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ABSTRACT 

This paper demonstrates that efficiency and torque output of the actual Formula 1 power units depends mostly on 
the turbocharger (TC) efficiency. Compressor and turbine off-design efficiency and turbine energy recovery capability 
should be maximized to maximize the torque to fuel ratio. Since larger TCs increase turbolag, a new layout for the 
intercooler is proposed in this paper. This solution reduces turbolag and make it possible to focus on the TC efficiency as a 
thermal machine. In fact, not only the TC design choices can radically alter the efficiency of the TC itself, but also 
influence the efficiency of the ICE and of the MGU (Motor Generator Units). Energy evaluation of the TC readily exploits 
the concept.  
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Terminology 

From 2014, Formula 1 propulsion is hybrid 
thermal/electric. In addition to the ICE (Internal 
Combustion Engine) portion of the power unit, there are 
two separate and interconnected hybrid systems and three 
power producing components: the turbocharger (TC); the 
Motor Generator Unit-Kinetic (MGU-K), which recovers 
part of  the  energy normally lost under braking; the Motor 
Generator Unit-Heat (MGU-H), which recovers part of the 
energy expelled through the exhaust system; the Energy 
Store (ES); a battery that collects the energy from the 
Motor Generator Units (MGU), that would be the MGU-K 
and the MGU-H. All the units are controlled by the 
Electronic Control Unit (ECU) and its software that 
manages the entire power unit. 
 
INTRODUCTION 

All of the cars in F1 are now fitted with a 1.6 litre 
ICE. These internal combustion engines are Vee-6 600HP 
units. These ICEs are very different from the old Vee-8. 
The TC boosts the inlet manifolds to pressures that are 
more than twice the ones of the naturally aspirated Vee-8. 
Therefore, the crankshaft and pistons face massive thermal 
and mechanical stresses.  The TC uses exhaust gas energy 
primarily to increase the density of the engine intake air 
and therefore produce more power.  For this purpose, the 
TC turbine converts the exhaust energy into mechanical 
shaft power for the TC compressor. However, the shaft of 
the TC also drives the MGU-H. The TC max speed is 
limited by regulations to 100,000 rpm. The energy 
recovered from the exhaust by the MGU-H charges to the 
battery in the MGU-H or in the MGU-K. In the intentions 
of the rulers, the MGU-H should reduce the turbolag. 
Turbolag takes place when the driver gets on the throttle 
after a period of sustained braking. The energy recovered 
through the battery may later prevent the TC from slowing 
too much under braking. However, since the compressor 
should match the ICE, a pop-off valve in the intake 

manifold is necessary to prevent the engine from 
accelerating. In fact, if the MGH-K is connected to the 
engine crankshaft and not to the transmission, the 
acceleration of the engine would reduce the braking 
efficiency and would stress the transmission. Traditionally, 
the pilot changes the speeds on braking, to keep the engine 
running near the topmost torque rpm and to reduce brake 
wear. In the new Formula 1 power units the MGU-K is 
added to the ICE for a total MGU-K power that doubles 
the old KERS. In fact, MGU-K can reach up to 120 kW by 
the rules. On braking the multiple targets of maximize 
brake efficiency, maximize the MGU-K power output and 
keep the engine running at suitable rpm should be 
achieved. The problem is that the battery has thermal 
limits on recharging and the MGU-K internal temperature 
has strict limits. If the excess power drive the TC through 
the MGU-H, the ICE may produce unwanted output 
torque. In Formula 1 powerplants, a wastegate controls the 
maximum rotation speed and the boost of the TC. On the 
actual F1 power unit, also the MGU-H helps to control the 
TC speed. While the old KERS failure would cost a few 
tenth of second per lap, the MGU failure in the latest F1 
power plant would leave the car propelled only by the ICE 
and completely uncompetitive. The MGU generate 
approximately three times as much heat as the V8 KERS 
unit. The cooling of the MGU is one of the key 
performance differentiators when track temperatures 
exceed 40C. Under acceleration, the MGU-K is powered 
from the battery and MGU-H and acts as a motor to propel 
the car. In the initial phase of the acceleration, the MGU-H 
will theoretically accelerate the TC that in turn will boost 
the ICE that will close the loop on the TC producing the 
surplus power for the MGU-H that will act as a generator. 
However, the TC needs a lot of energy to accelerate, far 
more than can be outputted by the MGU-H.  MGU-H 
design is a compromise between and high-torque low-
speed motor and high-efficiency high-speed generator. 
Since the maximum fuel flow and the maximum fuel 
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available is constrained by the regulations, efficiency is of 
paramount importance. The machine that suffers most 
from the design choices is the TC. This extremely 
powerful machine may be a power surge and a massive 
power generator depending on the design choices. The 
chain effects on the ICE enhance the TC performances, 
making the difference. In fact, in Formula 1 we have seen: 
axial compressors, twin scroll compressors, axial turbines 
and many others, less evident, design choices. This paper 
will discuss the basics of the TC compressors and turbines 
and will introduce a new intercooler layout that is most 
promising for performance with reduced loss on 
efficiency. 
 
Turbine basic concepts 

In the TC a turbine is connected to a compressor. 
The main advantage of turbocharging is that exhaust 
temperature is partially recovered as useful work by the 
engine. In fact for turbines it is possible to write (1), (2), 
(3), (4) and (5): 
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Equation (1) indicates that the pressure at the 

inlet should be higher than in the outlet. So a part of the 
energy of the engine is used to move the turbine. This 
energy should be recovered in order to output more power 
than the natural aspirated engine. In an ideal adiabatic 
(isoentropic) transformation equation (2) holds. 
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In the ideal turbine the work for unit kg of 

exhaust mass is given by equations (3) and (4). Expression 
(5) is obtained by combining equation (2), (3) and (4). The 
turbine efficiency ɳt makes it possible to collimate the 
experimental results TwR with the theoretical one Tw of 
expression (4). 
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For several reasons it is better to use the 

generalized energy expression (6).  
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Equation 6 can be simplified into equation (7). 
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It is better that p3≈p5, in order to avoid excessive 

loss due to pressure. In this way the engine does not have 
to compress the hot gases into the TC turbine with a loss 
of net power output from the ICE. Therefore, the term that 
can be used for energy are the kinetic term and the 
temperature term. It is quite easy to transform the pressure 
in kinetic energy, so a pure impulsive turbine will convert 
all the pressure in velocity and into energy. The reaction 
term it is more difficult to convert, since it converts the 
temperature into mechanical work. This process needs an 
expansion of the gas inside the rotating part of the turbine.  
In order to reduce losses due to separated flow and vortex 
a relatively long flow path is required for the fluid.  In 
order to avoid excessive loss due to pressure it is better 
that p3≈p5. In this way the engine does not have to 
compress the hot gases into the TC turbine with a loss of 
net power output from the ICE. So the term Twresidual, that 
depends on pressure difference, is more or less fixed in 
piston engines with similar fuel, technology and unitary 
displacement.  So the term that can be used to improve the 
TC net power output is the reaction term of equation (7). 
The available turbine energy TW depends on the enthalpy 
difference between exhaust and external air, which is 
proportional to exhaust temperature T4. The higher the 
exhaust temperature the better for energy recovery. For 
this reason more energy is available in spark ignition 
engines than in diesel ones, in fact air to fuel ratio is 
higher in diesel than in spark ignition engines. If the intake 
pressure is higher or equal to the exhaust pressure the 
engine will have a larger of air mass flow available for 
combustion. Note that p4 an p4R can be lower than 
atmospheric pressure it if a divergent TC exhaust is used.  
Axial turbines are in general smaller than radial ones. 
However the reaction energy recovery of an axial turbine 
is smaller than a centrifugal one, unless more stages are 
used. If more stages are used, the useful work field of the 
turbine narrows and the off-design performance is 
reduced. In general, TC rarely have pure radial turbines 
are rare in the automotive applications. This is due to 
design constraints. In any case, the energy available for the 
turbine is so high, that, in pure turbocharged ICE, the 
turbine efficiency can be very low, in fact a lot of energy 
is still wasted through the exhaust. Just for an order of 
magnitude, if the exhaust temperature is T4=1050°C, the 
energy available at the exhaust for every kg of intake air 
will be (8): 
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  120045  TTCT pw       (8) 
 

While the energy necessary for the ideal adiabatic 
compression with a compression ratio of 3 is only 320 
kJ/kg. Even by considering compressor and turbine 
efficiency, the energy "wasted" through the exhaust is still 
very high. Therefore, the MGU-H has a lot of energy to 
recover and to restore to accelerate the TC afterwards. 
Turbine efficiency is extremely important in order to 
contain fuel consumption and to improve dynamic and off-
design compressor performance. 
 
Compressors 

A reasonable TC for a F1 2015 engine from the 
Garrett Catalogue may be the GT3076R of Figure-1. 
Expression (9) outputs the energy E necessary to 
accelerate it from the minimum speed of 20,000 rpm to the 
starting point of the map at 55,000 rpm.  
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The value calculated with expression (9) is 

without friction and other losses, the true figure may be 
three folds higher. Therefore, to accelerate the TC up to 
the minimum working rpm in 5/100 s it is necessary an 
average power of 46-138 kW. The battery should supply a 
huge amount of power to the MGU-H. 
 

 
 

Figure-1. GT3076R compressor map. 
 

It is then paramount to contain the polar moment 
of inertia of the TC and to start the turbine as soon as 
possible. The starting rpm of the turbine depends on the 
compressor, since the ICE works as a naturally aspirated 
unit until the compressor starts to work at the lower limit 

of the map. Due to the impossibility to design a MGU-H 
with high torque and efficiency at low and at high speed, a 
design choice should be made. To reduce fuel 
consumption, this choice is focused to maximum 
efficiency when needed. The maximum efficiency point 
depends on ICE, car, tires, circuit, environmental condition 
and pilot. This choice is most critical for good 
performance. In fact, during the 90', Ferrari had a V12 
naturally aspirated racing engine with extremely high 
speed and 5 valves per cylinder. This engine had fantastic 
power outputs, well above the V10-4 valves of the other 
cars. However, results did not come. Lap times were not in 
line with output results. The point was that it is the right 
torque curve at the right rpm that is to be sought and not 
power.  The same concept is valid for MGU-H. In this 
case, however, it is useless to try to start the TC entirely 
with electric power. The need of a substantial help from 
ICE through the TC turbine is clearly indicated by the 
output of expression (9). The best solution would be to use 
a CVT (Continuous Variable Transmission) between the 
TC and the MGU-H. In compressors, blade-to-housing gap 
is important. In racing compressors the gap is dug directly 
by the compressor blade during its work, as the 
temperature varies during the race, the gap widens and the 
efficiency varies. Generally it will decrease during with 
TC use. Compressor maps are often interpolated from a 
few points effectively measured. Therefore, the real TC 
performance is different from the one shown in 
compressor and turbine maps. Even in steady state tests 
and with an extremely refined 1D ICE model you will not 
replicate the true engine performance in every point. The 
most important consideration is that it is a static map. As 
racing cars are always in transient, this map will never be 
reached. As the pilot commands full throttle at "low" rpm, 
the TC may be at very low rpm, below the map limit or in 
a very border area. In this condition, the exhaust gases act 
on the turbine blades with a large speed/pressure 
difference, this will produce cavitation in the unloaded 
part of the blade and hot gases will flow from the high 
pressure side to the low pressure side of the turbine that 
has a significant play from its housing. Even it is not a true 
surge situation it will somehow resemble it, even if you 
are not outside the “static” maps. The net result is a very 
inefficient situation for the turbine and an increase in 
back-pressure on the exhaust; this will reduce the air mass 
flow and reduce exhaust gas speed. The TC will start to 
rotate faster, the back pressure will be reduced and the 
compressor will begin to create suction in the intake duct. 
After a while the air mass will be accelerated toward the 
compressor inlet. This process is repeated with damped 
oscillation until the stable “static” condition is reached.  
However, normally, due to continue variations of throttle 
and load, this stable condition is normally never reached, 
so transient is the normal working condition for a 
turbocharged racing car. This transient phenomenon is 
more marked when the increasing ideal-to-true TC speed 
of engine load and TC inertia. That is the most important 
factor. The net effect is that your compressor map will be 
moved to the right, with the surge line being translated and 
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the choke line remaining where it is. Therefore, your TC 
will always be too large and the maximum torque will be 
at higher rpm than calculated. When you need torque, at 
the exit of a bend on a steep climb, the dynamic 
compressor map will be moved further left, effectively 
increasing the turbolag in the time domain. These dynamic 
maps are not available and it is not easy to calculate it. 
Experimental racing data are needed to find an acceptable 
match. In other words, your TC will lazily follow your 
engine, with a retard called turbolag. Turbolag cannot be 
eliminated; it can be reduced and someway controlled, but 
not eliminated. The best way to improve the situation is to 
keep TC and engine related inertias (intake air mass) as 
low as possible. Fundamentally your TC is never too small 
and your ducts are always too long. The best thing to do it 
is to try to increase TC rotational speed. It should be noted 
that, usually, TC manufacturers take huge safety margins 
in their design. Even in case of not high safety margin, it is 
possible to redesign both the compressor and the turbine 
wheels in order to contain the inertia and increase the 
rotational speed. However, this will worsen the fluid 
dynamic and the efficiency of the compressor and of the 
turbine. Care should be taken to the surface of compressor 
and turbine, since etching is possible to improve dynamic 
behavior. Journal bearings are not a limit and they can be 
upgraded through tolerance control and surface treatments.  
Low viscosity lubricants are also beneficial as they are 
already used in racing engines for low friction. Axial flow 
compressors may be used, but the compromise between 
maximum efficiency and off-design performance (starting 
rpm-surge line) renders the design extremely critical. 
 
Intercooler arrangement 

Even if pressure losses may be extremely relevant 
in the exhaust system, the intake part of the engine is 
much more critical for the starting rpm or the compressor 
and the surge line. Racing experience proved that 
containment of volume/mass of air in the cool part of the 
ICE is important. As usual also the compressor intake is 
critical and should be optimized with CFD (Computational 
Fluid Dynamics) and tests. The classic arrangement of 
intercooler (after cooler) is depicted in Figure-2. 
 

 
 

Figure-2. Classical intercooler layout. 

However, the starting rpm of the compressor is 
critical. In fact the MGU-H proved to be insufficient to 
start the TC alone and to recover energy efficiently. In the 
'80s when the TC where not optimized for car and small 
truck applications, several solutions have been tried to 
reduce the enormous turbolag. A first classic solution was 
to introduce an auxiliary butterfly valve at the compressor 
intake. Since the compressor works with the volumetric 
flow, the introduction of a concentrated pressure drop 
increases the volume of air at entering the compressor 
wheel. This moves the working position of the max on the 
right. Within certain limits, this solution makes it possible 
to anticipate the start the air flow in the compressor that 
can easily compensate the pressure drop at the compressor 
intake. The net mass entering the engine is then increased. 
The powerful action of the turbine is anticipated. Another 
more efficient solution is to recirculate a portion of the air 
flow from the compressor to its inlet. Both these solutions 
make it possible to reduce the turbolag. The price of this 
solutions is efficiency. In addition, they are difficult to 
implement due to the tendency of the compressor to ingest 
the lubricating oil. The mass of air is reduced and the 
power output is reduced and cannot be compensated 
entirely by the over boost. An alternative also possible is 
the one depicted in Figure-3. 
 

 
 

Figure-3. Modified intercooler layout. 
 

In this case the intake air passes and cools down 
the intercooler, the hotter air with decreased density and 
increased air flow moves the working point of the 
compressor on the right or, the surge line on the right. It is 
then possible to reduce the turbolag and help the MGU-H 
to start the TC. The result is shown in figure 4 for the TC 
GT3076R of Figure-1. 
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Figure-4. working point of an F1 engine with the 
intercooler layout of Figure-3. 

 
Figure-4 shows the working point of a F1 engine 

at 10,000 rpm. The same point is reached at 11,500 rpm by 
the same engine with the traditional intercooler 
arrangement of Figure-2 (Figure-5). 
 

 
 

Figure-5. Working point with the traditional layout of 
Figure-2. 

 
Figure-4 shows the working point of a F1 engine 

at 10,000 rpm. The same point is reached at 11,500 rpm by 
the same engine with the traditional intercooler 
arrangement of Figure-2 (Figure-5). The advantage is kept 
at through the whole rpm/load range of the engine. Figure-
6 shows the same engine with the intercooler layout of 
figure-3 at 11,500 rpm. 
 

 
 

Figure-6. Engine at 11,500 rpm with the layout of 
Figure-3. 

 
With the arrangement of figure 3, the pressure 

drop at the intake is minimum and the dynamic advantage 
in terms of turbolag and power required by the MGU-H is 
conspicuous. This solution should be simulated in a circuit 
with the data of a car, but the performance is promising. 
 
Final considerations 

The load factor criteria make it possible to 
evaluate the TBO of an automotive engine from the duty 
cycle of the new application. It is then possible to evaluate 
if the engine has a sufficient TBO and suitable scheduled 
maintenance intervals. If a TBO improvement is required, 
this paper demonstrates that the experience from Formula 
1 and watercraft racing can be applied directly to assess 
and improve the aircraft/maritime conversion of 
automotive commercial engines. A direct comparison of 
the main parameters that characterizes modern CRDID 
(Common Rail Direct Injection Diesel) and Formula 1 
racing engine demonstrates that the similarities are hidden 
inside the design  criteria. In fact, CRDIDs should output 
high torque at low rpm (1000-3000rpm) while racing 
engine should have top torque at 9000-11000 rpm. This 
fact introduces much shorter strokes in racing engines that 
reduce inertia loads. Since pressures are higher for 
CRDIDs the combustion loads are similar. The techniques 
used to improve the TBO of Formula 1 spark ignition 
engine and racing watercraft diesel can then be directly 
applied to naval and aircraft engines where the low-cost 
requirements are not so stringent as in mass-produced 
automotive CRDIDs (millions of items). The same 
technology that prolongs the Formula 1 TBO from a single 
race to the whole season can then be successfully used in 
aircraft/naval CRDIDs. A quantitative assessment of the 
TBO increase is included in this paper for the various 
systems that compose a CRDID. 

It is then possible to evaluate the feasibility of the 
usage of an engine for application fields like watercrafts, 
yachts, aircarfts and helicopters. 
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CONCLUSIONS 
This paper introduces a new innovative layout for 

the intercooler in Formula 1 ERS power units. This layout 
makes it possible to use larger TC with reduced turbolag 
with a very modest reduction in efficiency. The possibility 
to use single scroll centrifugal compressor instead of twin 
scroll units reduces the internal friction, maximizing 
compressor efficiency. The displacement on the right of 
the surge line of the new intercooler displacement will 
largely compensate the increased polar inertial of the 
single scroll compressor. The axial compressor solution is 
theoretically more efficient and with less polar inertia. 
However, the poor off-design performance of axial 
compressor nullifies the improvements and keeps the 
centrifugal compressor as the best efficiency choice. The 
axial turbine has reduced polar and gas inertia. However, 
the axial turbine choice reduces the energy recovered by 
cooling the exhaust. The energy recovered by the 
centripetal turbine is then larger. Again, with the 
innovative intercooler layout introduced herein, the larger 
polar inertia moment of the centripetal turbine is 
compensated. 
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