, 176
and fuel pressure, 96
and ignition retard, 113, 116
and intercooler, 50, 53, 71, 72
loss across throttle plate, 169
(fig. 14-5)
maximum, 229, 230
and turbocharger improve-
ments. 185, 186, 189
venting of, 142 (fig. 12-3)

Boost-pressure-powered fuel pres-
sure regulator, 92

Boost-pressure-sensitive switch,

19

Boost threshold (or point), 36
and driveability, 9, 11-12
and turbo size, 23, 36

Borla stainless steel mufflers, 204
two-path, 205 (fg. 17-16)

Brake mean effective
pressure, 7

Brake specific fuel consumptfion,
04

BSFC. See Brake specific fuel con-
sumption

Burning gas
and compressive load
(g 1-4)

Burn rate

of fuel, 114
Bypass, 42 (fig. 4-5)
Bypass valve, 106

C

California Air Resources Board,
182
guidelines from, 196
exemption orders from, 192

Camshafts, 163, 164
Capacitor discharge unit, 111
Carbon composites, 187

Carbureted manifold, 82
Maserati Bora EF1
conversion, 83 (fig. 6-17)

Carburetion
blow-through system, 102,
104-109, 110
blow-through system layout,
101 (fig. 8-2)
draw-through system, 101, 102,
103-104, 110
draw-through system layout,
101 (fig. 8-1)
early turbo example, 102
(fig. 8-3)
Lotus hardware for Esprit, 102
(fig, 8-4)
Mikuni PH44 ecarbo, 103
(fig. 8-5)
over carburetion layout, 104
(fig. 8-6)
setup types, 101-102

Cast aluminum hypereutectic pis-
tons, 161, 162

Catalytic converter, 131, 189
positioning of, 134, 192
and wastegate discharge, 138
Ceramic
coatings, 163
lighter-weight, 187
(fig. 16-8)
long-term durability of, 187
(fig. 16-9)
turbines, 186
CFM. See Cubic feet per minute
Charge heat, 162
Chrome, 211

CIS. See Continuous injection sys-
tem

Clearance volume, 156

Clocking, 35

Coked-up hearings, 35, 39
(fig. 4-1), 46

Cold plug, 111 (fig: 9-1), 112

Cold-start emissions tests, 199
(fig. 17-9)
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Cold starting, 11

Cold start valves, 108
pressure balances across, 109
(fig. 8-14)

Combustion chamber
combination gauges for, 115
(fig. 9-5)

Electromotive ignition system,
112 (fig. 9-2)

electronic ignition retard, 113
events in, 111-16

and fuels, 114-15

and ignition systems, 116

and ignition timing, 112
knock sensor for, 113

and spark plugs, 111-12
voltage, 111

Combustion rate
of fuel, 114

Compression ratio
approximate boost-pressure
variation, 156 (fig. 13-2)
and boost-pressure allowables,
155 (fig. 13-1)
caleulating change in,
156-57
changing, 157
defining, 157 (fig. 13-3)
and performance factors, 155
for turbocharged
engine, 64
Compressor
efficiency, 28-29, 37
protection while installing
turbo, 221
selecting size of, 26-29
and system performance, 24-25
Compressor hypass valves, 99,
104, 105-106



for Acura NSX, 205
float-bowl pressure relief, 106
(fig. 8-10)
and float/plenum pressure, 106
(fig, 5-9)
location of, 205 (fig. 17-17)
Compressor discharge tempera-
ture vs. pressure ratio, 29
(fig. 3-6)
Compressor efficiency,
28-29, 37
formula for, 201-202

Compressor inlets, 36, 223
Compressor inlet hoses, 178

Compressor inlet temperature,
166
gauge for measuring, 166
(fig. 14-2)

Compressor outlet, 147

pressure, 166
temperature, 167

Compressor retainer nut
tightening of, 177 (fig. 15-4)
trouble with, 177

Compressor surge, 20-21
Computer chips (EFI)
reprogramming of, 90
Connecting rod, 163
and burning gas pressure,
4 (fig. 1-4)
power and inertial loads, 3, 4
(fig. 1-5), 5
Conservative camshaft profiles, 8,
11-12
Continuous injection system, 85
Coolant temperature sensor, 86

Coolant temperature sensor
circuit, 89
Coolant-temperature-signal-
change-bagzed fuel system,
90 (fig. 7-4)
Copper-alloy locknuts, 127
Copper wire rings
in head gaskels, 159
(fig. 13-4)
Cruise
air/fuel ratio, 171
Cruise control actuator
relocation of, 226
Cruising, 11-12
Cubic feet per minute, 27
for four-stroke-cycle engines,

27 (fig. 3-5)

Cylinder block
preparing of, 158

Cylinder head
preparing of, 157-58

D

Dellorto carburetors, 109
Density change formula, 202

Density ratio, 27, 28
vs. pressure ratio, 26
(fig. 3-4)
Detonation
and aftermarket turbo
kits, 16
causes of, 178-79
and charge heat, 162
definition and destructiveness
of, 179
and fuels, 114, 115, 178
and high compression
ratio, 164
piston and heat-
induced, 161
and pre-ignition, 112
and safety devices, 154
and temperature, 2, 179
testing aftermarket turbo kit,
229

Dial-a-boost, 151
Digital fuel injection, 98

Diode-readout mixture indicator,
171 (fig. 14-8)

Displacment volume, 156

Drain hose
routing of, 44-45
size of, 44

Draw-through carbureted system,
175

Draw-through throttle designs, 89

Draw-through turbo application,
101, 102, 103-104, 110

Drilled-cores
for glass-pack mufflers, 137
(fig. 11-15)

Driveability, 8-12, 13
Drivetrain, 13

Duectile iron, 119

Duet inlet, 57 (fig. 5-17)
Durability, 6

E

"Economy cam," 9
Efficiency
and power, 2

INDEX

turbo compressor, 7
volumetrie, 13

1. See Electronie el
injection
Electromotive, 98

engine-management system, 97
(fig. 7-20)

Fillectronic fuel injection (EFT)
adaptation in Acura Integra, 86
(fig. T-2)
aftermarket systems, 97-98
calculating injector size, 94
extra injectors for, 92-94
and flowmeter integration, 99
(fig. 7-23)
four-barrel carbureted mani-
fold conversion, 97
(fig, 7-19)
fuel injectors and pulse dura-
tion, 87-88
fuel pump requirements,
95-96
hardware for aftermarket, 98
modern engine management
system, 85 (fig. 7-1)
modifying stock sytems of|
85-92
principle and sensors, 86-87
testing injectors, 94-95

Electronic ignition retard, 113
MSD ignition retard, 113
(fig. 9-3)

Fmbossed stainless gaskets, 207

Fmissions laws, 181, 182

Emissions testing, 210

End-gas temperatures, 6

Engine
assembly balaneing, 163
atmospheric, 8, 9
camshafts, 163
carbureted, 75
cfim for four-stroke-cycle, 27
(g 3-5)

Chevy/llmor Indy, 189

(fg. 16-11)

Cosworth V-8, 75 (fig. 6-1)
gylinder block preparation, 158
evlinder head preparation,
157-58, 164

developments in turbo charged,
1 89-90)

fuel-injection equipped, 75
head clamp-up improvement,
160

head gasket improvement,

| 58-60

inspecting for turbo-induced
damawe, 173-74

241



242 INDEX

Engine, cont'd
loads related to components, 2
(fig. 1-2)
modern management system
for, 85 (fig. 7-1)
preparing of, 155-64
six cylinder inline, 127
torgquing head fasteners,
160-61
turbo pistons, 161-63
wear and maintenance, 13

withstanding power output, 2-6

Exducer bore
and compressor power, 31
(fig. 3-10)
definition of, 31 (fig. 3-9)
and turbine size, 31

Exhaust gas temperature gauge,
211

Exhaust housing
trouble with, 176-77

Exhaust leaks, 177

Fxhaust manifold, 117
(fig. 10-1)
adaptation of production, 124
(fig. 10-12)
in aftermarket turbo
system, 217-18
aluminum, 119
anti-reversion cone, 120
(fig, 10-4)
application of, 117
big-block Chevy design, 118
(fig. 10-2)
casting process, 124
cast iron, 118-19
compact design, 121
(fig. 10-6), 129 (fig. 10-19)
design eriteria for, 117-19, 129
designing and building, 196
fasteners in, 127
four-into-one design, 121
(fig. 10-5)
gaskets in, 128-9, 130
Jim Feuling's Quad 4, 122
(fig. 10-8)
log-style, 120 (fig, 10-3)
mild steel, 119
reversion in, 119
role of, 117
single-turbo V-8 exhaust
plumbing, 128 (fig. 10-18)
single V-8 turbo design, 118

(fig. 10-2)
slim-profile nut for, 218
(hg. 18-7)

stainless steel, 118
styles of, 119-23

system air {rom above, 195
(fig. 17-7)
thermal characteristics
of, 119
thermal expansion in, 126
tubing sizes, 120-24
turbo held to, 22, 218
(fig. 18-6)
twin turbo design, 118
(Ag. 10-2)
V-8 casting, 118 (fig. 10-2)
V-12 custom header, 121
(fig. 10-7)
VW GTI design, 118
(fig. 10-2}
wastegate integration in,
124-25

Exhaust manifold pressure.
See Turbine inlet pressure

Exhaust systems, 131-40.
See also Tailpipes
for Acura NSX, 204-205
best for turbo, 131 (fig. 11-1)
catalytic converter position in,
134
design considerations for,
132-39
expansion joints, 134-35
fitting of exhaust tubing, 134
(fig. 11-6)
flanges for, 139
flow area and power, 133
(fig. 11-4)
front-wheel-drive require-
ments, 140
future improvements in, 189
hangers in, 135
mufflers, 136-38
oxygen sensor position in, 134
tailpipe tips, 139
wastegate integration,
138-39

Fxpansion joints, 134-35

F

Fasteners
for Acura NSX, 207
for exhaust manifold, 127
in exhaust system, 139
strengthening ribs between,
132 (hg. 11-3)

F-CON computer, 21 (fig. 7-6)
Feuling, Jim

Quad 4 system, 193

(hg. 17-3)
Flanges, 3o

in exhaust system, 139
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Flex joints
for four-wheel drive-vehicles,
140

Floats
in blow-through carburetors,
107

Flow capacities, 105
Flow failures, 176
Flowmeter, 175

Flowmeter/filter case assembly,
224 (fig. 18-20)

Flow velocity

in exhaust manifold, 129
Forged aluminum pistons, 161
Formula 1 race cars, 1

Fuel economy
and volumetric efficiency, 13

Fuel enrichment
discussions of, 19, 20

Fuel enrichment switch, 20

Fuel fow
in carburetor, 101

Fuel injection analysis,
198-200

Fuel injection manifold
applications for, 75-76
injector location, 80
plenum, 79
progressive throttle
bodies, 82
and runners, 77-78
throttle bodies, 50-81

Fuel injectors, See also
Electronic fuel injection
and maximum pulse time, 88
(fig. 7-3)
and pulse duration, 57-88,
198, 199




Fuel lines, 87, 95

Fuel octane
and detonation, 178

Fuel pressure
increasing, 92

Fuel pressure check gauge, 227
placement of, 227
(hg. 18-24)
removal after testing, 230
(fig, 18-27)

Fuel pressure regulator, 87, 95,
104
aftermarket kit installation,
226-27
boost-pressure sensitive, 105
(fig. 5-8)
fuel and signal lines, 227
(fig. 18-23)
rising-rate, 226 (fig. 18-22)
signals origination for, 108
(fig. 8-12)

Fuel pumps, 87
and blow-through carburetion,
105

Bosch, 95 (fig. 7-15)

flow versus engine bhp, 96
(g, 7-17)
flow versus fuel pressure, 85
(fig. 7-16)
in parallel, 96 (fig. 7-18)
requirements for, 95-96

Fuels
for aftermarket turbo kits, 230
combustion rate of, 114

burn rate of, 114
and combustion chamber, 114-
15

Fuel system calibration, 8, 9, 11-
12

Full-throttle air/fuel ratio,
171

G

(Gaskets
for Acura NSX, 207
in blow-through carburetors,
108
in exhaust manifold, 128-9, 130
in exhaust system, 139

Glass-pack mufflers
tvpes of cores for, 137
(fig, 11-15)

H

Haltech, 98

Australian EFI1, 98
(fig. 7-21)
Hangers, 135
simple, 136 (fig. 11-11)
Head gaskets
with double O-ring, 160
(fig. 13-7)
unprovement in, 158-60
strength of, 164
various wire rings for, 159
(fig. 13-4)
with O-ring, 159 (fig. 13-6)
without O-ring, 159
(fig. 13-5)
Heat-induced warpage, 126
and header, 126 (fig. 10-15)

Heat transfer area
in intercooler, 48-49

Higher-pressure fuel system, 217
(fig. 18-4)

HES piggyback computer, 90
(hg. 7-5)

Hobbs, David, 179

Holley carburetors, 109

Horiba air/fuel ratio meter, 171
(fig. 14-8), 207

Hot plug, 111 (fig. 9-1), 112
Hot starting, 11

ldeal temperature rise, 28

Idle controls, 87

Idle jets, 101, 104

lgnition retard
aftermarket kit installation,
228
over-active, 178

Ignition timing
and detonation, 178

Inertial loads, 2-3, 8, 12, 13
compressive, 2, 3
connecting-rod, 3 (fig. 1-3)
tensile, 2, 3

Injector pulse duration
lengthening of, 88-89

Injectors
additional, 92 (fig. 7-10)
add-on fuel supply, 93
(fig. 7-12)
ealculating size of, 94
extra, 92-04
How-test rig, 94 (fig. 7-14)
for inline-six Nissan
manifold, 93
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staged secondaries, 93

(fig. 7-18)

standard, 80 (fiz. 6-12)

testing of, 94-95

upstiream, 80 (hg. 6-13)
Intake manifold

carbureted manifold, 52

Chevy Super Ram, 76

(fig. 6-3)

EFI manifold, 77 (fig. 6-5)

fuel injection manifold,

7H-82

layout, 98

log-style, 76 (fig. 6-2)

measuring pressure in, 168-69,

170

Mitsubishi V-6 design, 83

(fig. 6-18)

plenum, 76 (fig. 6-2)

proper, 83

sourcing signal from, 147, 148

symmetrical vs. non-symmetri-

cal, 77 (fig. 6-4)

Intake plenum signal source, 148

Intake runners, 77
design of, 77 (fig, 6-6)
intersection with plenum, 79
(fig. 6-10)

Integral wastegates, 37, 143, 144
(fig. 12-7), 146
(fig. 12-11),
146 (fig. 12-12), 153
modification for increased
boost, 151 (fig. 12-18)
variation on, 147 (fig. 12-13)

Intercooler and intercooling, 51
(fig. 5-6). See also Air/air
intercooler: Air-to-water
intercooler
aftermarket kit installation,
221-23
air/air, 52 (fig. 5-8), 53, 72
airflow as installed, 222
(fig. 18-16)
air-to-water, 66-69, 72, 73
ambient temperature measure-
ment, 168 (fig. 14-3)
in blow-through carb
systems, 110
hoost and increase in, 72
(fig. 5-39)
calculating efficiency of, 52
(fig. 5-9]
calculating value of, 50-51
choosing type of, 53
configurations for, 72-73
definition and merits of,
T1-72
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Intercooler and intercooling,
cont’d
design criteria for, 48-50
design of air/air, 53-64
and detonation, 179
and driveability, 9
efficiency of, 209-210
extruded-tube core of, 49
(fig. 5-4)
Ferrari Turbo GTO, 194
(fig. 17-5)
front-mounted, 48 (fig. 5-2)
interconnecting tube installa-
tion, 223 (fig. 18-17)
one-shot, 70
outlet conditions, 168
overview of, 47-48
plate-and-shell core of, 49
(fig. 5-4)
plate-style cores, 53
(fig. 5-10)
plumbing from, 204
(fg. 17-15)
Porsche, 194 (fig. 17-4)
positioning in aftermarket kit,
222 (fig. 18-15)
positioning of, 193, 204
(fig. 17-14)
staggered-core, 58, 65-66
tightening hose clamps, 223
(fig. 18-18)
tubes, 222-23
and turbo charger
development, 188
and turbo pistons, 162
value of, 202
water-based, 53 (fig. 5-9)
and water injector, 70, 73-74
water spray on, 70
in XKE Jaguar, 73 (fig. 5-41)
zero-resistance, 72

Intercooler efficiency, 52
and boost-pressure variation,
156 (fig. 13-2)
Interference-style
lockwashers, 127

Interheater, 65

Internal flow area
in intercooler, 49

Internal volume
in intercooler, 49-50

Inverted-sound-wave silencer, 189

J

J & S Electronic knock
gsensorsfindicators, 114

K

Knock-sensor-controlled ignition
timing, 115

Knock-sensor ignition retard, 113
active knock-detection
system, 114 (fig. 9-4)

Knock sensors, 115-14
failing, 178

L

Lag
and driveability, 9, 10-11
and two turbos, 34
for varying sized turbos, 11
(fig. 1-10), 23

Lambda systems, 20

Laptop computers
for aftermarket EFI1, 93
(fig. 7-22)

Leakdown test
checkout, 174 (fig. 15-2)
described, 174

Lockwashers, 127
Loctite, 108, 222

Louvered-core
for plass-pack mulfflers,
137 (fig. 11-15)

Lubrication, 39
and coked-up bearings, 40
and frietion reduction, 161
and low-mounted turbos, 45
oil conlers, 42
oil drain system, 44
oil filters, 43
oil flow and pressure, 41
oil lines, 43-44
oil selection, 40
oil system aids, 45-40
types of, 40

and water-cooled bearing hous-

ings, 40

v

Main jets, 101, 104

Mandrel-bent tubes, 122, 206

Manifold absolute pressure sensor,
87

Manifold vacuum/pressure
sensor, 87

MAP sensor. See Manifold abso-
lute pressure sensor

Marine hilge pumps, 68
Mass flow EFI system, 86
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Mazda Miata
installing aftermarket turbo
system, 213-30
Performance Technigques de-
sign, 20 (fig. 2-6)
Metal-braid-protected lines, 43
Mikuni carburetors, 109
Mikuni PHH dual-threat side-
draft, 109
Mileage
and turbocharger, 13
Mineral-based oils, 42
Misfires, 175, 178

Mitsubishi 3000 G'T, 15
(fig. 2-1)
Molysulfide, 112, 161
Motee air/fuel ratio meter, 171
Motoreraft two-barrel carbure-
tors, 109
Mounting flanges, 150
Mufflers. See also Exhaust sys-
tems
Flow-master, 136 (fig. 11-13)
glass-pack, 137 (fig. 11-15)
parallel glass-pack, 137
(g 11-14)
positioning of, 196
styles, sizes, and number,
136-38
Super-Trap design, 136
(fig. 11-12)
and wastegates, 153

N

Never-Seize, 112, 217, 218, 221
Ni-Resist, 36



Missan 300ZX Turbo, 23, 24

Nonsequential EFI systems, 87,
58, 89

Nozzle size (EF])
inereasing of, 90-92

0

Octane improvers, 115

Octane rating
of fuel, 115

OEM. See Original Equipment
Manufacturer

il
for aftermarket turbo kits, 230
changes, 35, 39
coolers, 42-43
flow and pressure require-
ments, 41
mineral-based, 42
selecting, 40
synthetic, 42

il drain system, 44-45
inlet and outlet positions,
45 (fig. 4-8)

il feed-line installation, 43
(fig. 4-6)
(nl filters, 43

(il lines, 43
and brace at frame, 44
(fig. 4-7)

il spray
on piston bottom, 162, 163
(fig. 13-11)

Oil sump, 44, 46 (fig. 4-10)
oil drain fitting for, 45
(fig. 4-9)

il system aids, 45-46

Oil temperature gauges, 43

Omne-shot intercoolers, 70
ice-chest heat exchanger for, 71
(fig. 5-30)

Original Equipment Manufactur-
er
turbo cars, 16, 39
and weak links, 16

Override safety devices, 152-53
Oxygen sensor, 87, 134, 171, 192

P

Peak pressure, 4, 5
Performance
and engine preparation, 155
verification, 210

Petty, Richiard, 115
Pipe-thread fittings, 196

PLAN equation
and power gain, 7-8
and power output, 7
(fig. 1-7)

Plenum, 79
in blow-through turbo applica-
tiong, 109
intersection with intake run-
ner, 79 (hg. 6-10)
with multiple throttle plates,
76 (fig. 6-2)
for Porsche Indy engine,
79 (fig. 6-11)
entering throttle bodies, 147
vent ports, 110 (fig. 8-15)

Porsche 911 Turbo, 23, 24

Porsche TAG turbo engine, 1
(fig. 1-1)

Port sizes, 8,9, 11-12

Power
and boost pressure range, 155
loss of, 176
and multiple turbos, 34-35
and turbo size, 23

Power loads, 3-6, 12
compressive, 2, 3
and crank angle, 5 (fig. 1-6)

Pre-ignition, 112,
See also Detonation

Presgure ranges, 105

Pressure ratio, 26, 28
vs, compressor densily ratio, 26
(fig. 3-4)
va. compressor discharge tem-
perature, 29 (fig. 3-6)
formula for, 165, 167
and heat, 166

Pressure-sensitive ignition
retard, 113

Primary seroll turbine-housing,
184

Progressive throttle bodies,
81, 82
linkage, 82 (fig. 6-15)
Neuspeed's large VW, 52
(fig. 6-16)

Puddling, 103, 110

Pulse duration, 86
extending of, 89
of fuel injector, 87-88, 198, 199

Pulse signal interceptors, 90
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Q

Quality control
for atftermarket turbo kits, 17

R

RHeal temperature rise, 28
Redline pulse duration, 89
Reformulated gasolines, 115
Relays, 87

Remote wastegate, 143, 144
(fig. 12-7), 1563

Restrictors, 42, 42, 141-42
aftermarket kit installation,
225
and oil pressure reduction, 42
(fig. 4-4)
tailpipe, 141 (fig. 12-2)

Reversion, 142
Ring land area, 162

Rising-rate fuel pressure regula-
tor, 91 (fig. 7-7, 7-8),
92 (fig. 7-9), 207 (fig. 17-19),
296 (fig, 18-22)

Rod bolts, 163

Runners
for fuel injection manifold, 77-
T8

S

Sandwich-type gaskets, 207
Scavenge pump, 45

Secondary scroll turhine
housing, 184

Sequential EFI systems, 87, 88, 89
Signal block, 206 (fig. 17-18)
Signal lines, 176
SK carburetors, 109
Soft spots, 1356
Spark plugs, 111-12
Speed density EFI svstems, 87
Split-inlet exhaust housing, 34
(fig. 3-14)
Squish volume, 157
Stagpered-core intercooler, 58, 65-
B
Stainless mechanical locknuts,
127
Stainless stee]
braid lines, 43-44
in fastener bolts, 127
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Steel wire rings
in head gaskets, 159
(fig. 13-4}

Straight-through glass-pack muf-
Aers, 137

Stud fasteners, 127

Studs
compression and tensile stress,
161 (fig. 13-9)
heads held on by, 160
(fig. 13-8)
and tension, 160

Surge limit, 29

Swages
as flex joints, 135 (fig. 11-10)
for tailpipes, 135 (fig. 11-9)

Synthetic oils, 42

T

Tachometer circuit, 87

Tailpipes, 151
back pressure measurement
for, 170
Borla, 140 (fig. 11-19)
for front-wheel-drive, 140
hangers for, 135
and joint reliability
problems, 140
restriction distribution, 170
(fig. 14-7)
restrictor for, 141 (fig. 12-2)
sizing of, 133
swaged joint for, 135
(fg. 11-9)
tips for, 1349
trouble with, 176, 178
for wastegate, 138
(fig. 11-16), 146, 147, 153

Temperature. See also Intercooler
and intercooling
absolute, 51
air pressure, altitude and, 28
(fig. 3-1)
and hoost, 141
compressor inlet, 166-68
and detonation, 2, 179
end-gas, 6
and engine improvements, 190
in exhaust gas, 198
in exhaust manifold, 117, 122,
126, 128, 129
in exhaust system, 132, 134
(fig. 11-7), 135
formula for rise in, 52-53, 167
header bolts and, 126
(fig. 10-16)

ideal rise in, 28

measurement equipment, 165
measurement points, 169
(fig. 14-4)
and mep, 25 (fig, 3-3)
and piston damage, 161, 162
real rise in, 28
turbine bearing, 6
and turbo size, 25 (fig. 3-2)
warpage, 126 (fig. 10-15)
and wastegate, 149
water-and-non-water cooled
bearings, 41 (fig. 4-3)

Testing
air filter flow loss, 165-66
air/fuel ratio, 171
ambient temperature in inter-
cooler, 168
compressor inlet temperature,
166
compressor outlet conditions,
166-65
equipment and tools for, 165
intake manifold pressure, 168-
69
intercooler outlet conditions,
168
tailpipe back pressure, 170
turhine inlet pressure, 169-70

Thermal controls
in aftermarket turbo kits,
17

Thermal efficiency
and intercoolers, 60, 61
Thermal expansion
of exhaust system, 134
(fig. 11-7)
and joint at transmission, 135
(fig. 11-8)
and pistons, 162
and wastegate vent tube, 138
(fig. 11-17)
Thermal loads, 12, 13
Thermal management, 6

Throttle bodies, 80-81
on Chevy small-block manifold,
81 (fig. 6-14)
connections to, 196
measuring pressure loss across,
169 (fig. 14-5)

Throttle position sensor, 87
Throttle response, 10, 155
Throttles, 147

Throttle shafts, 108
fuel leakage at, 108
(fig. 8-13)
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Throttle valving, 98
Through-bolt fastener, 127
Through-holts, 207

TIP See Turbine inlet pressure
Toluene, 115

Tools and equipment
for turbo kit installation, 214-
15

Torque, &
and boost, 14
curves, 8 (fig. 1-8)
and friction, 160, 161
and smart wastegate controls,
188
turbo capability graph, 10
(fig. 1-9)
turbo size and low-speed, 23
Toyota GTE 65 (fig. 5-30), 125
(fig. 10-14),
130 (fig. 10-20)
Transmission, 13
T6 heat-treated hypereutectic
alloys, 161, 162
Tube sizes
for exhaust systems, 132-33
Turhine
role of, 25
selecting size for, 29-34
speed and size of, 37
Turbine inlet pressure, 169-70,
209
measurement of, 170 (fig, 14-6)

Turbine outlet flange connections,
133 (fig. 11-5)

Turbine outlet pipe
in aftermarket turbo system,
215-19




positioning of, 219 (fig. 18-9)
preparation of, 218
(fig. 18-8)

Turbocharged engines
factory manufactured, 16
power from, 12
pricing of, 21

Turbocharged vehicles
aftermarket kit purchases for,
16-18
building own system for, 18
buying OEM, 16
methods for acquiring, 15

Turbochargers
aftermarket kit installation,
219-21
installation preparation, 219
(fig, 18-10)
interconnecting tube installa-
tion, 223 (fg, 18-17)
oil reservoir filling, 220
(fig. 18-12)
oil reservoir sealing, 220
(fig. 18-11)

Turbocharger systems, iv-v
and accidents, 173 (fig. 15-1)
Acura NSX installation, 196-
210
aftermarket kit installation,
213-30
for BM'W 5351, 197
(fig. 17-8)
big-block Chevy twin, 191
thg. 17-1)
and boost production, 13
Callaway twin turbo Corvette,
18 (Ag. 2-4)
Capri V-6 draw-through, 192
(fig. 17-2)
carbureted, 99
Chevy Camaro, 22 (fig, 22)
classie, 23 (fig. 3-1)
compressor efficiency verifica-
tion, 208-209
compressor size in selecting,
26-29
defining actual, 196-210
defining theoretical, 191-196
desirable features in, 35-36
difficulty in installing, 210
driveability limitations of, 8-12,
13
emissions testing, 210
engine improvements for, 189-
90
fuel injection analysis, 195-200
of future, 188 (fig. 16-10)
hardware for, 188-89

improvements in, 182-87

Indy car, v

intercooler efficiency, 209-210

intercooling value in, 202

layout decisions for, 202-205

layout of intercooled, 47

(fig. 5-1)

long-term durability of, 6

low boost response from, 177-

79

lubrication of, 39-46

malfunction, 173

(fig. 15-1), 175-77

Mitsubishi 3000GT, 15

(fig. 2-1)

modern fuel-injected

system, v

multiple, 34-35

performance testing, 200

performance verification, 210

positioning components within,

193-96, 203

(fig. 17-12, 17-13)

and power gain, 7-8

power output of, 1-6

preinstallation test data, 198

pricing of, 21

selection guidelines for, 24-26

size selection, 186

small-block Chewvy, 21

(fig. 2-7)

split inlet exhaust housing, 34

(fig. 3-14)

staged and staggered, 189

testing of, 165-71, 207-208

troubleshooting guide for, 180

trouble with, 173-80

turbine section, 209

turbine size in selecting,

29-34

turbo selection, 200-202

twin turbo big-block, v
Turbocharging

developments in, 151-90

future in, 182, 188

(fig. 16-10)

VW 0-60 time, 181 (fig. 16-1)

Turbo compressor efficiency, 6
Turbo connections, 35-36

Turbonetics H-3 compressor, 30
(fig. 3-8)

Turbonetics 60-1 compressor, 30
(fig. 3-7)

Turbo performance camshafts,
163
overlap in, 164 (Ag. 13-12)

Turbo pistons
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heat removal from, 162-63
materials for, 161-62
mechanical design of, 162
ring lands on, 162 (fig. 13-10)
Turbo section clocking, 35
Turbo-to-tailpipe joint, 132
Turbulators, 55
Twin seroll turbine housing, 184
T'win turbos, 37
Two-level boost switch, 151

U

U. S. Environmental Protection
Agency, 196

V

Vacuum/boost gauge, 165, 209
(g. 17-21), 211

Vacuum check valve, 228
Vacuum leaks, 175

Valve cover breather
hose routing to, 225
restrictor inside, 225
(fig. 18-21)

Valve gear, 163

Valve trains. 164

Vane position actuator
adding signal lines to, 219
(fig. 18-10)

Variable area turbine nozzle, 184,
185, 189
details of, 185 ({ig. 16-5)
response time of, 185
(fig. 16-6)
success of, 186
turbo lor, 197

Varicom VC200 acceleration com-
puter, 200, 210

VATN, See Variable area turbine
nozzle '

VATN actuator signal lines
aftermarket kit installation,
225-26

VATN turbocharger, 153
Venturis, 104, 147

Volumetrie efficiency, 13

W

Wall thickness
in exhaust manifolds, 122
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INDEX

Warranties

for aftermarket turboe kits, 17,
21-22

Wastegate, 142-43

actuator signal for, 147-48
and adapters, 143 (hg. 12-6)
adjustability of, 149

bleed angles into, 145

(fig. 12-10)

and boost control, 142

(fig. 12-4)

cracking pressure of, 149
design considerations for, 149
electronic/pneumatic controls
for, 152

failures in, 176

flexible vent tubes, 148

(fig. 12-14)

fooling, 1560-52

heat isolation in, 149

HES, 143 (hg. 12-3)

HEKS Electronic Valve Control-

ler, 1562 (fig. 12-20)

on Honda CRX, 139

(fig. 11-18)

importance of, 153
integration of, 138-39, 144-47,
153

mounting fange in, 150
safety devices for, 152-53, 154
selecting, 143-44

separate tailpipes for, 138
(fig. 11-16)

signal origination for, 108
(fig. 8-12)

signal source, 148

(fig. 12-15)

trouble with, 177-78

valves, 176

venting of, 145 (fig. 12-9)

vent tube, 138 (fig. 11-17)
Wastegate actuator

altering spring in, 150
Wastepate integration, 124

into exhaust manifold, 125

(fig. 10-13)

in Toyota GTP engine, 125

(fg. 10-14)

Water-based heat exchanger, 48
(fig. 5-3)
Water-cooled bearing sections, 35
Water-cooling jacket, 39
Water injectors, 70, 73-74
Water jackets, 103
with turbo bearing sections, 36
(fig. 3-15)
Weber carburetors, 109
Weld el manifold, 122
(fig. 10-9]
described, 122
as functioning art, 123
(fig. 10-10)
reducers selection chart, 124
(fig. 4-2)
selection chart 90-degree
elbows, 123 (tab. 10-1)
for triple-turbo Jaguar, 123
(fig. 10-11)

Z

Zero-resistance intercoolers, 72
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Designing, Testing, and Installing p—_

Turbocharger Systems
by Corky Bell

Maximum Boost is the definitive book on turbocharging. This hands-on book conrains

ﬂﬂﬂﬂﬂ

the most detailed information available on understanding designing, setting up, testing
and moditying your car with a turbocharger system. Wich over 25 years of experience in
designing, building, and installing turbo systems, author Corky Bell covers every agpect
of turbocharging. You will learn everything from the basic theory behind turbocharging
to the nuts-and-bolts of putting a turbo system togerher. Corky shows how to select and
install the right curbo, prep the engine, test the syscems, and integrate a turbo with an
electronic fuel injection system or carburetor. Corky even provides you detailed trouble-
shooting information for both OEM and aftermarkert turbocharger systems.

You'll tind valuable information on the following:

* How to design the best turbo system for your
engine—including sizing and selecting the turbo,
intercooling, engine preparation, fuel system rweaks,
and intake and exhaust design.

» Coverage of American, Asian, and European engines.
from the Buick Grand National to the Honda CRX
and the Porsche Turbo.

o Evaluating and installing aftermarkert turbo kits.

» Maximizing the performance of your current
turbo system.

* Step-by-step design and installation of a turbo system.

Whether you want better passing performance, or an

all-out horsepower assault, Maximum Boost will
give you all the knowledge you need to get the most
out of your engine and its turbocharger system.

Chapters
1. An Engineering Look at the Basics 11. Exhaust Systems
2. Acquiring a Turbocharged Vehicle 12. Boost Controls
3. Selecting the Turbocharger 13. Preparing the Engine
4. Turbocharger Lubrication 14. Testing the System
5. Intercooling 15. Trouble — 7
6. Intake Manifold 16. Developments in Turbocharging
7. Electronic Fuel Injection 17. Bringing it All Together I..
8. Carburetion 18. Installing a Turbo Kit ,
9. Events in the Chamber Suppliers

10. Exhaust Manifold Design Glossary
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