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Cool running

Ian Bamsey considers the technology behind the water, oil

and charge air coolers keeping today’s race'engines alive

hese days a Formula One V8 will keep on running for a
lap or so after its coolant system has failed, so good is
its piston cooling provision of oil squirt jets. Then it will
grind to an expensive halt. Almost all race engines need
a constant supply of cool water and cool oil, much to the dismay
of the chassis designer since managing those vital fluids invariably
creates aerodynamic drag. So it is that the engine designer and the
aerodynamicist clash at the interface between air flowing over or
through the car and the fluid passages exploiting that airflow to keep
the engine alive.

We looked at the complete race engine coolant systemin RET 39
(June/July 2009). Here we’ll put the spotlight on water/air radiators
(otherwise known as coolers), oil/air radiators and in-system oil/
water heat exchangers, plus air/air and other forms of charge air
aftercooler (otherwise known as intercoolers). Technically, all‘of
those items are heat exchangers, which function primarily by
means of conduction and convection, with very little radiation
going on, leaving one to wonder how the term ‘radiator’ ever came
into use.

A typical water/air or oil/air racecar heat exchanger works by
conduction of the heat from the fluid travelling through the tubes
forming its core (sometimes known as its matrix) from whence, often
assisted by fins, it is convected/radiated to the passing airflow. Air must
flow through the core — if it were stationary within, its temperature
would soon rise close to that of the coolant, making the process of
heat transfer extremely slow. Nevertheless, one solution is not to flow
cooling air through a ‘core at all but to flow it along the outer face of a
specially designed core. That core face is then set flush- with an area of
bodywork over which there is a suitable, smooth, well-attached airflow
to which heat can be transferred.

This concept of surface cooling was exploited by Supermarine
seaplanes of the 1920s, which were pure racers rather than workhorses
so could afford to accept even dangerously marginal cooling in
the all-important quest for minimising aerodynamic drag. Malcolm
Campbell used a Supermarine engine in his 1928 Bluebird land-speed
record car, and adopted the surface cooling concept. However, the
experiment lasted for only a year — the 1929 Bluebird reverted to
conventional coolers. So did Gordon Murray’s 1978 Brabham BT46-
Alfa Romeo Flat 12 Formula One car, which used surface coolers only
in pre-season testing.

Cooler performance

The aerodynamic implication of any conventional heat exchanger can
rarely be considered in isolation, for often in the racecar environment
it is situated within ducting that minimises its aerodynamic impact and
maximises its effectiveness compared to mounting it naked and jutting
into the free stream. In theory, duct design can actually reduce overall
aerodynamic drag. As.it passes through the cooler core the airflow

is heated and expanded, gaining energy which, in conjunction with
optimum nozzle and exit design, can create net thrust instead of drag.

It was claimed that the cooling system package on the piston-
engined P-51 Mustang World War 11 fighter would produce a net thrust
when the aircraft was operating at certain speeds and power settings.
However, such a ‘ram jet’ effect only works across a narrow range of
speed as dictated by the geometry of the duct so, given that variable
aerodynamic.devices are normally outlawed, it is only really practical
in the case of racecars that operate within a narrow range of road
speed. Even then, it is such a marginal gain that other considerations
influencing the overall aero package will take precedent.

Moreover, for all the sophistication of wind tunnel and CFD-assisted
duct design, in the case of a contemporary Le Mans car, the cooler flows
can account for as much as 20% of the overall drag. Thus the main aim
is to make the coolers as small as possible, so that not only is their aero
impact minimised but also their weight (including the weight of the fluid
in the system). As noted Le Mans car designer Peter Elleray put it in RET
48 (August 2010), “Racecar designers do not like to be over-generous in
providing radiator face area or intake/exit area, while engine designers
always want a safe reserve. The art of diplomacy comes in agreeing what
is safe, because if a racecar has too many large reserves it will usually be
very safe and very slow at the same time.”

In general, an engine produces optimum power within a relatively
narrow running temperature band, and the cooling system should be
tailored to maintain that. The mass of the cooled components and
of the cooling fluid itself gives any cooling system thermal inertia.

It follows that it is not necessary to provide cooling system capacity
capable of instantly dissipating all the heat generated at maximum
power, only the average around a lap of the circuit in question. A
racecar typically spends most of its time at medium speed, so the
cooling system is generally designed for that, meaning that the car is,
in effect, under-cooled at high speed.

A common technique when low ambient temperature leads to
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a racecar being over-cooled is to blank off an area of the core,
typically with tape. This reduces the core’s wetted area so there is

less temperature drop through it. In the case of a NASCAR Cup car,
reducing core area reduces drag, to a degree that often more than
compensates for any loss of engine performance with increasing
engine temperature. This makes it a popular ploy for qualifying. By
contrast, in the case of a Formula One car, blanking an area of core
modifies the flow through its more optimally designed ducting, hence

it is likely to adversely affect overall car aero performance.

Exchanging heat

Racecars need to transfer a portion of the heat generated by
combustion to the airstream. This can be done directly if fins set in the
proximity of the heat source are wetted by air from the free stream, as
in the case of many simple two-stroke motorcycle and kart engines.
An air-cooled system can be made more efficient and less sensitive

to operating speed by the use of a fan, at a cost in terms of sapping
energy from the engine to drive it.

Porsche has won Le Mans using the approach of engine-driven fan
cooling, although by its own admission its victorious 917 of the early
1970s was in reality jointly air and oil cooled. Around that same time
Ferrari experimented with a Formula One engine that was purely oil
cooled. Compared to water, oil has greater thermal inertia and a lower
temperature gradient, making it less sensitive to car operating speed.
However, oil isn't as easy to cool in a heat exchanger as water. Compared
to water, the viscosity of oil implies lower flow rates, which causes it to
form a boundary layer on the inner wall of the tube; that boundary layer
will be well cooled while hotter oil flows through the centre.

Heated through a given temperature range, water absorbs more heat
than almost any other substance, and it also rejects heat faster than
oil through a cooler. Moreover, engine water cooling compared to oil
or air cooling invariably wins when seen in the context of the overall
car aero performance. These days though, the race engine is typically
water and oil cooled, in particular il spray jets bringing vital cooling
to the piston underside and to the valve springs. As we noted in RET
39, such jets can have their own pressurised oil supply separate from
the main lubricant system, and sometimes even benefit from their own
oil cooler.

Often these days the 0il cooler is encased in‘an aluminium
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Fig. 1 — Water/air cooler terminology
(Courtesy of C&R Racing)

container, which in turn is plumbed.into the water cooling system. As
Elleray noted in RET 48, “By and large, engine people tend to prefer
such oil/water heat exchangers, as they can then maintain a constant
temperature delta between the water and the oil. The downside here is
if one or the other system is running too close to the limit, as rectifying
that cannot be done independently.

“From the car'designer’s perspective, it is often easier to package an
oil/water heat exchanger than an extra cooler or two, but the water
radiators themselves will need to be larger than strictly required to
deal with the water alone, as they will also be extracting heat from the

oil, via‘the water.”

Coredesign

The amount of heat transferred to the airflow is directly proportional
to the mean temperature difference between the airflow and the
operating fluid, to the.volume of the former and to the area of
interface between the two. Clearly the mean temperature difference

is influenced by ambient temperature (and also the presence of any
other coolers upstream). The volume of airflow through the cooler is
a function of the speed at which the vehicle is operating, and is also a
function of the ducting (if any) within which the cooler is located. The
area of interface is a function of the design of the cooler [Fig. 1].

The tubes carrying the liquid coolant are normally connected to
fins to maximise the surface area from which heat is rejected while
minimising resistance to the airflow. By concentrating the liquid tubes
and air fins that comprise the core it is possible to obtain an overall
wetted area that is in the region of 100 times greater than the frontal
area of the cooler, without creating unacceptable parasitic aero drag.

When it comes to the compromise between the aero performance
of the car and the thermal efficiency of the cooler, one prominent
manufacturer remarks, “We work very hard to match the air side of
the cooler — that is, fin density, tube height and core thickness — to
the calculated air velocity of the given application. In open-wheel,
single-seater racecars, there’s typically a decent opportunity to
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design a proper duct. In full-bodied applications such as NASCAR,

the proximity of the radiator to the grill opening doesn’t allow for
adequate ductwork, therefore the air distribution across the core face
is very poor in many cases. We compensate in various ways such as fin
design and tube spacing, always trying to get the maximum of cooling
with the minimum of air velocity.”

The aerodynamic drag attributable to a given core is primarily a
function of fin density and core thickness. The louvre angle of the fin
needs to be optimised for a given application based on air speed and
the cooling requirements. Clearly, any cooler needs to be tailored to
the temperature and speed ranges of the airflow in which it will operate
— for example, the Monte Carlo Rally versus the Indianapolis 500.

All conventional race applications use aluminium brazed cores,
and the integrity of the tube-to-fin braze joint is critical in terms of the
thermal efficiency of these coolers. In terms of maximising thermal
transfer between the flow of coolant and the airstream, another critical
element is tube geometry, since that controls the velocity of the flow
through it. The flow rate is a function of the number of tubes, tube
diameter and the length of tubing. One expert remarks, “We like to
achieve the highest possible velocity to increase ‘turbulation’ (turbulent

flow) within the tube, since that greatly enhances thermal transfer.”

Materials

Traditionally, copper and brass were used to fashion coolers, right

up to the level of Formula One, but nowadays aluminium is the
favoured material [Fig. 2]. Copper and brass are thermally more
efficient than aluminium, and such coolers are easier to. modify and
repair. However, advances in aluminium brazing and fabrication have
made the aluminium cooler feasible and, compared to the equivalent
copper/brass production, it will be significantly lighter.

This is due to the superior Specific Thermal Conductivity (STC) of
aluminium, which in turn is a product of the thermal conductivity of
the material together with its density. The STC tells us-the conductivity.
per unit mass of the material. Aluminium has a thermal conductivity.of
172 W/mK compared to 384 W/mK for copper. However, copper has a
density of 8930 kg/m* compared to 2700 kg/m? for aluminium, hence
the STC of aluminium is 0.0637 compared to 0.0430 for copper.

Interestingly, graphite foamhas a thermal conductivity comparable
to that of aluminium, and so light is it, with a density of 600 kg/m?,

S

Fig. 2 — Construction of an aluminium cooler (Courtesy of Docking Engineering)
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that its STC is a remarkable 0.25. On paper, graphite foam allows
production of a water/air cooler that is significantly lighter for a
comparable size — or, even more interestingly, one that is both smaller
and lighter. The material was investigated for racecar coolers around
ten years ago but so far, to the best of our knowledge, practical
applications remain unproven. The material is brittle and we hear
that experimental graphite foam coolers produced for aerospace
applications have proved hard to seal.

Cooler types

The typical‘aluminium water/air or oil/air cooler consists of a pair of
aluminium tanks sandwiching the core, welded to its endplates. The
tanks can be one above and another below, with the coolant flowing
down through the core, or they can flank the core for a crossflow
arrangement. In the crossflow case, the coolant can flow from one side
to the other or it can flow across in one direction through the upper
half of the core and then back in the other direction through the lower
section. Such a double-pass cooler.is used where an adequate coolant
flow rate isn’t otherwise obtainable. Increasing velocity in the tubing,
it increases turbulation, to the benefit of thermal transfer.

There can also be two (or three or four) rows of tubes, one behind
the other, or with the rows of tubes offset from each other to present
more tube area to the airstream. For a given core area, this maximises
the tube length, while at the same time the coolant is flowing through
ashorter length of tube than if the same cooler had been wider and
only single-row. That shorter length reduces the pressure drop to which
the coolant is subjected.

In the case of the common tube and fin core, the coolant or
lubricant flows through tubes that run perpendicular to the fins
[Fig. 31. Tube and fin cores are easily adjustable in terms of design,
although the complex core shapes required these days for Formula
One are difficult to obtain. Typically the fin is somewhat delicate, but
a-new ‘hemmed fin’ technology has greatly increased the strength of
the leading edge of the fin, making this type of core more durable for
high-speed race applications.

Although tube and fin cores are common in racing, these days
racecars in top series often use the more expensive bar and plate type
core [Fig. 4]. These are typically fitted with a baffle to increase the

wetted area, often having a brazed internal turbulator, which adds

Fig. 3 - End detail of a crossflow tube and fin water/air cooler (Courtesy of C&R Racing)
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a great deal of strength to the tube. They offer greater heat rejection
and are more robust, but are inherently heavier and create more flow
restriction.

Says one manufacturer, “Bar and plate is conducive to shaping a core

to fit special applications. It can have internal water passage control not

Fig. 4 — Tube and fin versus plate and bar
construction (Courtesy of C&R Racing)

currently possible with tube and fin cores. The downside is the difficultly
in building these cores in a‘production environment: they are very
complex cores that are typically hand built and very expensive. In high-
speed or high-pressure applications we typically use bar and plate cores,
which can be vacuum brazed with high-magnesium alloys that create a
much stronger fin than most tube and fin designs.

“For most other applications we use a tube and fin core; those are
applications that don’t see the speed and/or pressure associated with
top-level racing. It is easier to stock inventory for a wide range of
applications using tube and fin technology.”

Plate’and bar cores often use an extruded tube design that can be
constructed with internal supports, allowing the core to withstand very
high pressures. Shorter tube spacing andhence shorter cooling fins
makes for even higher operating pressures due to the added column
strength of the fin.

“Nowadays we are tailoring our radiator cores to higher pressure,”
remarks one manufacturer, acknowledging the trend to run higher
coolant pressure to push up the boiling point and thus reduce the
cooling requirement — provided the engine can withstand the implied
running temperature increase. He adds that the next step is to sculpt
the tank that surrounds the core, following Formula One practice. “We
have developed a'better shape for what has become a pressure vessel;

it makes the radiator as.a whole lighter and more durable.”

THE PERFORMANCE,ADVANTAGE

Radtec is a highly specialized business based in the UK,
that for several years has been leading the way in
innovative design and manufacture for the motor industry.

We supply products such as radiators, intercoolers
and oil coolers to an extremely high performing level.

We also supply fuel tanks, water tanks, and dry sump
tanks and are pleased to work with customers anywhere
in the world, when it comes to design criteria on a
single purchase or batch purchase basis.

We also undertake aluminium fabrication work
for many customers and are happy to do so.

Please contact us today to discuss your needs.

Radtec Racing Radiators
Unit 4, Hemlock Park, Hyssop Close, Hawks Keen,
Cannock, Staffordshire WS11 7FU, UK
Tel: 01543 502525 Email: ki@radtec.co.uk Website: www.radtec.co.uk

The worlds leading
oil cooler specialists

Manufacturers of MIDE AL oil coolers and oil cooling
components, take offs, remote filters, thermostats etc.

Distributors of Setrab and Laminowva oil coolers.
Distributors of ﬂﬂemquip hose and fittings.

And much more.

Think Automotive Ltd
292 Worton Rd, Isleworth, Middlesex TW7 6EL
Tel: 0044 (0)208 568 1172
Email: info@thinkauto.com Website: www.thinkauto.com
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Fig. 5 — Micro-channel cooler (Courtesy of Mezzo Technologies)

An interesting departure by one manufacturer is an angled radiator
core. If a conventional core is placed not upright but canted so that
it meets the oncoming airstream at an angle — as is often the case
in racecar applications — then clearly the streamlines are forced to
change direction to pass over the tubes and fins. To keep them parallel
to the airstream when the radiator is canted, this manufacturer has
taken a stepped approach to the core. The stepping of successive layers
is arranged to provide the required degree of installation rake, while
keeping the core parallel to the airstream. It is a simple but effective
solution, which has been patented.

An alternative to the well established tube and fin, and bar-and plate
cores is the so-called ‘micro-channel” core. This consists purely of
tubes (no fins), that are less than 1T mm in outer diameter, again linking
aluminium tanks [Fig. 5]. Those tubes are made from stainless steel, and
have smooth inner and outer surfaces. This pioneering manufacturer of
water/air coolers using this type of core won the Louis Schwitzer prize
for technical innovation at the 2010 Indianapolis 500 race. Its product
was claimed to have a higher ratio of heat transfer to pressure drop than
the conventional core coolers used in IndyCar: The 2012 Dallara=spec
IndyCar is supplied with conventional coolers but the micro-channel

technology is expected to find its way into Formula One.

Oil cooling

A significant difference between oil and water coolers is in the amount
of internal pressure an oil‘cooler must withstand; it must have the
ability to withstand at least-10 bar to handle any spikes inoil pressure.
In the case of conventional oil/air coolers, another difference is the
greater need for an‘internal turbulator. It is more important to turbulate
oil than water using a finned component brazed into each tube.
However, the effect of this is to contribute to the pressure drop. As

one expert remarks, “The secret of a good oil cooler is to balance the
pressure drop against temperature drop to achieve the best result for
given parameters.”

Our-expert says, “A double-pass system is to be avoided in an oil
cooler because the longer the passage, the greater the pressure drop. |
know of a case where the designer of a works GT car specified a tube
and fin oil cooler T m wide, 100 mm high with inlet and outlet at the
same end, because he could package it more easily. He then wasted
six months of development trying to work out why the engine was not
being properly lubricated.”

Fig. 6 — Finned tubular core oil/water heat exchanger (Courtesy of Laminova)

Many off-the-shelf oil coolers used in racing are pressed plate

coolers. This method of manufacture is suited to quantity production
and is claimed to produce lightness and strength which is equal to bar
and plate, and superior to.tube and fin for comparable performance.
The downside is that they are only available in one back-to-front
measurement and relatively few widths and heights.

As mentioned above, engine oil coolers often take the form of oil/
water heat exchangers. While these can employ a conventional core
design within a sealed housing, one interesting alternative used right
up to Formula One level is the patented finned tubular core shown
in Fig. 6. In'this design the core can be envisaged as a tube with fins
projecting from.it. Normally the tube is plugged while the coolant
is channelled from one end of it to the other through longitudinal
passages within its wall. It thus flows adjacent to the many fins. It
should be noted that in this design the fins are in direct contact with
the lubricant rather than the coolant. An outer housing channels the
|ubricant over the fins, as shown.

This design allows for a high fin density, while within the space
created by the housing the arrangement of fins causes the lubricant to
have laminar flow and low velocity (for low pressure drop) as it passes
between them. Occasional ‘break up’ zones stop boundary layer growth
adversely affecting heat transfer. The laminar flow characteristics in
conjunction with the large heat transfer surface area provides excellent
heat rejection. The design is claimed to be 20% more efficient than an
oil/water heat exchanger using conventional core technology.

Clearly the unit is plugged into the engine coolant circuit, and in
applications that have a high level of flow the centre channel can be used
as a bypass for a portion of it. If plugged, that will maximise the flow of
coolant through the ‘working section’, for maximum heat exchange at
the cost of greater coolant pressure loss. Since the centre of the core is
hollow, it is possible to fit a smaller core within a larger one and thus
almost double the finned area while exploiting the same coolant through-
flow. In fact, a triple-core arrangement is occasionally used.

The manufacturer’s production technology is such that the core is
always made from aluminium, while the housing is normally of the
same material, although it does not have to be. It is the housing rather
than the core that sets the limit on oil pressure. A standard unit can
withstand up to 30 bar continuous pressure, while special housings

have been produced to withstand as much as 100 bar.
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This unique core technology can be bought without a housing,
allowing the user to combine the housing with other components
such as the engine sump for packaging reasons. This form of cooler
is widely used for both engine and transmission oil, and also for
hydraulic fluid. It is feasible to run two such cores back to back — for
example, one for engine oil, the other for transmission oil — using the

same coolant through-flow.

Charge cooling
Even the most efficient compressor increases charge temperature,
so charge cooling is integral to most applications of supercharging,
including turbo-supercharging. Air/water cooling is common in
roadcar applications. Since there are two temperature gradients — from
the charge to the coolant, then elsewhere from the coolant to the
ambient air — there is a limit to how far the charge temperature can be
reduced compared to air/air cooling. However, because the specific
heat of water is about four times that of air, the cooling element
through which the charge passes can be smaller, and it is sometimes
combined with the engine plenum to the benefit of packaging,
especially plumbing, which can thus be minimised to the benefit of
turbo lag characteristics (a significant advantage).

Of course, there is a need for a second water/air cooler as well as
a dedicated water pump to circulate the water when needed. Therein
lies the inherent limitation of this system. Normally the regular water/
air cooler is nowhere near large enough to provide the required charge
air cooling in steady-state operation. The net effect is that the outlet
temperature of the charge air is continually rising when the system
is in use. This is, however, fine for street vehicles that are driven‘at
maximum power for only a few seconds at a‘'time, followed by a long
period at low power to restore the water temperature to ambient.

The aforementioned finned tubular core technology can be used
for charge air cooling, although since this is air/water cooling it
is not common in race applications.'However, dragsterssuch as
turbocharged Pro Mod cars do use the technology. In such a short-
duration application it is normal to use iced water as the coolant,
thereby obtaining a greater charge temperature drop than is feasible
given a conventional air/air.cooler.

Race engines normally‘useair/air charge cooling since, with
a single temperature gradient, charge temperature can be further
reduced to the benefit of maximum power. Air/air charge coolers
essentially adapt conventional air/water cooler technology to handle
air rather than water internally. The nature of the charge air is such
that these coolers require a great deal of surface area and an internal
turbulator. On the side of the airstream, the design is similar to that of

water or oil coolers.
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’s products deliver superior performance in terms of increased heat transfer, reduced
’s products are also very damage tolerant, easily maintained, and reasonably priced.
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.—".'“ “H&“ 2 This report puts the powertrain into the whole car

ﬁ““*" ‘| context. Featuring input from many top Formula One

s .| technical directors and written by lan Bamsey, each

" report is a unique review of the engineering and
mechanics of contemporary Grand Prix racing cars,
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including a preview of future trends.
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This technical report looks in depth at the cars

Published every July by High Power Media under
official licence with the ACO, this report shows
you the amazing engineering and technology
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K:\’ They still use Truck arm suspension, rev counter
swesne | dials and carburettors but some of the best engineers
™™ | in all of racing are employed by today’s teams
and for them the archaic elements of the car are

a great challenge. Blending today and yesterday’s

required to race non-stop twice around the clock.
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s i Engineering a Top Fuel car that exploits 8000 bhp
e oo | for just a few vital seconds is one of the toughest
challenges in racing. This report explores in depth
the engineering of all forms of professional drag
racing, providing a fascinating insight into a
surprisingly complex technological endeavour.
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technology provides a fascinating engineering puzzle.
MOTORCYCLE race

BUY
! technology

This report explains all aspects of the performance
of top motorcycle machines. We look in depth at
the MotoGP machines as well as the Superbike
racers used in the World Superbike and AMA
Championships. We identify as never before the
keys to success in these exciting forms of racing.
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| Rally cars compete on everyday road tarmac, gravel,
= | dirt, even ice and snow so the World Rally Car has
to be very versatile. It's a 300 bhp missile that
accelerates from 0-100 kph in under 3 seconds.
The design and development of these cars has
never been more deeply analysed.
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For further information on High Power Media, Race Engine Technology, RET-Monitor.com or any of the Race Technology Reports please contact:
Kaine Ingrouille-Kidd, High Power Media Ltd, Whitfield House, Cheddar Road, Wedmore, Somerset, BS28 4EJ, England.
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