SPECIAL INVESTIGATION

Inside the boxer heart of a
leading World Rally
Championship contender

Designed and developed by Prodrive in conjunction with factory
department Subaru Tecnica Intemational (ST1) the current Impreza
Worl

Rally Car is an evolution of a model first introduced in 1893,
Our sister publication Race Tech looked in depth at the technolagy
of the Impreza in 1995, by which stage it was already established as
a winner in World Rally Champienship events

Here we discuss the development of the Impreza's engine with

David Lapworlh, Technical Director at Prodrive, the LiK-based
concern that runs the Subard factery Workd Rally Championship
programme. It is a programme that embraces events as diverse as
the ice cold of the Monte Carlo Rally and the heat of the high
ahitude Rally Mexico. Thiough a busy season the car will eun in
a huge range of conditions, ranging from ice and snow to gravel
1o smooth tarmac stages.

Throughout its life the Prodrive-fielded (mpreza WRE has been
powered by a modified version of the madel's four-cylinder
production engine. The horizontally-opposed engine is a lrue
‘baxer', having four crankpins arranged so thal opposing pistons
"hox! towards each ather. It has four valves per cylinder

aperated by double overhead camshafts, with the WRC car

confined to the production 43-degree included valve angle and
production valve sizes.

As per WRC regulations, the engine has a 2.0-litre displacement
and is equippee with a single wrhocharger that breathes through a
single 34 mm diameter air resirictor. It runs on the mandatory 98-
oetane ‘Super Unleaded' 'contral® fuel

In 1995 the modifications ta the engine were governed by FIA
Group A regulations whereas now they are governed by both
thase rules and additional WRC regulations, which take
precedent over them, As a consequence the turbocharger no
longer has to be a standard production model, although exotic
materials and variable geometry are not permitted. Al the same
time reciprocating and rotating compenents are now bespoke
rather than mandatory production items.

Lapworlh notes that the hase engine has been developed to run to

a five

ure engine speed in other applications. However, given the
presence of the restrictor he says that there is no point in developing
the current WRC engine to run beyand 7500 rpm. Given the

restrictor and the use of turbocharging, Lapworth says that it is not

necessary 10 $nap the valves apen, nor to use high lift valves.

“The gain would be small compared 1o a normally aspirated
enging. Our valve timing is not wild."

The restrictor rations the supply of air to the turbo compressor
and up 10 a point charge pressure and crankshail speed are
interchangeable, The 34 mm restrictor flows in the region of 10
cubic metres of air per minute and in simple terms as engine

cpeed increases the plenum pressure generated by the

turbocharger decreases accordingly.

In practice, says Lapworth, boost is indeed inversely proportional
1o crankshaft speed and consequently there is twice the hoost at
3000 rpm as there is at BO0G rpm. Given the effect of the restrictor

the turbo wastegate is a secondary boost control. 1 it did not
operate there is a real danger that the turbine would overspeed and
exhaust back pressure would become unnecessarily high

The Impreza WRC's wastegate is preumatically activated and is
electranically contralled, as part of the engine managerment
system. The turbacharger itsell is a bespoke |HI model. Lapworth
abserves that it doesn't differ massively from a production model
but crucially it is tailored to the WRC operating enviconment, in
which the air comes through a restrictor and in which the

plenum pressure can be as high as 4.0 bar absolute. In contrasl,

the praduction trbocharger used in 1995 provided a maximum

of 3.0 bar absolute

~

The WRC engine's operating speed range is 2000 rpm 16 7500 rpm
and Lapworth notes that it is hard to make a wrbocharger efficient
over such a wide speed range. He also notes that the inverse

relationship between plenum pressure and engine speed makes the

compression ratic something of a compromise.

In 1995 the compression ratio was 9:1, Now it is *over 10:1" and
an tundisclosed) figure that is altered from rally 1o rally. In
particular it is tailored to altitude - a higher than normal ralio was
used on the new high altitude WRC event in Mexica, In spite of
the high ratio the Impreza WRC engine daes not employ oil
gallery pistons, merely a single oil jet spray to the underside of
each of its "regular aluminium racing pistons™.

Water injection has been intraduced since we loaked at the
engine in 1935 and has assisted the exploitation of a higher

campression ratio, although Lapworth says that its use is not critical
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in this respect. At the same time the current WRC regulations
permit the use of a significantly larger ainair aftercooler than was
employer in 1995, As a consequence of these factars the charge
air temperature is typically around ambient as measured in the
plenum, whereas in 1995 it could often be 30 degrees above
ambient in the plenum,

Lapworth notes, however, that ambient temperature varies widely
between rallies - from extreme cold to extreme hot - and that

some rallies are markedly faster than others: "The intercooler

naturally works more effi
Finland and New Zealand."

iently on the high speed events, such as

Mevertheless, thanks in part lo water injection, these days
charge air temperatures are typically close to optimun. (e
sidebar: WATER INJECTION.) In theary by slowing the burn rate,
the water injection system helps suppress detonation. In practice,
says Lapworth, the effect is marginal and is only significant at
lower engine speeds,

Lapworth notes that the airrestricted Impreza WRC engine is

prone to detonation at low crankshaft speed than at high speed
e are compression ratio limited at low speed whereas we are

not detonation limited at high rpm. We can find the optimum

ignition point at 7000 pm whereas at low rpm if we run too much

advance, it is all too easy to destroy the engi
Lapwarth reports that the Impreza’s ignition advance is in the

region of 30 degrees at 7500 1pm whereas at 2000 rom it can be as

low as 5 degrees. In essence, advance increases progressively fram

5 10 30 degrees across the engine's operational speed range.

in 1995 the peak power was gualed as 300 bhp at 0 rpm

and the power outpul was within 10 bhp of that re from 5000

10 6000 rpm. Maximum torque was produced at 4000 rpm and
the driver generally operated within the band of 4000-6300 rpm.
Power declined steeply beyond 6500 rpm and the red line was
sel gt 7500 rpm.

A key gain since 1995 has been the power outpul at lower
engine speeds thanks primarily ta the higher boost obtainable with
the bespoke turbo. OF caurse, there has also been a lot of
painstaking development work on all aspects of the engine,
assisted by the greater freedom of intemnal madificatians
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THE CAR ENVIRONMENT

& Impreze WRG is has a paddie-shift, semi-automatic six-

epeed pearbox, automalic clutch cperation

rict four wies!

dirive with active differentials. Nevertheless, Lapworlh says tat
this sophisticated transmissicn system has not greally
influenced engine developrent, compared to the uss of a
simple, mechanically-controlied, two-whee! drive ity
Wit aur e
pm incresses. That makes it eesy to control the amaunt of

i Ihe torcues falis dramatically &5 the engine

wheelspn - break traction and the sngine torgue drops. The

engine should work very well in a two wheal drive car’ ©

ANTI LAG

I 1885 we were told that *the engine does suffer from a
certain amount of lag*. Now, 23ys Lapworth, lag is
essentially s thing of the past.

The anti lag system saes, in closad throttle condlticns a

certair proportion of the compressed charge air directed from

the o

e plurbing Rito the exhaust manifcid, by-pessing the
dnders. At the same time the cylindars are fed an over-rk
e 5o that unbumed fust is igrited in the exnaust, T »
maintaing twrbne speed at the full throttle level, so that when
the cliiver opers tha throtle again the required boost & on 1ap.
Given that the plery

v preseure is Inversely proportional lo

crank speed the required rbine speed vaies

& anti lag system the only Iag oceurs

ne turbocharger adjusts to the new engine
operatng spaac, For exarmple, I a shift means thet the revs
Grop from G000 rpM to 4000 prm the boost might need to
nerease from 2.0 bar to 5.0 bar. Lapwortn says that the celay
while the Lrbo spools up is only noticeable on data legairg -
the cliver wil ot perose it ©

WATER INJECTION

All of the factory WG teams ampioy sither watsr injs

a2 water spray 1o the air:

ir aftercooler to keep charge
temperature under control. Lapworth says that the use of an
ERL Aquamist water injection systerm halps keep the

Impreza's

sharge air tempsrature to around ambient, ever:
though the engine can be pUMPIng a charge pressure as
high &5 4.0 bar absolLts.

“Watar inection can help us take the plenum temperature
down 1o around 40 degress Gentigrade, even on hit ralias
Tha benefits of reduging the tamperature below that sort of
figure are margnal and the trade off is the qus

ity of wat
carried on baerd the can Typicaly we carry about five iires for
560 Klomatre stage.”

Prodrive uses EAL system bespoke-20. which penTits the
ImEreza’s Bngine Management SyEtem 1o noororats a watsr

imjpction map. System 2C provdes a pre-pressurised watsr

lina that runs at Lp to 10 bar, whis the flow rats
ERL s own High Spesd y

Marle of steire
& cyoling rate of over 260Hz and is dreatly diven by the

is motared by

steal, this in-ine HSV Is capabls of achieving

Impreza’s ere. A signal from the 20 pump s used to O



orzLlAL INVES AT IVIN

The intreduction of bespake reciprocaling and rotating

components has helped, for example with smaller bearing widths,
improved lubrication and the use of coatings. The likes of
camshafts, fallowers and pistons have all benefited irom coatings
The pision skirt is coated, albeit not with a DLE, Currertly only
development engines employ any DLC coatings.

The currert bespoke crankshaft retains the production bearing
diameters whereas it has reduced bearing widths. Says Lapworth:
“the gain from reducing bearing diameter would be marginal and

the penalty would be a loss of crank stiffness. Thanks to our hoxer!

configuration we have an inherently light crankshalL.”
The rules still call for a wet sump but these days the
crankease runs less oil, Lapworth remarks that the speeds at

which

engine operates do not justify sealing the crankcase

Ao four separate chambers

The sump is naw a bespake production, whereas it was 2

n

adified standard component in 1995 11 is still steel. Some rivals
Use 2 Kevlar sump but Prodrive prefers steel for its deformability:

although the car r

s 3 sump guard, many are the occasions when

the sum attacked by a rock or suchlike.

It must be designed 1o sustain some damage," remarks Lapwaorth,

WATER INJECTION (cont)

determine the status of the syster h real time and the autput
clivee signal cen bie made diectly proportional to the flow rate,

The water is injected into the charge air f

pe that connects
the Impreza's single alrair aftarcooler with the plenum
chamber, It is intraduced s a fing spray. Lapworth observes

that the ERL injector does not need to be as sophisticated
as a typical fuel injector and that its positioning is not critical
providad that the fine spray is reasonably wel distributed

petween the four aylinders.

In theory the use of water injection helps supare
detonation by Siowing the bum rate, According ta Lapworth
the key benefil is its effect upon charge temperature and he
reports that the drivers do notice & difference when the water
injection system is not working

Eichard Lamb of Procrive waler njaction system suppher ERL

recalis that a coliple of yeors ago one of the Prodrive 'custormer
word Rally Cans had to imp to the next sandce location on 'safe
operalion made’ when its water tank ran dry in hot conditions.

“The tank was flled and the

nre-primed gnd e enced

up finishing fourth at 1he end of the day after having dropped

it position due that incident, Water injestion i crucial
in high armbient temperating events,” remarks Lam.
FRurining without waler injection in cooler conditions therg

might ey be a slight recluction n engine cutput dus to
higher manifold temperatures but Lapworth remarks that the
drver wil clstect a drop off and that he wil typically note that

the engine has lost its edge.”
Given that a key benefit of water Inecton to a WRG engine &
I terms of pleru

n tenparature, antarcociar spray is &

s

officiert means to the same end but one that can be seen as

e with water

safer; there is no danger of Taoring the eng
Procive has had no such probiem using the ERL systerm,

In fact, Lamib says that 2ll teams other than kilsusishi
currently run internal water injection. Bul i the near futdre the

Fia inlonds to ban hoth water Injection and water sprays,

Lapwarth obasrves that this wil result in a small cost savirg

*ct A slight clecrease in engine power. At the same time the

weight of the water and the

joction systam will be saved -

around 5 kgin total at the start of a stage

& 1o know the real reason benind

Says Lami: 'l wauld i
i can run lssrer,

g back
lo the days when every one uses a ‘fusl dumping” sirategy

e

the ban. With water injection, t

cleanar and operats more &l

ritly. We will e g

for caoling the combustion chamber, It will be &
decision for the environment.” €
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PRODRIVE/STI SUBARU IMPREZA
WRC flat four ENGINE ANATOMY

IMPREZA WRC flat four 2004
WORLD RALLY CHAMPIONSHIP 2004
Horizontally opposed four cylinder
92 mm x 75 mm = 1994 cc

Single IHI turbocharger:

Super unleaded fuel

Aluminium block and heads

Diry Nikasil finers

5 main bearings, plain

Steel crankshaft, 4 pins

Steel con rods

Light alloy pistons; 3 rings

Dohc; belt driven

4 valves/cylinder, 1 plug

Valve angle 33 degrees included

36 mm intake, 32 mm exhaust valve
ST ignition

STl injection

STI engine management system

98 octane Super Unleaded control fuel
Compression ratio undisclosed

Maximum epin 7500
Weight 175 kg fully dressed

\\ e

The Impreza's Horizontally-apposed four.cylinder ‘hoxer” engine
s based on aliminium alloy production castings. The crankcase
is split vertically alang the crankshait axis, the two halves
coming tegether 1a sandiwich the five main bearings. Each
crankcase half s formed integrally with its respective black, to
which i attached a separate head with integral tappet block.
Ten bolts tie the two halves of the crankcase together with
each head attached by a further six bolts and block to head
ing vic gs. The ion chamber is of the pent
uded valve angle of 43 degrees as per the
The valve sizes arc as per the
production engine (36 mm and 32 mm in 2 92 mm bore) and
Sk :
The hespoke three-sing pistan has light valve dlearance notches

and a more pronounced intruder than ifs 1995 predecessor,
thanks o the higher compression ratio (over 1051 compared to
8:1). The gudgeon pin is steel and it runs in a bronze-bushed
small end, retained by canventional circlips.

The bespoke con rod is still steel in view of the regulations. 1L is

a two-bolt I-section design. The crankshaft, which runs in plain
bearings, is now a bespoke production by STI. It has the

production bearing diameters - 60 mm main and 52 mm big end

- but reduced bearing widths. The crank ailing system has not
been fundamentally altered from the stock layout and a steel
flywheel is used, as per the regulations.

While production valve sizes are still employed, the steel valves
are now bespoke productions. The exhaust valves are sodium
cooled. The valve seats are likewise a bespoke material - one that
is very hard as dust is the enemy of rally cars.

Twin steel valve springs supplied by ST are run with an
interference fit. Solid steel bucket tappets are employed, as in 1995,
with shims for adjustment. The tappets are directly-operated by the
twin overhead steel camshafts, each running in three journals
carried directly by the head. The head is closed by a carboniibre
cover, whereas a plastic cover was originally employed.

The timing drive follows the production system, with a single
toothed balt powered by a pulley on the nose of the crankshat
dri
WRC rules lightweight pulleys and an up-rated belt can now be

ing buth banks and the water pump. However, thanks ta

employed. The up-rated belt is significant given a 25% reduction
in engine inerfia since 1995.

Ahead of the timing belt, a vec-belt drives the pawer steering
pump and the alternator. The oil pump is driven directly by the
crankshaft, Balted to the base of the crankcase, the deep steel
wet sump is has complex baifling. The WRC engine has
maodified production oil and water systems. The production
oil/water heat exchanger has heen switched for an oil/air
radiator 1o suit car packaging requirements.

The intake system sits atop the engine, the exhaust ports
emerging underneath. The infake manifolding is magnesium,
the exhaust system inconel. The four primaries are routed to
the JH] turbocharger's single-entry turbine, The Lurbo is
plugged into the engine oil system.

The compressor feeds through an airair aftercooler, with a

‘single butterfly theotile positioned botween there and the

central plenum chamber. The throttle is electronically rather
than cable operated. With this fly-by-wire system the throttle
pedal aperates as a sensor and the engine management system
controls the butterfly.

‘The fuel injectars are iow bespoke items and the system runs at
10 bar, compared to 4 bar in 1995. TAG supplies the injectors
and the coils, one of which is mounted on each plug. STI
supplies the engine management system, which these days
exploits significantly higher computing power - in 1595 the car

- used an 8 bit processor whereas now it has a 32 bit item, »
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