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Abstract

Improving engine oil cooler performance - for future
vehicle applications

Joakim Palmgren, Martin Hjälm Wallborg

This thesis describes the process of improving the engine oil cooler performance for
future vehicle applications, from ideas to simulated concepts. Increasing market
expectations of high engine power, low fuel consumption and high towing capabilities
results in an ever rising pressure on the cooling system in modern cars.

The desire to prevent a future situation where the engine oil could become too hot,
formed the basis for this thesis. The thesis was performed during 10 weeks from
March to June 2015, at Volvo Car Corporation in Gothenburg. 

The working process started with literary studies where the theory behind
automotive cooling systems and heat exchangers were studied to increase the general
knowledge about the theory. Studies of engine oil, heat transfer and the overall design
of engine cooling systems were performed.

An important part was to clarify why the oil must not exceed a certain temperature
limit. This gave answers to how the oil and engine components would be affected, if
the oil did exceed the set temperature limit.

To get a clear target and measurable parameters, the goal of this thesis was defined
by estimating what the heat transfer demands could be in the future.

A competitor analysis was made to examine how and if, the competitors to VCC use
a different kind of oil cooling.

Generation of concept ideas were made continuously during the early stage of the
work process. Concepts that proved to be interesting were analysed more deeply
with performance simulations and packaging studies.

Five concepts were analysed and the performance simulations indicated that all the
presented concepts can reach the heat transfer goal set early in the process. They do
however use different methods, and meet the goal with different levels of efficiency.
All concepts are listed with their heat transfer performance results and their
advantages and disadvantages.

The concept that showed to be the most promising in an oil cooling perspective, was
to connect an additional heat exchanger in series after the current plate heat
exchanger. This is a solution which will support the current engine oil cooler by
handling the additional heat produced during certain driving scenarios. The best
concept reached a heat transfer rate of 40 kW at half the air flow required by the
second best concept. The concepts that has been presented will implicate an
alteration of the current oil cooling system design. The lack of available space in the
cars will also result in some rearranging of components in order to make space for an
additional heat exchanger.

The purpose with the concept generation is to present a good foundation from which
Volvo can base their future decisions on.
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Sammanfattning på svenska 
Detta examensarbete beskriver hur oljekylningen i framtida personbilar kan förbättras, från 

tanke till simulerade koncept. Ökande marknadskrav på hög effekt, låg bränsleförbrukning 

och hög dragkapacitet resulterar i ökad belastning på kylsystemet i moderna bilar. Viljan att 

förhindra en situation där oljetemperaturen blir för hög lade grunderna till detta 

examensarbete. Examensarbetet är genomfört under 10 veckor från Mars till Juni 2015, på 

Volvo Car Corporation i Göteborg. 

Arbetsprocessen började med litteraturstudier där bland annat teorin bakom kylsystem, och 

värmeväxlares utformning undersöktes. Målet definierades genom att ta reda på den 

önskade värmeöverföringseffekt som kan krävas i framtiden. 

En viktig del var att klargöra orsaken till varför motoroljan inte får överstiga en viss 

temperatur. Detta gav svar på hur oljan och motorkomponenterna skulle påverkas i ett fall 

där maxtemperaturen överstigs. 

Konkurrentanalyser gjordes för att undersöka hur konkurrenter till Volvo har utformat sin 

oljekylning. Idégenerering skedde kontinuerligt under arbetets tidiga skede och undersöktes 

sedan vidare. Vid konceptförslag som visat sig vara intressanta följdes en djupare analys av 

dessa i form av packningsstudier och beräkningar. 

För att nå upp till det uppskattade värmeöverföringskravet, har ett antal koncept tagits fram. 

Det koncept som visat sig vara mest gynnsamma ur ett oljekylningsperspektiv, är att 

installera en ytterligare värmeväxlare i serie efter den nuvarande plattvärmeväxlaren. 

Denna värmeväxlare kyler oljan med hjälp av fartvinden. Ett flertal andra koncept har även 

tagits fram, som också kan nå upp till den värmeöverföring som beräknas behövas i 

framtida oljesystem. 

Koncepten som tagits fram kräver en viss omkonstruktion av olje- och vattenkretsarna för 

att kunna implementeras. Syftet med konceptgenereringen är att efter djupare analyser 

kunna implementera koncepten, för att uppnå en förbättrad oljekylning i Volvos 

personbilar. 

 

 

 

 

Nyckelord: oljekylning, värmeväxling, konceptförslag, beräkning, analys 
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Nomenclature 
ACEA ....................................................... European Automobile Manufacturers Association 

CAC ............................................................................................................. Charge air cooler 

ECU ........................................................................................................... Engine control unit 

EOC .............................................................................................................. Engine oil cooler 

HP ................................................................................................................ High performance 

LT ................................................................................................................. Low temperature 

OTA .......................................................................................................................... Oil to air 

OTW ...................................................................................................................... Oil to water 

SPA ........................................................................................... Scalable product architecture 

TBV ....................................................................................................... Thermal bypass valve 

VCC .................................................................................................... Volvo Car Corporation 

VEA ............................................................................................... Volvo engine architecture 

VED ......................................................................................................... Volvo engine diesel 

VEP .......................................................................................................... Volvo engine petrol 

WTA ...................................................................................................................... Water to air 

WOT ........................................................................................................... Wide open throttle 
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1 Introduction 
This opening chapter presents background, problem description, purpose, goal and 

delimitations for the thesis.  

1.1 Background 
Volvo Car Corporation (VCC) recently introduced a new and modular engine family. It is 

called the Volvo Engine Architecture (VEA). From having engines with 4, 5, 6 and 8 

cylinders with different displacements and configurations, VCC will now implement an 

engine architecture which is based on a four cylinder and two litres engine block, Figure 

1.1. 

 

Figure 1.1: VEA Architecture. Image courtesy of VCC 

Both petrol and diesel engines will be based on the same architecture. All engines will be 

forced inducted with different combinations of turbo chargers and/or superchargers 

depending on the desired power output required. The VEA engines will be implemented on 

the whole model palette that Volvo offers, from smaller cars to large and heavy SUV’s like 

the XC90. 

To keep up with competitors and meet the market demands, VCC has to offer cars with 

higher engine power and also increased towing weights. 

To achieve high power outputs from an engine block with small displacement, the engines 

has to be tuned to a high level, delivering high power per volume numbers. 
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1.2 Problem description 
VCC has identified that they might run into problems with inadequate engine oil cooling in 

the future as the power output increases to levels significantly higher than today. The 

problems with the oil cooling can be traced back to the following reasons: 

 Increased engine power generates more heat to both the oil and engine coolant. 

 Desire to allow a higher maximum towing weight. 

 Lack of available space for components on- and around the engine limits the 

opportunities to scale up the existing system. 

The insufficient oil cooling will most likely not appear on low performance versions of the 

engine, nor in normal driving conditions. It may only occur when the cars performance is 

maximised to its limits, such as top speed driving, long and heavy accelerations or towing a 

heavy trailer uphill, that the oil cooling will be inadequate. 

 

Figure 1.2: Oil cooler heat rejection at WOT for difference VCC engines. Heat rejection rate on the y-axis 

and engine speed on the x-axis. Image courtesy of VCC 

The heat rejection to the oil in a combustion engine is directly related to the engine speed 

and load. Figure 1.2 shows the oil cooler heat rejection rate in relation to the engine speed 

at wide open throttle (WOT). The graph includes a number of older engines from VCC, 

both diesel and petrol, and shows that higher engine speed equals to higher oil cooler heat 

rejection. 
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Figure 1.3: Diesel engine power at WOT in relation to engine speed for different Volvo engines. Engine 

power on the y-axis, engine speed on the x-axis. Image courtesy of VCC 

Maximum engine power is not typically produced when towing a heavy trailer uphill. 

VCC’s diesel engines have their maximum power output at WOT around 4000 rpm, Figure 

1.3. Engine speed is usually kept lower than that when towing a trailer. The reason why the 

oil cooling can be a problem despite this, is that the vehicle speed when towing a trailer 

uphill is usually low. Lower vehicle speed means lower airflow in to the vehicles heat 

exchangers. The engine load is usually high as well. 

Table 1.1: Test results and calculated values of oil cooler heat transfer rates at WOT and full load 

Test results         
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Table 1.1 shows that the maximum heat transfer rate of the oil cooler in the current engines 

is 21 kW for the high performance petrol engine, and 26 kW for the high performance 

diesel engine. The desired power output for the future is 200+ kW for the diesel engine and 

350+ kW for the petrol engine. In order to estimate the future oil cooler power the current 

engine power was divided with the current oil cooler power. 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑒𝑛𝑔𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑖𝑙 𝑐𝑜𝑜𝑙𝑒𝑟 𝑝𝑜𝑤𝑒𝑟
= 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  

Current diesel: 
165 𝑘𝑊

26 𝑘𝑊
≈ 6,35 

Current petrol: 
225 𝑘𝑊

21 𝑘𝑊
≈ 10,7 

The dimensionless constants were then used to determine the future oil cooler power. 

𝐹𝑢𝑡𝑢𝑟𝑒 𝑒𝑛𝑔𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟

𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
= 𝐹𝑢𝑡𝑢𝑟𝑒 𝑜𝑖𝑙 𝑐𝑜𝑜𝑙𝑒𝑟 𝑝𝑜𝑤𝑒𝑟  

Future diesel: 
200+ 𝑘𝑊

6,35
≈ 40 𝑘𝑊 

Future petrol: 
350+ 𝑘𝑊

10,7
≈ 40 𝑘𝑊 

These calculations are rough due to no exact values of future engine power levels, the 

calculations are also based on that the relation between engine power and oil cooler power 

stays the same, which they may not. The future oil cooler heat rejection level is therefore 

rounded up to 40 kW. 

 

1.3 Purpose and goal 
1.3.1 Main goal 

The main goal in this report is to present a number of promising concepts of possible oil 

cooling solutions. The concepts should be dimensioned to meet the expected future heat 

levels in the engine oil. The concept suggestions will include a general technical 

description, performance calculations and packaging studies. 

1.3.2 Milestones 

In order to reach the main goal several milestones has been established and listed below: 

 Investigate and determine the amount of heat to be dispatched from the engine oil in 

the future. 

 Find the largest heat-contributors to the engine oil. 
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 Find out how competitors to VCC handle their engine oil cooling. 

 Come up with rough concepts of alternative oil cooling solutions. 

 Develop the concepts further to specifications that can handle the future demands of 

the oil cooling. 

 Benchmark the concepts against each other to find the most promising concepts. 

1.4 Delimitation 
 No physical tests will be included in the scope of this thesis. 

 The concepts are focused on engine oil cooling in diesel engines. No surrounding 

systems will be investigated. 

 No detailed design of components will be performed. 

 No exact calculation of the costs will be performed, but a rough estimate. 

 The performance and dimensioning calculations performed in the thesis will be 

simplified. 

 Only high performance versions of the VEA diesel engine will be studied. 

 Oil cooling performance calculations will be simulated for worst-case-scenarios, 

when the power output and heat generation is maximised. 

 The Volvo XC90 will act as the reference vehicle when comparing specifications 

and performance with car models from other car manufacturers. 

1.5 Disposition 
Chapter 1, the introductory part which describes the purpose of the thesis 

Chapter 2, the methods used   

Chapter 3, relevant information for deeper understanding about automotive cooling 

Chapter 4, an insight in relevant parts of the present cooling system  

Chapter 5, the implementation of the methods, from theory to calculations 

Chapter 6, discussion 

Chapter 7, conclusions 

Chapter 8, recommendations 
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2 Method 
2.1 Idea generation 
To keep an open mind and not get stuck with an existing idea, the idea generation starts at 

an early stage of the work. The generated ideas are listed together with a brief description 

of how they are intended to work. 

2.2 Information gathering 
Information needs to be gathered to get further knowledge about the oil cooling system and 

other affected areas to fully understand the task. Information from literature studies plays 

an important part as a support during the project period. 

Internal interviews with VCC employees will be important to get more specific information 

about the oil system in Volvo cars, and how it collaborates and is affected by the 

surrounding systems. 

Suppliers and companies active in the automotive cooling industry are also important 

sources of information. 

2.3 Competitor analysis 
To study how other car brands are cooling their engine oil, a competitor analysis is 

performed. Interesting cars are examined by reading car magazines, searching the internet 

and if there is an opportunity, make physical studies of actual cars. Cars with similar 

specifications as the Volvo XC90 are primarily studied, to get an accurate comparison. 

Cooling solutions from other industries are studied to see if there are ideas that could be 

implemented to the automobile industry. If anything seems interesting, this is studied 

further to see if it might be appropriate to use in a car. 

2.4 Packing studies 
Packing studies are made to determine promising locations for additional components in the 

vehicles. The packaging studies are performed in Catia V5/Siemens Teamcenter. 

2.5 Calculations 
Calculations are performed to determine if the generated ideas could perform in line with 

the goals of this report. The calculations are simulated in GT-SUITE which is a powerful 

software that can be used for heat transfer simulations. 

2.6 Concept generation 
When the most promising ideas are developed, a concept generation will be made to 

summarise the results from the calculations and packaging studies. Advantages and 
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disadvantages for all the concepts are listed and the concepts are compared with each other. 

The concepts will have a clear description and the prerequisite for the success of each 

concept should be evident. 

3 Theory 
3.1 Automotive cooling system 
A cooling system is necessary in a car for the components not to overheat. An effective 

cooling system also gives the advantages of reducing the fuel consumption, retaining the 

strength of the components, prevents wear caused by friction between piston and cylinder, 

prevents high-temperature corrosions and reduces exhaust emission. An automobile cooling 

system is also responsible for the heating of the passanger space in a car. Virtually all cars 

produced today have liquid cooled systems. In the earlier years of the automobile it was not 

uncommon with air cooled engines. Due to increased power output, and therefore increased 

heat energy, air cooled engines has almost disappeared from the marked today. The heat 

produced in a liquid cooled engine will ultimately be dispatched into the air, the difference 

to an air cooled engine is that the heat is dispatched into the air indirectly.  

A large proportion of the energy in the fuel is converted into heat, usually 65-75 %, and 

almost half of the heat generated is being passed out by the exhaust gases. The remaining 

heat generated from the combustion is being taken care of by the coolant and the oil. 

A water pump transports the coolant between the engine block and and the radiator, Figure 

3.11, and to other components that needs cooling/heat. The engine block and head contains 

a water jacket where the coolant circulates, Figure 3.22. 

 

Figure 3.1: Liquid cooling circuit in a car 

                                                 
1 Behr Hella Service, Cooling, www.behrhellaservice.com (2015-05-26) 
2 Mollenhauer, Tschöke (2010), page 293 
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A radiator is placed in the front of the car. Ambient air that flows through the radiator 

transfer heat from the liquid, usually a 50/50 water-glycole mix, which lowers the 

temperature of the coolant. The radiator is typically a tube and fine type heat exchanger. 

 

Figure 3.2: Diesel engine coolant jacket 

In order to get an adequate airflow through the radiator in low vehicle speeds a fan is 

mounted to the radiator. The purpose of the fan is to supply as good airflow as possible, at 

the same time as the noise level doesn’t exceed the noise level demands.  

It is usually electrically powered and mounted on the radiator side facing the engine, 

making it pull the air through the radiator.3 

A thermostat is located in a cooling system to keep an optimal temperature. A thermostat 

regulates the temperature by adjusting the amount of water that goes through the radiator.  

3.2 Automotive engine oil system 
The main purpose of the oil system is to lubricate moving parts in the engine, preventing 

premature wear of bearings, shafts etc. The engine oil also cool some of the components 

which are not possible to cool with water, protect components against corrosion, clean 

surfaces and transport contamination particles to the oil filter. 

3.2.1 Function and flow path 

A typical lubrication circuit for an automobile engine is showed in Figure 3.34. An oil 

pump draws oil from the oil sump through a tube and pumps the oil through a filter to clean 

the oil. Usually there is a pressure relief valve after the pump to control the oil pressure in 

the engine. The valve can route oil directly back to the sump or the pump inlet and in that 

way regulate the pressure in the lubrication channels. The oil travels in channels usually 

cast in the engine block and head. Cross-drillings supply oil from the channels to the main 

bearings and camshaft bearings. Drillings in the crankshaft supply oil to the connecting-rod 

                                                 
3 Mollenhauer, Tschöke (2010), page 291-294 
4 Hoag, 2006, page 146 
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bearings. More passages supply oil to other moving parts in the engine. The oil is gravity-

fed back to the pump from each lubricated surface. Turbochargers are also supplied with 

oil, usually via external pipes or hoses, in order to lubricate the shaft bearings in the 

turbochargers.5 

 

Figure 3.3: Lubrication circuit in a four-cylinder engine 

3.2.2 Components 

Oil coolers 

Oil coolers can be designed either as air-cooled or liquid-cooled, depending on the 

application of the vehicle that they are cooling. They are usually made out of aluminium, 

with its high heat transfer and low weight. OTA coolers are often found in the front of the 

car for a good airflow into the cooler. Oil to water (OTW) coolers does not need an airflow 

and can be placed anywhere. They are often found attached to the engine block or the oil 

sump.6 

Engine oil 

The main function of the oil is to lubricate and cool the components in the engine. It also 

seal between components it flows through, lowers the sound levels, protects against 

corrosion and removes wear from bearings. The oil is very much affected by the 

temperature and at high temperatures, the viscosity decrease. The optimal oil has good 

lubrication properties at both low and high temperatures and has a low viscosity with the 

minimum friction losses. Which oil that’s suitable to an engine depends of the engine typ, 

power output and many other factors. In modern engine oils, 75 to 85 percent of the oil 

volume consists of the lubricant base stock. The base stock could be refined directly from 

crude oil, or in the case of a synthetic lubricant, created through chemical processing. The 

rest of the oil consists of an additive package. There are many different additive packages 

and the one used in a specific oil depends on the desired properties of that oil. The purpose 

of the additives is to improve the performance of the oil and there are many different 

                                                 
5 Hoag, 2006, page 145-146 
6 Mollenhauer, Tschöke (2010), page 324-326 
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additives. Anti-corrosion, anti-wear, viscosity index improvers and antioxidants are 

common additives used in engine oils.7 

Oil filter 

 

 

The oil filter, Figure 3.48, is placed the oil circuit in order to 

catch particles that might emerge from the combustion process and cause wear in bearings 

etc. The oil filter consists of a filter material and a metal housing with in-and outlets for the 

oil. The oil filter is usually placed closed to the oil sump, under the engine block, but this 

can vary depending on the engine room packaging. The oil is being fed to the housing inlet, 

where it flows from the outside to the inside of the oil filter, where the eventual dirt 

particles gets stuck in the filter material. The oil then leaves the oil filter to flows back in to 

the engine.9 

3.2.3 Heat transfer to engine-oil 

The main sources of heat transfer to the engine oil in an internal combustion engine are the 

pistons, friction between moving parts and the turbocharger. The pistons are the only oil-

cooled components in the engine that takes up heat directly from the combustion process. 

When the fuel in the combustion chamber is ignited some of the energy is converted to 

mechanical energy when the piston is forced down. A big portion of the remaining heat is 

dissipated into the exhaust gas, and evacuated from the combustion chamber via the 

exhaust valve.10 The rest of the heat is transferred, through convection and radiation, to the 

parts that are next to the combustion chamber. The main components which make up the 

combustion chamber, and therefore take up the heat from it, are the cylinder head, the 

                                                 
7 Hoag, 2006, page 142-143 
8 Mollenhauer, 2010, page 373 
9 Mollenhauer, 2010, page 376 
10 Mahle GmbH. 2012, page 83 

Figure 3.4: Engine oil filter with 

housing and oil cooler 
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cylinder block and the pistons, Figure 3.511. The cylinder head and the cylinder block are 

cooled by the water cooling system while the pistons are cooled by the engine oil. 

 

Figure 3.5: Cross section of engine cylinder. Image from www.britannica.com 

  

Figure 3.6: Petrol engine piston 

 

Figure 3.7: Diesel engine piston 

Petrol and diesel engine piston design 

                                                 
11 Internal-combustion engine. www.britannica.com (2015-06-09) 

http://www.britannica.com/
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As seen in Figure 3.612 and Figure 3.713 pistons in diesel engines has a different shape on 

the top compared to the piston in a petrol engine. This is because the combustion chamber 

bowl is located in the piston crown on a diesel piston. The crown of a petrol engine piston 

is usually flat, slightly sunken or with outtakes for the valves. 

Heat transfer into pistons 

The combustion in a petrol engine is initiated when the spark plug ignites the fuel-air 

mixture. The flame front will therefore expend evenly in all directions, starting from the 

spark plug, Figure 3.8.14 The temperature field in the piston will consequently be even, 

forming a gradient from the combustion chamber side, to the crank case side of the piston. 

Since diesel engines are compression ignited, initiated by the high temperature in the 

combustion chamber, the flame front will begin in the area of the injection nozzle. Several 

flame fronts in the form of lobes will run along the injection streams of fuel towards the 

surfaces enclosing the combustion chamber. The temperature field in the piston will be 

nonuniform. 

 

 

Figure 3.8: Ignition in a petrol- and diesel cylinder 

Because of the different piston geometries and combustion processes, diesel- and petrol 

engines will experience different temperature profiles, Figure 3.915. 

                                                 
12 Mahle (2012) page 11 
13 Mahle (2012) page 15 
14 www.web.mit.edu (2015-03-30) 
15 Mahle (2012) page 85 

http://www.web.mit.edu/
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Figure 3.9: Piston temperature profiles 

Pistons for diesel engines experience the highest temperatures on the combustion bowl 

rims, this is also where the centre of the combustion lobes hits the piston. The temperature 

drops evenly toward the centre of the bowl and toward the outer edge of the piston. The 

appearance of the temperature profile is largely determined by the orientation, number, and 

angle of the injector holes, and also by the injection pressure, time and geometry, and the 

piston’s combustion bowl geometry. The temperature profile for a petrol piston typically 

experience its maximum temperature at the centre of the piston. The temperature drops 

evenly toward the edge of the piston. 

When the piston is exposed to thermal loads which results in a temperature profile in the 

piston, several negative effects will occur which could affect the piston function and in 

extreme cases, lead to component failure. Thermally induced deformations and effect on 

material strength are two effects that could be traced back to nonhomogeneous temperature 

distribution in the piston.16 

3.2.4 Piston cooling 

The thermal load in a piston can only be increased to a certain extent before the piston 

material starts to lose its fatigue strength. Piston cooling is therefore a standard feature in 

today’s engines with constantly increasing power outputs. 

Spray jet cooling 

The simplest way of cooling a piston with engine oil is to mount a spray nozzle underneath 

the piston, the nozzle is connected to the engine oil system and will spray oil at a wide 

angle into the bottom of the piston, Figure 3.10. Spray jet cooling is mostly used in petrol 

engines and lower performance diesel engines. 

                                                 
16 Mahle (2012) page 83-87 
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Figure 3.10: Spray jet cooling. Image from Mahle 

Pistons with cooling channels 

When more cooling is required, common for pistons in high performance diesel engines, 

pistons with a cooling gallery are used. The cooling gallery is a ring-shaped cavity inside 

the piston. The cavity is created by casting the piston around a salt core, the salt is then 

washed away with water after the casting process. The oil nozzle sprays a concentrated oil 

jet into an inlet in the piston, Figure 3.11, creating an oil flow inside the cooling gallery 

which transfers heat from the piston to the oil.17 

 

Figure 3.11: Channel cooling. Image from Mahle 

Heat flows in pistons 

Figure 3.12 clearly shows how the type of piston cooling affects the heat transfer in the 

piston. Both pistons experience the same amount of total heat energy.  

The left figure shows a piston cooled with spray jet where 56-64 % of the heat is dispatched 

through the sides of the piston into the cylinder wall. This heat will eventually be taken up 

by the water in the engine cooling system. 36-44 % of the heat is transferred to the oil from 

the jet cooling, and to the surrounding air in the crankcase. 

The right figure shows a piston with a cooling channel where a significantly less amount of 

the heat energy is transferred to the cylinder walls, around 30-33 %. The oil in the coolant 

                                                 
17 Mollenhauer, 2010, page 273-274 
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channel takes up 48-51 % and the rest, 16-22 % is transferred to the surrounding air and oil 

in the crankcase.18 

 

Figure 3.12: Heat flows and temperatures in a piston depending on cooling design 

 

3.3 Heat exchangers 
A basic explanation for how a heat exchanger functions is that one warm and one cold 

medium flows close to each other, with a surface between them. The warm medium 

transfers thermal energy to the cold medium. This makes the cold medium warmer and the 

warm medium colder, and therefore a heat exchange has been made. This is a method to 

exchange heat between two mediums without mixing them. The heat transfer in a heat 

exchanger depends on the following aspects: 

 The type of heat exchanger, material and design.  

 Thermal conductivity of the flowing mediums in the heat exchanger. 

 Difference in temperature for the two mediums. 

 Mass flow to the heat exchanger inlets. 

 Turbulence or laminar flow in the mediums. 

3.3.1 Plate heat exchanger 

A plate heat exchanger transfer heat between two mediums through indirect contact. It is an 

efficient heat exchanger that can withstand a wide range of pressures and temperatures. The 

plate heat exchanger is optimal for heat exchanging with low viscosity fluids. For an engine 

oil cooler (EOC), it is made of brazed plates to manage the pressure that might occur in the 

system. Each medium in the plate heat exchanger flows in every other of the thin gaps 

between the plates.  

                                                 
18 Mahle (2012) page 88-96 
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The plate heat exchanger has the following advantages: 

 It can be fit within a small physical space, making the packaging easier. 

 Can easily be optimized for different applications by changing the dimension of the 

plates and the design of the pattern. 

 The plates are thin, which is beneficial for heat transfer. With a thinner surface 

between the fluids, the heat has to transfers a shorter distance between the material. 

 More efficient heat transfer is gained because of the small gap between the plates, 

which contributes to a large surface area relative to the flowing volume.  

 

The material of the plate heat exchanger is almost exclusively aluminium. Aluminium has 

got the advantages of a high thermal conductivity, a relatively low price and a low weight.19 

By letting the surface of the plates have a corrugated pattern, a better heat transfer can be 

achieved. The pattern in Figure 3.1320, is a common plate pattern and can vary depending 

on the so called chevron angle. The chevron angle cause a turbulent flow for the fluids, 

which gives a more efficient heat transfer but also a higher pressure drop.21 

 

 

Instead of the corrugated pattern, there are plate heat exchangers designed with turbulators. 

These plates often have a plane surface with a net of metal between them, to create 

turbulence.22  

3.3.2 Plate and fin 

Plate and fin heat exchangers, are common in the aerospace industry. They are used in 

helicopters and airplanes due to their compact measurements, low weight and high heat 

transfer capacity in relation to their size. They are also used during oxygen production, oil 

refining and in land vehicles. They are, similar to plate heat exchangers, built by stacking a 

number of plates on top of each other which forms channels in between each plate. The big 

difference to a regular plate heat exchanger is the corrugated fins located in between each 

plate. The fins increase the contact area between the heat exchanger and the fluids.23 

                                                 
19 The theory behind heat transfer, Plate heat exchangers. www.alfalaval.com (2015-04-20) 
20 Wassertech (2015-04-21) 
21 Chalmers University of technology. (2012). Page 4-1 to 4-10 
22 Enström, A. (2015) Volvo Trucks AB, Göteborg (Verbal information) 
23 Gregory, E.J. Plate fin heat exchangers. www.thermopedia.com (2015-03-29)  

Figure 3.13: Chevron angles on 

plates 

http://www.alfalaval.com/
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The performance of a plate and fin heat exchanger is largely determined by the geometry of 

the fins. There are a number of different fin geometries where the geometry with 

overlapped separated fins, Figure 3.1424 achieves the most efficient heat transfer. 

 

Figure 3.14: Overlapped separated fins 

3.3.3 Shell and tube heat exchanger 

The shell and tube heat exchanger is used as a liquid-to-liquid heat exchanger. It is one of 

the most common heat exchangers because of its simple design. 

The shell and tube heat exchanger consists of a number of tubes inside a shell. One of the 

liquid flows in the tubes, and the other flows around the tubes in the shell. The liquid flows 

between the in-and outlets, connected to tanks in the front and the rear. The position of the 

in-and outlet and the flow direction vary from different types of shell and tube heat 

exchangers. The shell and tube heat exchanger cannot be found on today’s personal 

vehicles, but instead in larger applications like power plants as a condenser.25 

3.3.4 Spiral heat exchanger 

The spiral heat exchanger has a medium flowing though tubes in a circular motion. The 

heat exchanger is made of two adjacent tubes with a rectangular profile in a spiral shape.  

Because of the spiral shaped design, the heat exchanger obtains a relatively high flow at 

both high and low velocities with low viscosity fluids, compared to heat exchangers with 

straight tubes. The reason for this is the centrifugal force that occurs for the liquids. 

Currently its most common use is for high viscosity fluids with no requirement of purity.26 

3.3.5 Tube and fin heat exchanger 

The tube and fin heat exchanger, often called radiator, can be found in the front of a 

vehicle, where good airflow is attained. It’s efficient both from cost- and heat transfer 

aspect. The principle for the tube and fin heat exchanger is that a hot liquid flows inside its 

tubes and transfers its thermal energy to the ambient air. When the air hits the area of the 

thin fins, the liquid is being cooled and the air streams out from its other end. The 

efficiency of the radiator depends mostly of its size and therefore which area that allows to 

be cooled by the air. Other aspects like material and placement also effects the efficiency. 

There are two main types of tube and heat exchangers. The most common type consists of 

corrugated plates placed between every other tubes, designed in a zigzag pattern that are 

                                                 
24 Fchart (2015) www.fchart.com (2015-05-27) 
25 Brogan, R.J. Thermopedia, Shell and tube heat exchangers, www.thermopedia.com (2015-05-26) 
26 Li, Q. Flamant, G. Yuan, X. Neveu, P. Luo, L. (2011) 

http://www.fchart.com/
http://www.thermopedia.com/
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attached to oblong tubes. The number of rows of tubes can vary depending on the size of 

the heat exchanger. 

The other type of tube and fin heat exchanger consists of tubes pushed through thin plates. 

The plates in this type are plain and stacked on top of each other on height, with a small gap 

between every plate for the air to flow through. 

In- and outlets of the tube and fin heat exchanger are placed either on the sides or on the top 

and bottom. There are tanks placed by the in- and outlets where the liquid distributes to the 

channels. The hot liquid flows from to the heat exchanger, distributes in the inlet tank to the 

channels, transports through the tubes while transferring heat to the air and then flows to 

the outlet.27 

3.3.6 Laminar and turbulent flow 

Which kind of flow a fluid have in a heat exchanger depend on the so called Reynolds 

number. The Reynolds number is a dimensionless number which effects by the viscosity, 

velocity and the flow path of the fluid. There are in general two sorts of flows, the laminar 

and the turbulent flow. For laminar flow, the streamlines are straight and follows the walls 

of the tube. Because of the friction by the walls, the velocity is higher in the middle on the 

tube. It is called laminar flow when the Reynolds number is below 2000. 

Turbulent flow occur when the Reynolds number is above 4000. Turbulence is a state of the 

fluid where it flows irregularly with fast, shifting directions inside the tube. This increases 

the contact between the molecules in the fluid and the walls for a specific time interval. 

The turbulent flow is optimal for heat exchanging because of its behaviour in the fluid. 

Since the fluid behave the way it does in this state, a greater heat transfer effect per volume 

can be achieved. The purpose for the corrugated flow of the plates is to create a turbulent 

flow.  

  

                                                 
27 Auto radiators 101. www.1auto.com. (2015-04-10) 

http://www.1auto.com/
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3.3.7 Heat exchanger material 

Table 3.1: Thermal Conductivity of metals 

Thermal conductivity W/(mK) 

Material 25°C 125°C 

Silver 406 430 

Copper 401 400 

Gold 310 312 

Aluminium 205 215 

Iron 80 68 

Carbon 54 51 

Stainless Steel 16 17 

Copper-brass 

Tube and fin exchanger made of copper and brass were formerly often used. Copper has 

high thermal conductivity28, strength, easy to process and is resistant to corrosion. 

 Aluminium 

Aluminium is the most common material in heat exchangers in present. Despite that 

aluminium doesn’t have as high thermal conductivity as copper, it’s still got a high value 

compared to other metals. Aluminium has its advantages in price and weight compared to 

the copper heat exchangers. Aluminium was from the beginning used for racing 

applications due to its low weight, but later on became more usual on personal vehicles and 

replaced the copper heat exchangers. 

Plastic 

Plastic has got a very low thermal conductivity and is not used in the heat exchanger core, it 

is instead used for the tanks on the sides. The low weight of the plastic is an advantage over 

metals, problems might however occur when the temperature constantly goes up and down. 

This can create cracks in the plastic, which leads to leakage.29  

                                                 
28 Engineering Toolbox, thermodynamics, www.engineeringtoolbox.com (2015-05-08) 
29 1aauto. Articles, www.1aauto.com (2015-05-26) 

http://www.engineeringtoolbox.com/
http://www.1aauto.com/
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3.4 Cooling in other industries 
In search for cooling solutions, other industries has been studied for propositions of 

improved oil cooling. 

3.4.1 Volvo Trucks AB 

 

Figure 3.15: Volvo trucks EOC 

Volvo trucks have an oil cooling system similar to the one found in VCC’s cars. They use a 

counterflow plate heat exchanger as EOC, Figure 3.1530, which transfers heat from the oil 

to the water. The water is fed directly from the engine radiator and holds a maximum 

temperature of 103 °C when entering the EOC. The dimensions of the EOC used is 

significantly larger compared to the one used by VCC, around 350 x 120 x 80 mm. It’s 

made out of stainless steel and consists of 10 plates stacked on top of each other. The 

reason that stainless steel is used for the EOCs, even though the heat transfer rate is 

significantly lower compared to aluminium, is because the demand on strength and 

durability. Stainless steel is less prone to corrode compared to aluminium and is therefore a 

better choice for Volvo Trucks. The EOC used by Volvo trucks must last at least for 1 000 

000 kilometres of driving without being replaced, the demands for cars are not as high. 

The inferior heat transfer properties for stainless steel is compensated by a larger EOC size 

and higher oil- and coolant flows. 

All of the inlet water for a Volvo truck EOC is fed directly from the engine radiator before 

it circulates to the engine. The oil pumped into the EOC has a bypass valve to regulate 

when the oil needs cooling. The oil pressure is regulated by the engine speed and varies 

from 2-4 Bar. The oil used is a 50/50 mineral and synthetic oil and the total oil volume of 

the system is 33 l.  

There is a turbulator between each plate in the EOC that transforms the flow from laminar 

to turbulent. The turbulators also increases the strength of the EOC, helping it withstand 

high pressures. The plates are brazed together with a copper alloy, which is located between 

the plates and the turbulators.  

                                                 
30 http://pitstoptts.com/609-thickbox_default/volvo-truck-oil-cooler-20742946.jpg 
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Titan X is the supplier of EOC’s for Volvo trucks, and has been so for many years. The 

overall design of the EOC has not changed markedly throughout the years, only the pattern 

of the turbulators. The heat transfer at maximum load for the EOCs is 43-45 kW, at an 

engine speed of 1800 rpm. The maximum oil temperature is 128 °C and the maximum 

water temperature is 104°C.  

Oil flow: 140 l/min 

Water flow: 400 l/min 

Pressure drop of oil at 140 l/min: 1, 5 Bar.31, 32 

Even though the Volvo trucks can have a significant higher load than cars, the heat transfer 

of the EOC is relatively similar to the cooling demands of a car. The possible reason for 

this is that the truck engine doesn’t dispatch as much heat to the oil as the Volvo car and 

therefore got a relatively low heat transfer in the oil cooler. 

3.4.2 Formula 1 

 

 

The cooling system in the formula 1 cars does not differ much from a regular car. The 

difference is instead the placements of the air-to-fluid heat exchangers. It can be placed 

slightly behind the driver on each side of the car, but not every formula 1 car has the same 

radiator placing. The cars take advantage of the aerodynamics to get a good flow into the 

radiators, Figure 3.1633.   

                                                 
31 Enström, A. (2015) Volvo Trucks AB, Göteborg (Verbal information) 

32 Horn, M. (2015) Volvo Trucks AB, Göteborg (Verbal information) 

33 http://cdn.ttgtmedia.com/rms/computerweekly/photogalleries/235399/881_20_renault-f1-engine-cooling-

system.jpg 

Figure 3.16 Airflow on formula 1 car 
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The air intake above the drivers head are not for cooling, but for air intake to the 

combustion chamber to mix with the fuel. 34 

3.4.3 Diesel engine GM locomotive 

To keep the right temperature of the locomotive engine it has a water cooling system. 

Similar to cars, the engine has coolant flowing in engine block channels for cooling. The 

coolant is cooled by radiators, placed on different locations on the vehicle depending on the 

train. 

The oil is used for lubrication and cooling. At each cylinder in the engine there is a stream 

of oil spraying the insides of the pistons, allowing the oil to transfer heat away from the 

pistons.  

The oil cooler is placed by the engine. The placements of the radiators varies for 

locomotives, but except for placement in the rear, Figure 3.1735, they can be placed at the 

front, under the floor or on the rooftop. 36 

Table 3.2: Specifications of the GM locomotive 

 

 

 

 

 

 

 

Figure 3.17:  Picture of the rear of the GM locomotive. 

8) Shows the radiators and fans, 9) shows the the engine  

3.4.4 Computers 

The temperature in a computer can reach high levels and needs to be cooled for the 

components not to be burned. Components that needs cooling can use heat sinks, heat pipes 

and fans for cooling. 

                                                 
34 De Groote, S. (2009) Formula one engines, F1 Technical, www.f1technical.net (2015-04-03) 

35 www.indianrailways.gov.in (2015-04-05) 
36 www.indianrailways.gov.in (2015-04-05) 

GM locomotive 

specifications   

Engine model 710G3B 

Displacement [cm^3] 186160 

Number of cylinders 16 

Oil volume 950 

Fuel Diesel 

Max power [kW] (hp) 

2983 

(4000) 

At rpm 904 

kW/1000 cm^3 16 

http://www.indianrailways.gov.in/
http://www.indianrailways.gov.in/
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Heat pipes are metal pipes with a coolant circulating inside of it. The heat pipe is connected 

with one end at a hot location and the other end at a colder location. The circulation does 

not need a pump, but is being moved 

by the coolant evaporating and 

condensing. As the hot side is exposed 

to heat, the coolant will heat up and 

turn into vapour which changes its 

density.  This creates movement in the 

molecules which makes the hot 

vapour flow to the colder area, cooling 

it and forcing the evaporated coolant 

back to the hot area.37 

The graph in Figure 3.1838shows the 

heat transfer from one heat pipe at 

different temperatures 

  

                                                 
37 http://odm.coolermaster.com/manufacture.php?page_id=8 
38 http://www.1-act.com/resources/heat-pipe-calculator/ 

Figure 3.18: Heat transfer from heat pipe 
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4 Situation analysis 
4.1 Description of the oil cooling on the VEA-engine 

4.1.1 VEA engine oil cooling 

The role of the oil cooling system in VCC’s VEA-engines is to keep the oil temperature on 

such a level where the oil can perform its main task to lubricate components in the engine. 

The oil is stored in the oil sump at the bottom of the engine, it is pumped from the sump, 

through the oil filter and the EOC before going in to the engine, Figure 4.1. No water is 

circulated through the EOC during cold-starts in order for the oil to reach its working 

temperature as fast as possible. When the oil has reached a certain temperature, coolant 

starts flowing through the EOC. This regulation is controlled with a bypass valve. 39 

The water side of the EOC is fed with coolant from the engine radiator located in the front 

of the vehicle.40 

 

Figure 4.1: VEA oil cooling system 

  

                                                 
39 Internal document. (2015). Volvo Car Corporation 
40 Internal document. (2015). Volvo Car Corporation 
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4.1.2 Components 

Oil cooler 

 

Figure 4.2: VEA engine oil cooler 

The VEA EOC, Figure 4.2, is a plate heat exchanger consisting of 53 aluminium plates 

brazed together. The flow is of counter flow type and the 53 plates results in 26 channels 

for oil and water respectively. The EOC is located on the lower front side of the engine, 

facing the front of the car. The inlet and outlet for the oil are connected directly to the oil 

sump with a sealed flange joint. The water side of the EOC is connected to the radiator and 

the pump with hoses. The aluminium plates has a punched chevron-pattern to increase the 

turbulence of the fluids, and to give a larger surface area facing the fluids. Depending on 

the engine’s cooling needs there are currently two versions of the EOC. The main 

differences between them are the number of plates, the distance between the plates and the 

height of the chevron-pattern. The dimensions are 140x70 mm (LxW) and the height differs 

depending on the EOC-model. 

The EOC dedicated for lower performance engines has a chevron pitch of 1,4 mm and 

consists of 34 channels. 

The EOC dedicated for high performance engines has a chevron pitch of 1,0 mm and 

consists of 52 channels.41 

  

                                                 
41 Petersén, L. (2015) Cooling system, Volvo Car Corporation, Göteborg (Verbal information) 
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Pump 

 

Figure 4.3: VEA engine oil pump 

The current oil pump, Figure 4.3, is powered by a chain directly from the engine crank 

shaft, it is fully adjustable and can therefore vary the oil pressure depending on the current 

needs. The pump is regulated electronically after a large number of parameters. Engine 

torque, engine rpm and temperatures are some of the parameters which affects the 

regulating of the pump. However, VCC has discovered that it is problematic to utilise all 

the benefits that a fully adjustable pump can give. In an ideal case, the oil pressure is 

regulated continuously in order to supply the engine and its components with the currently 

most optimal oil pressure. The biggest benefit coming from such an accurate regulation is 

that the pump never has to use more power than needed, which improves the efficiency of 

the engine. Such a solution does however require that the software developers designing the 

control system can anticipate all the different cases that the engine can be exposed to, and 

successfully be able to adjust accordingly. 

There are a large number of cases that must be taken in to consideration when designing the 

control system. If not, there is a risk that the engine receives a too low oil pressure and 

components can be harmed. Because of this, VCC does not fully take advantage of the 

pump’s possibilities. To avoid the risk of too low oil pressure they regulate the oil pressure 

in larger steps, where each step always has some overcapacity to be on the safe side.42 

4.1.3 Piston cooling 

As seen in Table 1.1 the proportion of the total thermal energy going to the oil is larger in 

the diesel engines compared to in petrol engines. The VEA engines have a piston with a 

cooling channel for their diesel versions, and a conventional piston with spray jet cooling 

for their petrol engines, described generally in the theory chapter. The more efficient piston 

channel cooling is most likely one of the factors behind the larger proportion of the heat 

going to the oil in the diesel engines. Since the piston cooling is the largest contributor of 

                                                 
42 Johansson, D. (2015) Oil system, Volvo Car Corporation. (Verbal information) 
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heat to the oil a more efficient piston cooling will affect the overall heat transfer to the oil 

significantly.43 

4.2 Air pressure on a vehicle in movement 
All the heat produced in a combustion engine will eventually be transferred to the ambient 

air. In the case of the heat taken up by the engine coolant and the oil the heat will be 

transferred to the air using liquid to air heat exchangers. In order to achieve a good air flow 

through the heat exchangers, it is desirable that the air inlet is located at a position where 

there is a larger air pressure when the car is moving, compared to the air outlet. The highest 

air pressure is found where the car hits the air flow at a perpendicular angle, usually the 

front of the car, depending on the car design. The lowest air pressures can be found in the 

wheel houses and underneath the car.44 

4.3 Wheelhouse cooler 
The wheelhouse radiators receives an air 

flow from the outside air through the 

sides of the front bumper. The air flows 

through the radiator and cools the water 

inside of it. When the air has passed 

through, it will continue to flow to the 

wheel arch and then out. Therefore there 

are openings in the front of the wheel 

arch to allow the hot air to flow out. 

The wheelhouse cooler, Figure 4.4, has 

been tested on the 2015 Volvo XC90 

hybrid model. The hybrid is powered by 

both petrol and electrical engines. The 

radiator is a low temperature radiator with the total dimensions of: 223x263x19 (mm). It 

also has a fan attached in front of it, close to the front bumper.  

The purpose of the cooler is to cool the batteries for the electrical engine placed by the rear 

axle of the car. It is mounted behind the front bumper on the right side, allowing air to flow 

through the air intake and out from the wheel arch. The coolant then circulates to the 

batteries placed in the transmission tunnel. 

  

                                                 
43 Bovo, M (2015). Volvo Car Corporation. (Verbal information) 
44 Sällström, E (2015). Analysis Engineer, Aerodynamics, Volvo Car Corporation. (Verbal information) 

Figure 4.4: Wheelhouse cooler 
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4.4 Oil system temperature 
It is important to keep the optimal oil temperature in the oil system. If the temperature 

excess the predefined temperature, the engine will be affected. When the oil temperature 

gets higher, the temperature of the coolant will rise from the outlet of the heat exchanger. 

This leads to a higher temperature in the whole cooling system which is affecting the 

engine. 

On earlier cars the allowed oil temperature were markedly lower than today. Earlier the oils 

used were one hundred percent mineral oil, but after starting to mix synthetic oil with it, 

and today using only synthetic oils, the allowed temperature became a lot higher. The 

reason that the mineral oil did not manage the high temperature were because it started to 

break down at the high temperatures and therefore losing its properties. 

The engine oil that VCC use is a fully synthetic oil manufactured by Castrol, which has a 

viscosity class of SAE 0W20. When VCC introduced their latest engine generation, VEA, 

they switched from 0W30 to 0W20 to reduce friction in the engine. The oil is manufactured 

according to the European Automobile Manufacturers Association (ACEA) C2-standard 

and VCC use the same oil in both diesel en petrol engines, for all power levels. 45 

The maximum oil temperature set by VCC is around 150 °C. The oil itself can however 

handle higher temperatures before it starts to break down. Tests performed by Castrol 

shows that the oil can withstand a temperature of around 170 °C for six hours, before the 

additives in the oil starts to react and break down. The maximum temperature of around 

150 °C is set by VCC because the kinematic viscosity of the oil becomes too low at 

temperatures above that. Appendix 9 shows the viscosity of the oil at a temperature range 

from 10 to 150 °C, and also with different shares of B10 (diesel + 10% biodiesel) mixed 

with the oil. A high share of fuel in the oil typically occurs in engines where the oil rarely 

reaches its working temperature, preventing the fuel in the oil from evaporating. This can 

be seen in cars where the customer mostly drives short distances. Diesel has a lower 

viscosity compared to engine oil, and therefore the mixing with fuel will decrease the 

overall viscosity of the oil/fuel-mixture.46 

The oil has a kinematic viscosity of around 4,0 cSt at 150 °C. At viscosities below 4,0 cSt 

the oil pump cannot supply a sufficient oil pressure. A low oil pressure will lead to an 

insufficient oil film in bearings, which can cause premature wear of engine components 

such as the crankshaft, connecting rods, camshafts etc. 

Since the oil has no problem working with temperatures up to almost 200 °C without 

breaking down, this is not the reason why the limit is around 150 °C.  

                                                 
45 Fleiss, S. (2015) Volvo Car Corporation (Verbal information) 
46 Korsgren, J. (2015) Volvo Car Corporation (Verbal information) 
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The lubrication properties are not the only problem with getting a higher oil temperature. 

The oil is used for cooling the bottom of the piston and if the oil is too hot, the piston could 

get too hot which might cause the combustion to misfire. An incomplete combustion will 

require more fuel to reach the wanted engine power. This of course affects the engine 

efficiency markedly. 
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5 Implementation 
5.1 Competitor analysis 
Table 5.1: Comparison of cars with similar specifications as the Volvo XC90 D5 

Car model Volvo XC90 D547 BMW X5 xDrive25d48 Mercedes ML/GLE 250 BT 4M49 

Engine facts       

Engine name   N47   

Displacement 
[cm^3] 1969 1995 2143 

Number of cylinders 4 4 4 

Type of oilcooling Plate Plate Plate 

Fuel Diesel Diesel Diesel 

Max power [kW] 
(hp) 165 (225) 160 (218) 150 (204) 

At rpm 4250 4400 3400 

kW/1000 cm^3 84 80 70 

Max torque [Nm] 470 450 500 

At rpm 1750-2500 1500-2500 1600-1800 

        

Car facts       

Driving wheels 4 4 4 

Curb weight [kg] 2130 2115 2150 

Gross weight [kg] 2750 2755 2950 

Towing weight [kg] 2700 2700 2950 

GW+TW [kg] 5450 5455 5900 

Top speed [km/h] 220 220 210 

 

5.1.1 BMW X5 xDrive25d 

The latest BMW X5 with its two-litre diesel engine has very similar specs to the XC90 D5, 

Table 5.1. They both produce around 160 kW of power and 450 Nm of torque at almost the 

same engine speed intervals. The gross- and towing weights are also almost identical, as is 

the top speed. The engine oil cooling system in the BMW consists of a plate heat exchanger 

mounted on the engine, supplied with coolant from the engine radiator. The plate heat 

exchanger, Figure 5.150, is of similar size and type as the one in the XC90. The biggest 

                                                 
47 Volvo Car corporation. (2015) Volvo XC90 Specifications. www.volvocars.com (2015-04-21) 
48 BMW Sweden. (2015) BMW X5, 2015. www.bmw.se (2015-05-05) 
49 Mercedes Benz. (2015) Mercedes ML/GLE. www.mercedes-benz.se (2015-05-05) 
50 Real OEM. BMW X5 25d. (2015-05-10) 

http://www.volvocars.com/
http://www.bmw.se/
http://www.mercedes-benz.se/
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difference is that the coolant is supplied from internal channels in the engine block, instead 

of an external piping system.  

 

5.1.2 Mercedes ML 250 BT 

The Mercedes ML 250 BT has similar specifications regarding power and weight as the 

XC90 D5. The towing weight is however 250 kg higher with 2950 kg compared to 2700 kg 

in the XC90. Furthermore the Mercedes has its peak power at 3400 rpm which is 

significantly lower compared to the XC90, Table 5.1. The oil cooler in the Mercedes is a 

plate heat exchanger, Figure 5.251. It’s mounted on a housing complete with oil filter and 

internal channels for the oil and also for one of the coolant lines. The heat exchanger is 

marked with “18 kW” which is the specified heat transfer rate for the cooler given the 

conditions in the Mercedes. The maximum 

heat transfer rate is around 8 kW lower when 

compared to the plate heat exchanger in the 

XC90 D5 which has a heat transfer rate of 

around 25 kW from the oil. Since engine 

power is similar, and towing weight is higher, 

similar amounts of heat must be dispatched 

into the coolant and oil combined. A reason 

for why the EOC is specified lower in the 

Mercedes could be that they have a different 

water jacket in their engine which takes up a 

larger proportion of the total heat compared to 

the Volvo engine. Another theory is that they 

use less piston cooling because of the lower 

engine rpm when max power is delivered. 

                                                 
51 Ebay.com (2015-04-21) 

Figure 5.2:Mercedes ML 250 BT oil cooler 

Figure 5.1: BMW X5 25d oil cooler 
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5.1.3 Cooling system analyse of other interesting cars 

 

Table 5.2: Car specifications 

Car model 

Volkswagen 

Passat 2.0 TDI 

GTS
52

 BMW X5 M50d53 

Volkswagen Touareg 

3.0 V6 TDI
54

 

Engine facts       

Engine name       

Displacement [cm^3] 1968 2993 2967 

Number of cylinders 4 6 6 

Type of oilcooling Plate   Plate 

Fuel Diesel Diesel Diesel 

Max power [kW] 

(hp) 176 (240) 280 (381) 193 (262) 

At rpm 4000 4000-4400 3800-4400 

kW/1000 cm^3 88 93 65 

Max torque [Nm] 500 740 550 

At rpm 1750-2500 2000-3000 1750-2500 

        

Car facts       

Driving wheels 4 4 4 

Curb weight [kg] 1735 2265 2315 

Gross weight [kg] 2310 2905 2910 

Towing weight [kg] 2200 3500 12 % slope 3500 

GW+TW [kg] 4510 6405 6410 

Top speed [km/h] 238 250 225 

 

5.1.4 Volkswagen Passat 2.0 TDI GTS SC 

The Volkswagen Passat 2.0 TDI GTS SC is interesting to analyse because of its 2.0 litres 

engine with 240 horsepower, 500 Nm torque and 2200 kg towing weight, Table 5.2. 

Despite of this, the size of the oil cooler is still smaller than the Volvo high performance 

diesel models, Figure 5.3.55 The dimensions the Passat’s oil cooler is around 120x80x50 

mm (LxWxD) without bottom plate. 

                                                 
52 Volkswagen Sweden, (2015) Volkswagen Passat, 2015. www.volkswagen.se (2015-05-05) 
53 BMW Sweden, (2015) BMW X5, 2015. www.bmw.se (2015-05-05) 
54 Volkswagen Sweden, (2015) Volkswagen Touareg, 2015. www.volkswagen.se (2015-05-05) 
55 Ebay.com (2015-05-21) 

http://www.volkswagen.se/
http://www.bmw.se/
http://www.volkswagen.se/
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The reason that the VW Passat 2.0 TDI can manage the demands for power and weight 

with its relatively small oil cooler can depend on different reasons. If it is assumed that the 

2.0 litre engine generates the same amount of heat as the VEA, then it is possible that more 

heat is generated to the water jacket or allows a 

higher system temperature.  

It is also a possibility that the water circuit keeps 

a colder temperature to get a greater temperature 

difference in the EOC. If this is the case, then the 

engine radiator must have a higher cooling effect 

of the coolant. 

5.1.5 BMW X5 M50d 

The BMW X5 M50d is the top-of-the-line BMW 

X5 diesel model. It has a three litres inline six engine with 381 hp, Table 5.2. Despite its 

larger engine and higher power compared to the XC90 D5, which is the current most 

powerful Volvo diesel model, it’s still interesting to compare. The power per litre number is 

the highest of all diesel engines compared in this report with 93 kW/L. The gross weight of 

the car plus the towing weight is 6406 kg, and towing 3500 kg is allowed in a slope as steep 

as 12%. To achieve its power output, the engine has three turbochargers.56 The high power 

per litre number combined with the towing capabilities of the M50d indicates that the 

cooling demands in this car must be high. 

Number 4 in Figure 5.457 marks the EOC which looks exactly the same as the oil to water 

plate heat exchanger in the X5 xDrive20d described earlier in this chapter. It does however 

have a different part number so there must be some differences to the one used in the 

M50d.  

 

Figure 5.4: BMW X5 M50d engine- and transmission oil cooler 

                                                 
56 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com 
57 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com 

Figure 5.3: Passat 2.0 TDI oil cooler 
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 When looking at the rest of the cooling system in the X5 M50d there are some differences 

to the versions with less power. Figure 5.658 shows the engine radiator, marked as number 

1, and the AC condenser, marked as number 2. Figure 5.559 shows an additional radiator 

mounted below the engine radiator and Figure 5.860 shows another additional radiator 

mounted in front of the wheelhouses, there are two of these in each car, one on the left side 

and one on the right side. Figure 5.761 shows the large air intakes for the radiators in the 

front of the X5 M50d. 

The auxiliary radiators under the engine radiator and in front of the wheel housing are used 

for a separate low temperature (LT) cooling circuit. The mechanical water pump mounted 

on the engine is not used for this circuit. Instead, an electrical water pump does the 

pumping in the LT circuit. The cooling system is very complex as seen in Figure 5.962, the 

hose connections does however show that the LT circuit provides the charge air coolers 

(CAC) with cool water. 

  

Figure 5.5: X5 Auxiliary radiator forward position 

Figure 5.6: X5 M50d radiators     

 

 

Figure 5.8: X5 M50d Auxiliary wheelhouse radiator     

                                                 
58 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com (2015-04-10) 
59 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com (2015-04-10) 
60 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com (2015-04-10) 
61 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com (2015-04-10) 
62 Real OEM, BMW parts catalogue, BMW X5. 2015. www.realoem.com (2015-04-10) 

Figure 5.7: Air intakes on the 

X5 M50d 

http://www.realoem.com/
http://www.realoem.com/
http://www.realoem.com/
http://www.realoem.com/
http://www.realoem.com/
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Figure 5.9: Cooling connections X5 M50d 

5.1.6 Volkswagen Touareg 3.0 TDI 

The VW Touareg 3.0 TDI has a gross weight of 2910 kg and a towing weight of 3500 kg, 

which is more than the Volvo XC90. Its engine is larger with 3.0 litres displacement and 6 

cylinders. As Figure 5.10 shows, the Touareg has plenty of air intakes to radiators in the 

front. It has a big area in the front, allowing a big amount of air flowing to the radiators. In 

addition to this, it also has radiators at both sides of the front bumper. 

With a bigger area towards the airflow direction, a greater mass flow of the air can be 

achieved. This leads to the possibility of a higher cooling effect. With a higher heat transfer 

from the air to the water, the water might be allowed to reach higher temperatures before 

entering the radiator.63 

 

  

                                                 
63 Volkswagen Sweden, (2015) Volkswagen Touareg, 2015. www.volkswagen.se (2015-05-05) 

Figure 5.11:  VW Touareg lubrication 

system 
Figure 5.10: VW Touareg 

http://www.volkswagen.se/
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5.1.7 BMW M3/M4 

The 2015 BMW M-series might not be a competitor to the Volvo XC90, but it has got 

some significant alterations in their cooling system compared to it. They are provided with 

radiators in the front of the car, in the front of the wheelhouse and underneath the car.  

To get the required airflow there are big air intakes in the front for the air to pass through. 

The intakes on the sides of the bumper is for the wheel arch radiators. For the BMW M3 

and M4, these intakes are for additional cooling of the charge air going in to the engine.  

The radiator with its core faced in a vertical position is the oil cooler seen in Figure 5.1364. 

The oil has got its own circuit for oil to air (OTA) cooling and therefore has no plate heat 

exchanger.  

 

 

 

 

 

 

 

 

 

 

 

 

With more radiators attached to the car, this allows a greater cooling effect. The placements 

of the radiators is beneficial by seizing much of the air velocity and enabling a better 

overall cooling effect.65 

 

                                                 
64 www.autotypes.com (2015-04-10) 
65 Real OEM, BMW parts catalogue, BMW M3. 2015. www.realoem.com (2015-04-10) 

Figure 5.12: The BMW M3/M4 radiators Figure 5.13:   BMW M4 radiators 

http://www.autotypes.com/
http://www.realoem.com/
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5.2 Brief description of improvement concepts 
A short description of every improvement concept can be found in this chapter. All 

concepts are analysed more thoroughly later in the report. 

5.2.1 Concept 1 - Larger plate heat exchanger 

Description 

The existing OTW (oil to water) EOC is scaled to a larger size by adding more plates. The 

additional plates will result in a larger surface contact area and also a reduced pressure drop 

compared to the existing EOC at a given flow rate. Higher heat exchange will be achieved 

by increasing the flow of both coolant and oil. 

Concept goal 

To get a sufficient heat transfer by changing the present oil cooling as little as possible. 

Pros 

- No additional components or connections are needed. 

- System layout will be the same. 

Cons 

- Difficult to fit larger EOC in existing position. 

- Uncertain if the engine radiator is able to handle the additional heat from the EOC. 

- More powerful coolant- and oil pump is needed to reach higher flows of the fluids. 

5.2.2 Concept 2 - Copper as OTW material 

Description 

As copper has better heat transfer properties compared to aluminium an OTW of the same 

size as the current one could possible offer higher heat transfer numbers. 

Concept goal 

To get a better heat transfer per physical volume, than the present aluminium heat 

exchanger. If a heat exchanger can transfer the same amount of heat with a smaller size, the 

packaging will be easier. 

Pros 

- Better heat transfer properties compared to aluminium. 

- Higher strength. 
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Cons 

- Copper is a more expensive material compared to aluminium. 

- Plate heat exchangers of copper are a relatively unknown area. 

- Possibly heavier. 

- The copper can cause corrosion of aluminium components in the cooling system. 

- Uncertain if the engine radiator is able to handle the additional heat from the EOC. 

5.2.3 Concept 3 - Additional radiator oil/air 

Description 

An oil to air cooler (OTA) is added to the oil cooling system. The OTA is connected 

serially from the oil outlet of the standard OTW and pumped through the OTA for 

additional cooling of the oil. In cases where the OTW gives enough cooling performance, 

no oil will be pumped through the OTA. This can be controlled by a thermal bypass valve 

(TBV) that is activated by the oil temperature. The OTA need to be positioned somewhere 

in the vehicle where sufficient air flow is present. It is also preferred that the OTA is 

positioned close to the oil connections in the engine to limit the length of the pipes/hoses. 

Concept goal 

To dispatch the heat that the standard OTW cannot handle in extreme situations. Needs to 

have a heat transfer rate from the oil of approximately 15 kW. 

Pros 

- The performance of the plate heat exchanger doesn’t need to be improved. 

- A solution that can be added “on top” of the existing system to improve the oil 

cooling in high performance models. 

- Only need to handle the excess heat in extreme situations. 

Cons 

- Oil pipes/hoses needs to be installed between the engine and the OTA. Possible oil 

pressure drop if there is a leakage which could harm the engine. 

- Packaging needs to have in mind the potential damage of the radiator and hoses. 

- An adapter for oil outlet- and inlet to the OTA has to be made. 

5.2.4 Concept 4 - Additional radiator water/air 

Description 

An additional water to air cooler (WTA) is connected on the water lines between the engine 

radiator and the OTW. The WTA should be positioned similar to the previous concept. It is 

however less sensitive in regards to the distance from the connections on the engine. The 

water has less pressure compared to the oil which means that the pipes don’t have to be as 
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strong. Furthermore a leakage of cooling liquid is not as critical as a leakage of oil. It will 

result in lost cooling performance and if the cooling system is run dry of liquid the engine 

will be harmed. A scenario like this is unlikely since the driver will be warned that 

something is wrong with the cooling system and will have plenty of time to stop the car and 

get assistance. When dimensioning the WTA one must take in account that the OTW still 

needs to increase its heat transfer rate from 25 kW to 40 kW. The purpose of the WTA is 

therefore to lower the water temperature going in to the OTW to a number where this can 

be achieved. 

Concept goal 

To reduce the temperature of the coolant going in to the EOC to a level where the EOC can 

dispatch 40 kW from the oil to the coolant. 

Pros 

- Cheaper pipes/hoses for water compared to for oil because they will not need to 

withstand as high pressures and temperatures. A leakage will not result in pressure 

drop of the oil. 

- No adapter for connections is needed. The WTA can simply be connected serially 

between the engine radiator and the OTW. 

Cons 

- The performance of the plate heat exchanger needs to be improved, although 

without changing the plate heat exchanger itself. 

5.2.5 Concept 5 - Separate cooling circuit water/air 

Description 

This concept eliminates the use of the engine radiator for cooling the oil entirely. The water 

connections on the OTW is connected to a separate WTA that will handle all the heat 

coming from the oil. The concept is that the WTA will be dimensioned so that a lower 

water temperature can be achieved, this will increase the heat transfer rate of the OTW. An 

electrical water pump will pump the water through this separate cooling circuit. 

Concept goal 

With the oil having a separate cooling circuit, the engine coolant and the oil will not affect 

each other. An increased heat transfer to the engine coolant that otherwise would give a 

lower difference in temperature, won’t affect the oil. 
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Pros 

- This solution will relieve the engine radiator of the car since all the heat in the oil 

will be dispatched to a separate radiator instead of the engine radiator. 

- Possibly easier to achieve a lower water temperature, compared to concept 4, and by 

that increase the performance of the plate heat exchanger. 

Cons 

- The performance of the plate heat exchanger needs to be improved. Not by 

changing the plate heat exchanger itself, but by using different water flows and 

temperatures. 

- The size of the WTA is going to increase compared to the use of a WTA as 

additional cooler. Since there is limited space for additional components in the car 

this is a big problem. 

- An additional water pump will be needed. 

5.2.6 Concept 6 - Separate cooling circuit oil/air 

Description 

The system used today will be entirely replaced by a new system consisting of an oil to air 

radiator (OTA) which is fed oil directly from the engine.  

Concept goal 

To dispatch 40 kW heat transfer from the oil to the air. 

Pros 

- No plate heat exchanger is needed. 

- This solution will relieve the engine radiator of the car since all of the heat in the oil 

will be dispatched in a separate radiator. 

Cons 

- Oil pipes/hoses needs to be installed between the engine and the oil/water radiator. 

Possible oil pressure drop if there is a leakage which could harm the engine. 

- Packaging needs to have in mind the potential damage of the radiator and hoses. 

- The radiator needs to be fairly large because it needs to handle all the heat coming 

from the oil. Could lead to packaging problems. 

- A more powerful oil pump might be required due to the pressure losses in the long 

hoses/pipes going to- and from the OTA. 
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5.3 Verification of simulation models 
Before making calculations in GT-SUITE with simulation models based on test data, 

verifications of the models has to be made in order to establish their accuracy. 

5.3.1 Verification of plate heat exchanger (OTW) simulation model 

The simulation model in Gt-Suite is based on performance data acquired from a VCC 

supplier, (Appendix 5). To test and verify how accurate the model is, and therefore if it can 

be trusted as a source of information in the concept work, a verification simulation has been 

made. The performance data lists temperatures and heat transfer rates for oil flows between 

10 and 50 L/min, in 2,5 L/min increments. The verification model is based on the 

performance data for oil flows between 20 and 40 L/min, leaving out the data in the lower- 

and upper range. The coolant flow is fixed at 30 L/min in the verification model. 

The model was used to perform simulations with the whole range of oil flows as input 

values, 10-50 L/min. The verification simulation is therefore partly made outside the data 

range that the simulation model is based upon. The results will indicate how well the 

equation calculated by the software will correspond to the test data in Appendix 5. 

 

Figure 5.14: Verification of plate heat exchanger simulation model in Gt-suite. Heat transfer rate on the left 

y-axis, oil volume flow on the x-axis and relative difference on the right y-axis. 

 

The simulation results (d2) are plotted together with the data from VCC (d1) in Figure 

5.14. As seen in the figure, d1 is very close to d2, they are however not coinciding, but the 

difference is small as can be seen in Table 5.3. The vertical dotted orange lines mark the 
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outer limits of the data the model was based upon. The relative difference between d1 and 

d2 is also shown in the figure. The relative difference increase when simulations are made 

outside the orange lines. This means that the accuracy of the model will decrease the further 

you get outside these limits. 

Table 5.3: Absolute and relative difference for plate heat exchanger simulation 

 

 

 

 

 

 

Figure 5.15: Absolute and relative difference for plate heat exchanger simulation. Absolut difference on the 

left y-axis, oil flow on the x-axis and relative difference on the right y-axis. 

Table 5.3 and Figure 5.15 shows that the biggest absolute difference between the simulated 

values, and the values based on the test data, is 86 W and that the biggest relative difference 

is 0,75 %. The absolute difference is calculated by subtracting the test data from the 

simulation data. The relative difference is the percentage of the absolute difference in 

relation to the test data. As the model will be used for calculations at an early concept stage, 

these numbers are considered as small, and will not affect the results and conclusions. The 

conclusion is that the model has a sufficient accuracy for the calculations that will be 

performed in this report. 

Oil flow [L/min] 10,0 15,0 20,0 25,0 30,0 35,0 40,0 45,0 50,0 

Test data [kW] 9,17 12,37 15,06 17,37 19,37 21,15 22,72 24,14 25,43 

Simulation 

[kW] 9,24 12,43 15,10 17,39 19,39 21,16 22,76 24,20 25,52 

Absolute 

difference [kW] 0,069 0,059 0,039 0,023 0,015 0,018 0,032 0,055 0,086 

Relative 

difference [%] 0,75% 0,48% 0,26% 0,13% 0,08% 0,09% 0,14% 0,23% 0,34% 
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5.3.2 Verification of tube and fin heat exchanger (WTA) simulation model 

A similar verification simulation as the one made for the plate heat exchanger has been 

made for the fin and tube heat exchanger. This is done by performing simulations with 

different input data compared to the data that the software base its calculation model on. A 

model has been built up from performance data supplied by VCC, Appendix 6. Dimensions 

for the tube and fin heat exchanger object are 270x238x32 mm. The data supplied by VCC 

lists performance for mass air flows of 0,05 kg/s to 1 kg/s, at water mass flows in the same 

range. The verification model is based on every other water mass flow in the table. This 

means that the data at water mass flows of 0,1, 0,4, and 0,8 kg/s are left out when building 

the model. The simulation is performed with the input data which is left out in the model 

(0,1, 0,4 and 0,8 kg/s water), to test how well the results from the simulation match the data 

supplied by VCC. 

 

Figure 5.16: Tube and fin heat exchanger verification simulation results 

The results can be seen in Figure 5.16. The simulation results differs more from the input 

data compared to the verification for the plate heat exchanger. However, the results are still 

accurate enough for the calculations performed in this report. At a coolant flow of 0,4 kg/s, 

which is close to where the flow used in the simulations will be, the relative difference is 

only around 1%. Since the results are used for an early stage concept generation a 

difference of this size will not influence the concepts. 
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5.4 Concept simulation conditions 
Table 5.4: Input data for simulations 
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°C kg/s °C kg/s °C kg/s 

108 0,5 145 0,6 27/38 

0,25, 0,5, 0,75, 1 

& 1,25 

 

The input data for the simulations, Table 5.4, were chosen to simulate a worst-case-scenario 

situation. The maximum coolant temp from the engine radiator will be in an interval from 

106 to 108 °C. These high coolant temperatures going in to the EOC will occur when the 

coolant coming out from the engine has its maximum allowed temperature before power 

reduce of the engine.66 Therefore 108 °C was chosen to simulate to absolute worst 

conditions. The values for coolant- and oil flow are taken from physical tests done at VCC, 

both these flows occur at maximum power output of the engine. The oil temperature 

coming from the engine is the, by Volvo, maximum allowed temperature for the engine oil. 

The values for the air temperature are two common temperatures used by VCC when 

testing cooling performance in a vehicle/engine. 27 °C is typically used when testing heavy 

towing at 70 km/h, 38 °C is used when testing lighter towing at 70 km/h. The ambient 

temperature when testing top speed performance is usually 35 °C.67 

The engine oil properties are provided by the software, a standard synthetic 0W20 engine 

oil is selected for all calculations. 

The coolant properties are also supplied by the software, the coolant selected for the 

simulations is a 50/50 mix of water and propylene glycol. 

  

                                                 
66 Johansson, Kaj (2015). Senior analysis engineer, VCC, Göteborg (verbal information) 
67 Test report, vehicle testing (2015) VCC, Göteborg 
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5.5 Analysis of concepts 
The concept analysis starts with a layout description and performance simulation for most 

concepts, which is followed by a positioning study. 

5.5.1 Concept 1 - Larger plate heat exchanger 

Due to untrustworthy results when scaling the existing EOC, data from simulations 

performed by a supplier to VCC, with a larger plate heat exchanger was used instead. The 

simulations are made with 19 additional plates compared to the current plate heat 

exchanger, resulting in a total of 71 plates. The data is plotted in Figure 5.17. As seen in the 

figure, a heat transfer rate of 40 kW is possible to achieve with a coolant- and oil flow of ~1 

kg/s. The flows supplied in the current system is around 0,6 kg/s for both oil and coolant so 

this solution requires a significant increase. It is possible to replace the current water- and 

oil pumps in favour for pumps with higher capacity. Such a decision would however result 

in a number of negative side effects. Pumps with higher capacity would be more expensive, 

they would also require more power and therefore take more power from the engine and 

lower the efficiency of the whole system. Higher flows would also increase the pressure 

drops in the water- and oil circuits. 

 

Figure 5.17: Plotted data of plate heat exchanger with 71 plates  
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5.5.2 Concept 2 - Copper as heat exchanger material 

 

Figure 5.18: Thermal conductivity for copper and aluminium 

Pure copper as material has a thermal conductivity of 401 (W/m·K) at room temperature, 

while the thermal conductivity of pure aluminium is 237 (W/m·K) at room temperature, 

Figure 5.18. 68 The values differs with the temperature of the material. Manufacturing a 

plate heat exchanger from copper would therefore most likely increase the heat transfer rate 

of the EOC. 

However, introducing copper components to the cooling system could be a bad idea 

because of the corrosion it causes to aluminium. Hydrogen in the coolant exchanges with 

copper atoms and transfers the copper around the cooling system. Aluminium is a less 

noble material than copper and because of this, all aluminium parts located in the cooling 

system will be affected. When the copper and the aluminium are in contact, galvanic 

corrosion will start to occur and the aluminium will corrode.  

Corrosion inhibitors are added to the coolant to prevent corrosion in the cooling system. 

The inhibitors forms a passive layer on the surface of any metals. The inhibitors protects 

from corrosion from some metal atoms in the system, but if the coolant is continuously in 

contact with copper, corrosion of aluminium parts in the cooling system would be a big 

problem.69 

No simulations of a copper plate heat exchanger were made due to difficulties of finding 

accurate data to base the simulation model on. 

  

                                                 
68 Cengel, Y. Cimbala, J. Turner, R. (2011) page 641 
69 Stoopendahl, M. (2015). Volvo Car Corporation, Göteborg (Verbal information) 
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5.5.3 Concept 3 - Additional radiator oil/air 

 

Figure 5.19: Schematic drawing of concept 3 

The concept with an additional OTA radiator is shown in Figure 5.19. The current oil 

cooling system is kept as it is, with the difference that the oil outlet is connected to an OTA 

radiator, before being routed back to the engine. There is a thermal bypass valve (TBV) in 

the system to limit the flow to the OTA, based on the oil temperature. 

 

Figure 5.20: Heat transfer of OTW and OTA system 

The OTA simulation model is built with data from an oil to air heat exchanger object from 

a VCC supplier. The OTA has the dimensions of 212x270x26 mm (LxWxH) and is a tube 

and fin type heat exchanger, made out of aluminium. The OTW simulation model is the one 

described in the verification chapter. The results from the simulation, Figure 5.20, shows 
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that this concept reach a combined heat transfer rate of 40 kW at relatively low air mass 

flow rates. When the air holds a temperature of 38 °C, 40 kW is reached just below an air 

mass flow rate of 0,5 kg/s. 

5.5.4 Concept 4 - Additional radiator water/air 

 

Figure 5.21: Schematic drawing of concept 4 

A schematic sketch of concept 3 is shown in Figure 5.21. The additional WTA is connected 

to serially to the EOC, which is an OTW, via a three way TBV. The WTA will lower the 

water temperature additionally before it goes into the EOC. The purpose of the TBV is that 

it gives the ability to bypass the coolant directly to the EOC when the cooling performance 

of the additional WTA is not needed. The simulations for this concept is performed in two 

cases. 
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Case 1 

 

Figure 5.22: Case 1: Heat transfer results for WTA and OTW, Appendix 2 

The heat exchanger objects are the WTA 270x238x32 mm tube and fin, and VCC’s current 

plate heat exchanger as OTW. The results from the simulation can be found in Figure 5.22. 

The grey and yellow lines represents the heat transfer in the OTW at two different ambient 

air temperatures. The ambient air temperature does not affect the performance of the OTW 

directly. But a lower ambient air temperature will affect the performance of the WTA. 

Since the OTW is supplied with water from the WTA, the connection is relevant. The OTW 

does not reach a heat transfer rate of 40 kW in these simulations. The maximum heat 

transfer rate from the oil to the water with this solution is ~35 kW, which is a significant 

improvement compared to the current oil cooling system, but still not enough to reach the 

goal of 40 kW. At a more realistic air mass flow of 0,6-0,8 kg/s the heat transfer rate is 

around 32 kW. A larger WTA than the one specified in these calculations is most likely 

required in order for this concept to perform a heat transfer rate of 40 kW. 
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Case 2 

 

Figure 5.23: Case 2: 2 x additional WTA. Heat transfer rate on the left y-axis – corresponding to the 

increasing lines, air mass flow on the x-axis and temperature on the right y-axis, corresponding to the 

decreasing lines. 

In order to try to imitate increasing the thickness of the WTA to study how that would 

affect the heat transfer, a simulation was made with two identical WTA on top of each 

other, Figure 5.23. The water is connected serially, outlet WTA 1 -> inlet WTA 2, and the 

air flows directly from WTA 1 to WTA 2. It is usually more efficient to increase the length 

and width of a plate and fin heat exchanger to increase its performance. When the air flows 

through the depth of the radiator the temperature of the air increase, meaning that the 

temperature difference between the air and the liquid decreases the further through the core 

the air flows. This can be seen in the figure. The heat transfer rate of the OTW when only 

using the single WTA, from the previous simulation, is also plotted in the same graph for 

comparison. At an air mass flow rate of 0,25 kg/s, the temperature difference between the 

air and liquid is only a few degrees Celsius. The increased depth of the heat exchanger will 

hardly make any difference in terms of heat transfer rate at such low air flow rates. When 

the air flow increases, the difference gets larger, with a 5 kW difference between case 1 and 

2 at 1,25 kg/s air flow. Increasing the depth of the WTA has the potential of taking the heat 

transfer rate of this concept above 40 kW. While increasing the length and/or the width 

would be more efficient, this could be an alternative since the available space in those 

directions is more limited. 
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5.5.5 Concept 5 - Separate cooling circuit water/air 

 

Figure 5.24: Schematic drawing of concept 5 

Concept 5 is similar to concept 4 in some ways. The big difference is that the water circuit 

is completely separate from the engine water cooling system and does not involve the 

engine radiator. This requires an additional water pump as seen in the drawing in Figure 

5.24. The WTA heat exchanger object is the 270x238x32 mm tube and fin heat exchanger 

described in the verification chapter. The OTW heat exchanger object is the current plate 

heat exchanger used on VCC’s HP engines. 

 

Figure 5.25: Heat transfer for separate WTA concept, Appendix 3 
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The simulations are performed with two different ambient air temperatures, the same as in 

all the other concepts. Since this concept needs its own water pump, simulations with three 

different water flows has been made. When using a separate electric water pump there is 

more freedom to choose a different water flow compared to when taking the water from the 

engine cooling circuit. 

The results from the simulations, Figure 5.25, show that it is possible to achieve a heat 

transfer rate of 40 kW using a separate water circuit for the oil cooling. However, both the 

water- and air flow needs to be high. The high airflow could be difficult to achieve at low 

vehicle speeds. A water flow of 50 L/min could be achieved by choosing an electric pump 

with sufficient capacity. The pressure loss in the plate heat exchanger would however be 

high at such high flows. A slightly larger WTA could most likely achieve the same heat 

transfer rate at lower air flow rates. There is limited room for a radiator with larger width 

and/or length, but increasing the thickness of the radiator could be an alternative since there 

is more room in that direction. 

5.5.6 Concept 6 - Separate cooling circuit oil/air 

Concept 6 is perhaps the least complex of all the concepts. As seen in Figure 5.26, the 

OTW EOC is removed and replaced with an OTA cooler. The EOC is replaced by an 

adapter plate with in- and outlets for hoses connecting to the OTA. The OTA heat 

exchanger object used for the simulations is built on data obtained from VCC, Appendix 7.  

 

Figure 5.26: Schematic drawing of concept 6 
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Figure 5.27: Heat transfer of separate OTA circuit, Appendix 4 

The simulation results, Figure 5.27, shows that a single OTA could handle a heat transfer 

rate of 40 kW on itself, at both ambient air temperatures. 40 kW is achieved at an air mass 

flow rate of ~0,7 kg/s and ~0,8 kg/s for 27 and 39 °C ambient air temperature respectively. 

The air mass flow rates are however fairly high, indicating that there could be problem at 

lower vehicle speeds. There are also negative effects of not having any heat transfer 

between the water and the oil. One of them being that the water cannot be used to heat the 

oil during cold-starts of the engine. 
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5.6 Positioning of an additional radiator 
All of the generated concepts except concept 1 and 2 involves an additional radiator in the 

oil system. Packaging studies needs to be made to examine if there is physical space and 

what the requirements are when placing a radiator for an efficient heat transfer Table 5.5. 

First, a number of interesting locations are analysed and evaluated. When the most 

promising location is found, the heat exchanger objects from the concepts are fitted at this 

location. 

5.6.1 Propositions of placement 

When positioning an air intake for a liquid-to-air heat exchanger on a vehicle, it is desired 

to achieve as high airflow as possible to increase the efficiency of the heat exchanger. The 

pressure difference between the inlet and outlet should be as large as possible to get the 

maximum amount of airflow through the heat exchanger. 

Table 5.5: Placement propositions 

Position Airflow 

I. Behind the front bumper on one side Air inlet in the front bumper to the radiator 

and flows out in the wheel arch. 

II. In front of the engine, close to the 

bottom plate. Core facing the 

ground. 

Air inlet in the front with air steering 

downwards to the radiator and out through 

the bottom. 

III. Underneath the engine radiator. Core 

facing the ground. 

Air inlet in the front with air steering 

downwards to the radiator and out through 

the bottom. 

IV. Behind the engine  Airflow from underneath the car 

V. In front of the rear axle Airflow from underneath the car 

VI. Behind one of the wheels in the 

front, in the wheel arch 

Inlet in wheelhouse, outlet underneath the car 

 

Figure 5.28 shows proposition II, III. IV and VI visually from CAD-models. 

When positioning an additional liquid to air heat exchanger on a car there are a number of 

aspects that needs to be considered.  

 There has to be physical space for the radiator and its tubes and it must not be too 

difficult to mount in the car. 

 There has to be a good airflow that gives a high air pressure in the front of the 

radiator. The air also needs to be led out somewhere where there is a low air 

pressure present. 

 The number of components should be as low as possible in order to increase 

efficiency during assembly, and keep costs as low as possible. 
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I. Behind the front bumper on one side 

It would be a possible solution to have a liquid to air cooler behind the right side of the 

front spoiler. There is a lot of space to attach a spoiler that would meet the requirements of 

the needed cooling effect. This is however not possible on all of the models. The type of 

radiator that would fit in this space would be one with a quadratic shape and could have a 

big depth. 

When placing a radiator in the front bumper, there is a high air pressure at the air intake and 

a lower pressure by the wheelhouse, which is optimal for to achieve a good airflow. 

On the left side of the front bumper, there is an engine control unit (ECU). If it is possible 

to move the ECU to another location, then it would be possible to place a radiator at this 

location instead. 

II. In front of the engine, close to the bottom plate. Core facing the ground. 

There might be space to place a radiator in front of the engine, but it would be 

difficult to get a good air flow because of the low air pressure under the car. It 

would also need to be a relatively large air intake underneath the car. 

III. Underneath the engine radiator. Core facing the ground. 

BMW M3 and M4 are having this type of oil cooling. There might be space for a radiator to 

place underneath the engine radiator, but in this case the engine radiator would have to be 

moved upwards a bit because of the “kerb demand”. The kerb demand means that the car 

must be able to park with the front over high kerbstones without anything interfering. 

Figure 5.28: Locations for proposition II, III, IV and VI 
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 It is possible to get a good airflow at this location if there is a steering from the air intake 

in the front, down towards the radiator because of the high air pressure in the front. This 

would instead affect the engine radiator and its cooling because it would interfere the 

airflow to the bottom part of the engine radiator. 

There is physical space in front of the engine radiator at the bottom, but this area is called a 

“low velocity collision area”. If a collision would occur when the velocity of the car is low, 

this is an area that would be damaged without complication to other components. 

IV. Behind the engine 

There are space to place a radiator underneath and behind the engine. Volvo cars has had a 

radiator at this location, intended for markets which got a higher ambient temperature. This 

kind of radiator is placed on diesel engine cars, in purpose of cooling the diesel which 

otherwise might get to warm. Only information of temperature and pressure difference on 

this kind of cooler are stored (Appendix 870). To draw a conclusion of how effective if 

would be for oil cooling purpose would require more information and physical tests. 

V. In front of the rear axle 

There seems to be physical space in the rear of the car but like for proposition II, it is hard 

to get a good airflow underneath the car. It would also require long tubes that would lead 

the liquid from the front to the rear.  

VI. Behind one of the wheels in the front, in the wheel arch 

For the most optimal airflow, there has to be high pressure at the air intake, and a lower 

pressure at the air outlet. This excludes the ideas of a heat exchanger behind the 

wheelhouse, because the air pressure is low at this location. 71 

5.6.2 Fitting of simulated heat exchanger objects 

The new Volvo XC90 is used as a reference vehicle when packaging studies of the 

concepts are made. The XC90 is the only current model based on the new SPA-

architecture. All the upcoming larger Volvo cars will be based on the SPA-architecture so 

the XC90 is therefore the most interesting vehicle to study in this report. 

Two radiator dummies has been modelled in Catia. One with dimensions 270x238x32 mm 

corresponding to the radiators in Concept 3, 4 and 5, and one with the dimensions 

300x295x32 corresponding to the radiator in concept 6. Proposition number 1 in Table 5.5, 

the left or right lower front pumper in front of the wheel housing, was chosen as the most 

promising locations for positioning a radiator of this size. This is one of the few locations in 

                                                 
70 Johansson, L. (2015) Volvo Car Corporation (Verbal information) 
71 Humlehagen, F. (2015) Volvo Car Corporation (Verbal information) 
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the car where there is some space that could be available for a new component. The front of 

the car is exposed to a positive air pressure when the vehicle is in movement, and the 

proximity to the wheel housing, with its negative air pressure, is a positive factor when 

deciding where the air outlet should be. The aim is to position the radiator behind one of the 

lower air intakes in the front bumper. The air will flow in through the green areas marked in 

Figure 5.29, via an air guide, through the radiator, and out through the wheel arch. 

 

Figure 5.29: Air intakes in the front spoiler on a XC90 

Other proposals of positioning an additional radiator shows less potential in terms of 

available air flow and physical space for a radiator. 

 

Figure 5.30: Hybrid cooler in front of the right wheelhouse, marked in green 

In the hybrid version of the XC90, the right side of the front bumper, Figure 5.30, is 

occupied by a cooler for the batteries, electric motor and the power electronics. Since the 

oil cooling concepts presented in this report must work on all versions of the cars, including 

a potential high performance diesel hybrid, this location must be reserved for the hybrid 

cooler. 
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Figure 5.31: Engine ECU and air intake in front of the left wheelhouse, marked in red 

The left side of the front bumper, Figure 5.31, is currently occupied by the engine control 

unit (ECU) and the air intake for the engine. The ECU requires some airflow to cool off 

excessive heat produced by the electronics, the amount is however significantly less than 

required by the oil cooling. Compared to moving the hybrid cooler, moving the ECU would 

be a more realistic alternative. A redesigned version of the air intake scoop, without the 

ECU, can still be positioned in the same area. It could also be moved to another location, 

for example behind the left front fender. 

Concept 3, 4 and 5 

 

Figure 5.32: Positioning of an additional 270x240x32 mm WTA/OTA radiator in front of the left wheelhouse, 

marked in purple 
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Figure 5.32 shows the proposal of positioning an additional WTA/OTA 270x240x32 mm 

radiator for the oil cooling behind the left side of the front bumper. The ECU is hidden to 

check if there is enough space for the radiator if the ECU could be moved to another 

location in the car. The proposed location is promising with sufficient clearance to 

surrounding parts, and a fairly direct airflow from the intake in the bumper to the radiator. 

A fan dummy has been modelled together with the radiator dummy to study if there is 

sufficient space available for both a radiator and a fan. 

 

Concept 6 

 

Figure 5.33: Positioning of a 350x300x32 mm WTA/OTA radiator for a separate cooling circuit, marked in 

green 

 

Figure 5.33 shows a larger radiator has been positioned in front of the left wheel housing. 

The dimensions are 350x300x32, making it significantly larger compared to the radiator in 

the previous study. It is possible to fit the radiator in the mentioned position, but the 

clearance to surrounding parts is small and fitting of the radiator will most likely be 

difficult during the assembly process of the car. This packaging proposal tests the absolute 

maximum size a radiator can have when placed in front of the wheel house. If the 

dimensions is decreased with 20 mm on both the length and width, it would still be 

significantly larger than the previous proposal, and more realistic to fit in the vehicle. 
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5.7 Summary of concept results 
5.7.1 Performance comparison 

Mass flows for water, oil and air at a heat transfer rate of 40 kW from the oil are 

summarised in Table 5.6. 

Table 5.6: Comparison of mass flows at 40 kW heat transfer rate 
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38 °C Ambient air temp             

Heat transfer rate >= 40 kW  Yes Yes No Yes No Yes 

at Water mass flow [kg/s] 1 0,56 N/A 0,56 N/A N/A 

at Air mass flow [kg/s] N/A 0,45 N/A 1,5 N/A 0,82 

at oil mass flow [kg/s] 1 0,56 N/A 0,56 N/A 0,56 

27 °C Ambient air temp             

Heat transfer rate >= 40 kW  Yes Yes No Yes Yes Yes 

at Water mass flow [kg/s] 1 0,56 N/A 0,56 0,86 N/A 

at Air mass flow [kg/s] N/A 0,33 N/A 1,22 1,05 0,7 

at oil mass flow [kg/s] 1 0,56 N/A 0,56 0,56 0,56 

- Concept 1 requires the highest water- and oil flows to achieve the desired 40 kW 

heat transfer rate. The pumps for both oil and water needs to be replaced with 

more powerful versions in order to achieve these flow rates. 

- Concept 2 is not evaluated in terms of performance as mentioned earlier. 

- Concept 3 stands out from the rest in terms of required air mass flow, with 0,33 

and 0,45 kg/s at an air temperature of 27 and 38 °C, respectively. 

- Concept 4 does not reach 40 kW at realistic air flow rates using just one heat 

exchanger, Case 1. When two heat exchangers are placed after each other, Case 2, 

it can reach 40 kW. The required air mass flow is still very high with 1,5 kg/s at the 

high ambient air temperature. 

- Concept 5 will only perform 40 kW at the lower ambient air temperature. It does 

however prove to be more efficient compared to concept 4, requiring less air flow. 

- Concept 6 is the second most efficient concept in terms of required air mass flow. 
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5.7.2 Weighted comparison matrix 

To get an overview of the different concepts and how they perform at different aspects, a 

comparison has been set up. Eight different properties have been established and the 

importance of every property has been weighted with a number from 1 to 10. If a concept 

gets a high score on a property with a low weighting number, it does not affect the final 

score for the concept as much as if the weighting number is large. The present oil cooling 

solution is not included in this comparison, simply because it is disqualified by default 

since it is nowhere near reaching the desired heat transfer levels of 40 kW. The grades and 

meanings of the properties are relative to each other. 

Explanation of the properties: 

Heat transfer: When a concept can perform good heat transfer rate, 40 kW or more, the 

heat transfer score is high. How “easy” the concept achieves the heat transfer level is also 

taken into account. Meaning that if two concepts both performs a heat transfer rate of 40 

kW, but one of them needs a significantly higher coolant/air/oil mass flow compared to the 

other, it will receive a lower score. 

Cost: A high score means that the components in a concept have close to the same costs as 

the current oil cooling solution. A low score indicates an expensive solution. 

Concept complexity: The quantity of components in the concept. A high score means that 

less components are required.  

Packaging: A high grade indicates that there is no problem to find space for the concept. It 

also indicates that the concept is easy to mount in the vehicle during the assembly process. 

Concept weight: The weight of the heat exchangers and other components included in the 

concept. A high grade indicates a low weight. 

Effect on engine cooling system: A high grade shows that the engine cooling system will 

not be effected by the oil cooling system. A concept which transfers all of the heat from the 

oil into the engine cooling system will receive a low score. 

Failure severity: How a severe leakage to the cooling system would affect the function of 

the car and the engine. A high number means that it would be less severe. 

Pressure drop: The pressure drop that the oil cooling system causes. A high number shows 

that the concept has a low pressure drop. 

  



Thesis: IMPROVING ENGINE OIL COOLER PERFORMANCE 

62 

 

Table 5.7: Concept comparison matrix 

       Concept ratings    

Properties Weight72 
Concept 

1 

Concept 

3 

Concept 

4 

Concept 

5 

Concept 

6 

MAX 

rating 

1. Heat transfer 10 2 9 3 6 7 10 

2. Cost 7 3 4 5 2 7 10 

3. Concept complexity 5 7 3 3 1 6 10 

4. Packaging 8 7 5 5 3 2 10 

5. Concept weight 4 7 5 5 4 6 10 

6. Effect on engine cooling system 5 1 7 6 9 9 10 

7. Failure severity 8 5 2 6 4 1 10 

8. Pressure drop 6 4 5 5 5 6 10 

SUM of Rating*weight - 229 274 248 226 278 520 

Percentage of MAX rating - 44,04% 52,69% 47,69% 43,46% 53,46% 100,00% 

 

Concept 5 and 6, both of which use an OTA to transfer heat from the oil stands out from the 

rest. They receive the highest ratings overall, and also on most of the properties 

individually. Their weakest point is the failure severity because an oil leak is always worse 

compared to a water leak. An oil leak can cause a pressure loss in the lubrication system 

which might harm the engine. 

The small difference in the overall score for the concepts indicates that this comparison 

should not be considered as the final answer to which concept to choose. Both the weight of 

each property, and the score each concept receives on respectively property are set 

approximately at a concept phase.  

The comparison matrix can be used to suggest that concept 5 might not be as suitable as the 

other concepts, due to its high cost and complexity and its difficult packaging. However, 

the outcome could be different if the weighting of a property is increased or decreased. 

Even though the comparison matrix should not be the determinant factor for the choice of 

oil cooling improvement due to the low difference in rating, it gives a clear overview of the 

properties. It also points out that a solution where the oil is cooled with air could be the 

most favourable solution. 

 

  

                                                 
72 Tholander, F. (2015) Volvo Car Corporation and 
Hasselby, F. (2015) Volvo Car Corporation (Verbal information) 
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6 Discussion 
Regarding the study of different types of heat exchangers, no conclusion can be drawn in 

the scope of this thesis. To get more knowledge about which heat exchanger would be most 

suitable for a car, deeper studies must be made. Presumably the plate heat exchanger is the 

most suitable for the intended application, considering its high heat transfer ability in 

relation to its small size. If future oil cooling problems only occur at high speeds, the tube-

fin heat exchanger might be an alternative due to its high heat transfer ability at high air 

mass flows. 

As mentioned in the introduction chapter, the results from the simulations should not be 

trusted for their exact number. Since the concepts in this thesis are intended for future 

engine versions, a number of assumptions and rough calculations has been made. The heat 

transfer target of 40 kW does not reflect an exact number for a specific future engine. It is 

an assumption based on information from current engines combined with possible future 

power increases. Performance calculations has been made with an assumed future heat 

transfer rate from the oil, while the oil- and water flows and temperatures are taken from 

the specifications of the current engines. Furthermore the concepts have only been 

simulated as isolated systems. 

The idea to make a plate heat exchanger out of copper instead of aluminium proved to be 

difficult due to the risk of galvanic corrosion to aluminium components. This fact is true for 

pure copper but there are copper alloys which are developed specifically for heat exchanger 

applications. A physical corrosion test with such alloys would have been interesting but the 

timeframe for the thesis did not allow physical tests. 

The temperatures and flows of oil and water has also been fixed, representing a case with 

WOT and maximum power output of the engine. High load at lower vehicle and engine 

speed, such as in a towing-in-slope-situation, has not been simulated. The performance of 

the concepts are therefore unknown in situations like these. Having results from a towing-

in-slope-situation would have been desire, and it was also the original aim. Difficulties 

when trying to determine the input values for such a situation shifted the focus to getting as 

accurate results as possible from the maximum power simulations instead. It was believed 

that if the concepts can handle the oil cooling at a maximum power-situation, it would be 

able to handle all other situations as well. This is not necessarily true since the oil, water 

and air flow will be smaller, changing the performance of the heat exchangers. 

The information obtained during the competitor analysis showed that cars with similar 

specifications as the XC90 D5 all have a very similar oil cooling system. The BMW X5 

M50d with a 381 HP diesel engine is an interesting model since it only use a small plate 

heat exchanger. It has a very complex water cooling system with both high temperature, 

and low temperature circuits. It difficult to follow all the hoses and pipes in the cooling 
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system, perhaps the plate heat exchanger is fed with water from the low temperature water 

circuit. A physical study of this particular car would have been interesting since it has a 

very powerful diesel engine and high towing capacity, making it a relevant comparison for 

the future. 

When it comes to why the diesel engines has a larger proportion of the thermal energy 

going into the oil, compared to the petrol engines, no valid conclusions has been made. It is 

however a fact, that the pistons in the diesel engines have a more efficient piston cooling. 

This fact, combined with a larger overall heat transfer to the pistons due to their larger 

surface area facing the combustion, are most likely part of the answer. 

Simulations where additional plates were added to the current plate heat exchanger were 

performed using a scale function in Gt-suite. The results from the simulations were 

however not credible, they showed little to no heat transfer improvement in spite of the fact 

that the size of the plate heat exchanger was increased with ~50%. This is not a realistic 

result since the increased contact area between the heat exchanger and the fluids should 

give a higher heat transfer rate, the results from this simulation were therefore overlooked. 

It is believed that the scale function in the software could not be applied, or was not applied 

correctly to the heat exchanger simulation model used in this report. 
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7 Conclusion 
This thesis has resulted in six concept suggestions, of which five of them has been 

evaluated in terms of performance, packaging and to some extent, cost. This was the main 

goal of the thesis  

The competitor analysis, where the XC90 D5 has been compared with similar cars from 

competitors, shows that there are no significant differences in the engine oil cooling 

systems of these cars. They all use a plate heat exchanger supplied with water from the 

engine cooling circuit. However, not knowing the conditions of the cooling system makes it 

difficult to make any conclusions based of these observations. One of the compared cars, 

the Mercedes ML 250BT has a specified heat transfer value printed on its plate heat 

exchanger. The value, 18 kW, is lower compared to the plate heat exchanger in the XC90 

D5. This information proves that the Mercedes does not dispatch as much heat to the oil. A 

possible reason for this could be that it has a more efficient water jacket which takes up a 

larger proportion of the heat from the combustion process. 

One conclusion from the competitor analysis that can be made is that high performance 

petrol cars almost exclusively use an oil to air heat exchanger instead of an oil to water 

plate heat exchanger.  

The BMW X5 M50d with a 381 HP diesel engine use a plate heat exchanger with the same 

size as the ones found in lower performance versions of the X5. With such a high engine 

power there must be some significant differences in the cooling system compared to the 

XC90 D5. 

In order to make the concept simulation result comparable with each other, all simulations 

has been made with the same input data. The results from the performance simulations 

indicates that all the concepts can reach the desired heat transfer rate of 40 kW. There is 

however big differences between them regarding how efficient they reach the target as can 

be seen in the concept summary.  

Concept 3, with an additional oil to air heat exchanger, and concept 4 with an additional 

water to air heat exchanger, both have the common purpose of supporting the existing plate 

heat exchanger when it has reached its maximum heat transfer values. The different 

methods they use to perform this task does however turn out to have different levels of 

efficiency. Concept 4 requires around three times as much air flow in to the heat exchanger, 

to reach the target heat transfer value. The simulations shows that direct air cooling of the 

oil without the additional water step in between, used in both concept 3 and 5, proves to be 

more realistic and will perform much better at low vehicle speeds. 

The packaging studies of the XC90 revealed the lack of available space in locations where 

good airflow could be achieved. It is therefore concluded that none of the concepts 
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suggested in the thesis could be fitted in the car without moving an existing component, 

like the engine control unit for example. The most promising location for an additional heat 

exchanger is behind the lower left side of the front bumper. This location has the best 

combination of space, air flow and proximity to the engine. 

During the theoretical studies it was concluded that the established maximum oil 

temperature was not set to protect the oil, which can handle temperatures higher than 

~150°C. The temperature limit is set because the oil pump cannot output a high enough oil 

pressure when the oil reach a temperature of above ~150 °C. This is because the viscosity 

of the oil decrease with increased temperatures. The worst case outcome of too high oil 

temperatures could be a decreased engine durability. It is therefore highly important to 

improve the oil cooling prior to increasing the power outtake in future engine versions.  

An overall recommendation based on the results obtained in this thesis is to further develop 

a solution where an oil to air heat exchanger is used to support the existing oil to water heat 

exchanger. The benefits from such a system are many. Relatively small air flows are 

required, which means that the cooling performance will be good even in low vehicle 

speeds. The required size of the heat exchanger is manageable in terms of positioning it in a 

car. The solution can also easily be demand controlled using a thermal bypass valve. 

The other concepts can however become useful if the heat transfer from the oil proves to be 

lower than the 40 kW studied in this thesis. Developing the concepts with water to air heat 

exchangers could be an alternative if the heat transfer demands are lower, making the air 

flow demands more realistic for those concepts. 
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8 Further work and recommendations 
In order to further develop the concepts produced by this thesis a number of recommended 

guidelines has been established. Focus should be on the solution with an additional oil to 

air heat exchanger connected to the current plate heat exchanger. 

 Obtain more accurate facts of the conditions in a future engine. Interesting facts 

include flow and temperature in the water- and oil systems. 

 Simulate the concepts as parts of a larger system to get more accurate data on how 

the concepts are affected by the rest of the cooling system. 

 Develop the proposition of positioning a heat exchanger in front of the left wheel 

house. Investigate mounting solutions with consideration to air flow, cost, assembly 

and strength. 

 Find alternative locations for the engine control unit currently positioned in front of 

the left wheel house. Investigate alternative cooling solutions for the ECU if 

positioned in a location without sufficient air flow. A suggestion is to cool the ECU 

with water from a LT-circuit. Another suggestion, currently used by Volvo trucks 

on their large diesel engines, is to cool the ECU by leading fuel through a channel in 

the ECU cover. 

 Simulate and design an air inlet and air guide between the front bumper and the heat 

exchanger. There has to be an air guide between the heat exchanger and the outlet in 

the wheel house arch as well. 

 Analyse the air flow that can be achieved through the heat exchanger at different 

vehicle speeds. Simulation results from this thesis, combined with such air flow 

data can then be used to determine if and when a fan is required in order to reach 

sufficient oil heat transfer at various driving scenarios. 

 Investigate the consequences of placing a hot-air outlet in the wheel housing.  
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Appendix 1 – Simulation results concept 3 
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kg/s kW °C °C mbar L/min  kg/s kW °C °C mbar L/min kW 

OTW Oil side        OTA Oil side         

0,57 23,57 127,58 145,00 248,35 45,00  0,57 13,90 117,06 127,59 250,73 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 18,27 113,71 127,59 250,07 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 19,96 112,41 127,59 249,82 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 20,84 111,73 127,59 249,69 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 12,37 118,24 127,59 250,96 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 16,26 115,26 127,59 250,37 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 17,76 114,10 127,59 250,15 44,40   

0,57 23,57 127,58 145,00 248,35 45,00  0,57 18,54 113,50 127,59 250,03 44,40   

OTW water side        OTA air side         

0,56 -23,57 119,58 108,00 121,79 33,00  0,25 -13,90 82,10 27,01 1,85 12897,00 37,47 

0,56 -23,57 119,58 108,00 121,79 33,00  0,50 -18,27 63,21 27,00 5,46 25693,69 41,84 

0,56 -23,57 119,58 108,00 121,79 33,00  0,75 -19,96 53,32 26,98 9,96 38351,93 43,53 

0,56 -23,57 119,58 108,00 121,79 33,00  1,00 -20,84 47,54 26,96 14,54 50874,84 44,41 

0,56 -23,57 119,58 108,00 121,79 33,00  0,25 -12,37 86,98 38,01 1,85 13369,55 35,94 

0,56 -23,57 119,58 108,00 121,79 33,00  0,50 -16,26 70,19 37,99 5,46 26635,01 39,83 

0,56 -23,57 119,58 108,00 121,79 33,00  0,75 -17,76 61,39 37,98 9,97 39756,30 41,33 

0,56 -23,57 119,58 108,00 121,79 33,00   1,00 -18,54 56,25 37,96 14,56 52736,25 42,11 
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Appendix 2 – Simulation results concept 4 
OTW               WTA             
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mbar °C °C °C kW g/s L/min  mbar °C °C °C kW kg/s L/min 

Hot (oil) side            Hot (water) side         

247,57 145,00 123,59 115,40 28,87 571,20 45,00  53,17 108,00 99,53 97,56 17,37 0,57 33,60 

247,12 145,00 121,20 112,04 32,03 571,20 45,00  53,17 108,00 94,29 90,59 28,05 0,57 33,60 

246,84 145,00 119,75 110,01 33,92 571,20 45,00  53,19 108,00 91,11 86,14 34,50 0,57 33,60 

246,66 145,00 118,79 108,66 35,18 571,20 45,00  53,21 108,00 88,98 83,07 38,79 0,57 33,60 

246,46 145,00 117,74 107,17 36,56 571,20 45,00  53,24 108,00 86,64 79,61 43,51 0,57 33,60 

247,67 145,00 124,12 116,13 28,17 571,20 45,00  53,17 108,00 100,68 99,01 15,03 0,57 33,60 

247,27 145,00 122,03 113,21 30,93 571,20 45,00  53,17 108,00 96,12 93,03 24,33 0,57 33,60 

247,03 145,00 120,76 111,42 32,61 571,20 45,00  53,18 108,00 93,32 89,20 30,01 0,57 33,60 

246,87 145,00 119,90 110,23 33,73 571,20 45,00  53,20 108,00 91,44 86,54 33,82 0,57 33,60 

246,70 145,00 119,00 108,94 34,92 571,20 45,00  53,21 108,00 89,43 83,64 37,89 0,57 33,60 

Cold (water) side          Cold (air) side           

125,58 99,54 113,57 115,40 

-

28,87 0,57 33,37  1,93 27,01 95,79 97,56 

-

17,37 0,25 12895,40 

125,18 94,29 109,94 112,04 

-

32,03 0,57 33,23  4,89 27,00 82,53 90,59 

-

28,05 0,50 25706,26 

124,95 91,11 107,73 110,01 

-

33,92 0,57 33,15  8,91 26,99 72,51 86,14 

-

34,50 0,75 38386,37 

124,79 88,98 106,25 108,66 

-

35,18 0,57 33,09  14,01 26,99 65,33 83,07 

-

38,79 1,00 50889,54 

124,62 86,64 104,63 107,17 

-

36,56 0,57 33,04  21,75 26,98 61,31 79,61 

-

43,51 1,25 63075,96 

125,67 100,68 114,36 116,13 

-

28,17 0,57 33,40  1,95 38,01 97,50 99,01 

-

15,03 0,25 13367,59 

125,32 96,12 111,20 113,21 

-

30,93 0,57 33,28  5,00 38,00 86,15 93,03 

-

24,33 0,50 26645,32 

125,11 93,32 109,27 111,42 

-

32,61 0,57 33,20  9,15 37,99 77,56 89,20 

-

30,01 0,75 39782,97 

124,97 91,44 107,96 110,23 

-

33,73 0,57 33,16  14,44 37,99 71,37 86,54 

-

33,82 1,00 52730,92 

124,82 89,43 106,56 108,94 

-

34,92 0,57 33,11   22,30 37,98 67,83 83,64 

-

37,89 1,25 65349,34 
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Appendix 3 - Simulation results concept 5 
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mbar °C °C °C kW kg/s L/min  mbar °C °C °C kW kg/s L/min 

OTW oil side            WTA water side           

248,77 145,00 129,83 124,12 20,58 0,57 45,00  42,27 123,13 112,00 110,48 20,61 0,51 30,30 

247,50 145,00 123,22 114,98 29,36 0,57 45,00  43,40 113,37 97,49 93,54 29,39 0,51 30,40 

246,89 145,00 120,04 110,53 33,55 0,57 45,00  44,05 108,56 90,40 84,62 33,58 0,52 30,44 

246,54 145,00 118,19 107,93 35,97 0,57 45,00  44,45 105,73 86,25 79,19 36,00 0,52 30,46 

246,20 145,00 116,35 105,31 38,38 0,57 45,00  44,87 102,87 82,07 73,53 38,41 0,52 30,48 

248,70 145,00 129,45 123,40 21,08 0,57 45,00  75,27 121,94 113,37 112,61 21,15 0,67 40,31 

247,33 145,00 122,30 113,42 30,57 0,57 45,00  75,89 111,10 98,67 96,24 30,64 0,68 40,42 

246,65 145,00 118,76 108,40 35,23 0,57 45,00  76,45 105,59 91,25 87,45 35,30 0,69 40,46 

246,25 145,00 116,66 105,41 37,97 0,57 45,00  76,95 102,29 86,82 82,04 38,04 0,69 40,49 

245,86 145,00 114,56 102,39 40,71 0,57 45,00  77,59 98,93 82,33 76,37 40,79 0,69 40,51 

248,66 145,00 129,24 122,99 21,36 0,57 45,00  118,28 121,28 114,31 113,94 21,48 0,84 50,32 

247,22 145,00 121,75 112,45 31,30 0,57 45,00  119,15 109,76 99,55 97,96 31,43 0,85 50,43 

246,50 145,00 117,96 107,04 36,28 0,57 45,00  119,55 103,78 91,93 89,28 36,42 0,86 50,48 

246,07 145,00 115,69 103,78 39,24 0,57 45,00  119,78 100,16 87,33 83,89 39,38 0,86 50,50 

245,64 145,00 113,40 100,47 42,22 0,57 45,00  120,05 96,46 82,64 78,24 42,36 0,86 50,53 

249,04 145,00 131,22 126,02 18,71 0,57 45,00  42,10 125,15 115,03 113,82 18,74 0,50 30,28 

247,86 145,00 125,12 117,63 26,84 0,57 45,00  43,05 116,22 101,70 98,59 26,87 0,51 30,38 

247,30 145,00 122,14 113,48 30,78 0,57 45,00  43,62 111,75 95,10 90,51 30,81 0,51 30,42 

246,96 145,00 120,40 111,03 33,08 0,57 45,00  43,98 109,10 91,20 85,56 33,11 0,51 30,44 

246,64 145,00 118,70 108,64 35,31 0,57 45,00  44,34 106,50 87,38 80,60 35,34 0,52 30,46 

248,97 145,00 130,89 125,39 19,16 0,57 45,00  75,13 124,08 116,29 115,72 19,22 0,67 40,29 

247,71 145,00 124,32 116,25 27,91 0,57 45,00  75,73 114,19 102,84 100,99 27,98 0,68 40,39 

247,08 145,00 121,00 111,59 32,28 0,57 45,00  76,04 109,09 95,96 93,03 32,35 0,68 40,44 

246,70 145,00 119,03 108,79 34,87 0,57 45,00  76,39 106,02 91,82 88,10 34,94 0,69 40,46 

246,34 145,00 117,10 106,04 37,39 0,57 45,00  76,84 102,99 87,75 83,13 37,47 0,69 40,48 

248,94 145,00 130,71 125,02 19,40 0,57 45,00  118,09 123,49 117,16 116,91 19,52 0,84 50,30 

247,62 145,00 123,83 115,39 28,55 0,57 45,00  118,93 112,99 103,68 102,52 28,68 0,85 50,40 

246,94 145,00 120,30 110,39 33,21 0,57 45,00  119,30 107,48 96,64 94,66 33,34 0,85 50,45 

246,54 145,00 118,17 107,35 36,00 0,57 45,00  119,52 104,12 92,36 89,75 36,13 0,86 50,48 
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246,14 145,00 116,08 104,35 38,73 0,57 45,00  119,74 100,79 88,13 84,80 38,87 0,86 50,50 

OTW water side            WTA air side           

638,26 112,01 123,12 124,12 

-

20,58 0,51 30,00  2,02 27,01 108,56 110,48 

-

20,61 0,25 12894,28 

642,05 97,49 113,36 114,98 

-

29,36 0,51 30,00  4,93 27,00 85,19 93,54 

-

29,39 0,50 25705,20 

643,61 90,40 108,55 110,53 

-

33,55 0,52 30,00  8,88 26,99 71,30 84,62 

-

33,58 0,75 38387,57 

644,43 86,25 105,72 107,93 

-

35,97 0,52 30,00  13,92 26,99 62,56 79,19 

-

36,00 1,00 50894,85 

645,20 82,07 102,86 105,31 

-

38,38 0,52 30,00  21,62 26,98 57,28 73,53 

-

38,41 1,25 63085,66 

1088,59 113,37 121,92 123,40 

-

21,08 0,67 40,00  2,03 27,01 110,69 112,61 

-

21,15 0,25 12894,09 

1094,01 98,67 111,09 113,42 

-

30,57 0,68 40,00  4,96 27,00 87,66 96,24 

-

30,64 0,50 25704,22 

1096,28 91,25 105,57 108,40 

-

35,23 0,69 40,00  8,93 26,99 73,57 87,45 

-

35,30 0,75 38385,31 

1097,49 86,82 102,27 105,41 

-

37,97 0,69 40,00  13,99 26,99 64,59 82,04 

-

38,04 1,00 50890,97 

1098,61 82,33 98,92 102,39 

-

40,71 0,69 40,00  21,68 26,98 59,17 76,37 

-

40,79 1,25 63081,13 

1666,37 114,32 121,26 122,99 

-

21,36 0,84 50,00  2,04 27,01 112,01 113,94 

-

21,48 0,25 12893,98 

1673,45 99,55 109,73 112,45 

-

31,30 0,85 50,00  4,99 27,00 89,22 97,96 

-

31,43 0,50 25703,59 

1676,46 91,93 103,75 107,04 

-

36,28 0,86 50,00  8,97 26,99 75,05 89,28 

-

36,42 0,75 38383,84 

1678,07 87,34 100,13 103,78 

-

39,24 0,86 50,00  14,03 26,99 65,92 83,89 

-

39,38 1,00 50888,43 

1679,55 82,65 96,43 100,47 

-

42,22 0,86 50,00  21,72 26,98 60,42 78,24 

-

42,36 1,25 63078,13 

637,21 115,03 125,14 126,02 

-

18,71 0,50 30,00  2,05 38,01 112,12 113,82 

-

18,74 0,25 13366,25 

641,03 101,71 116,21 117,63 

-

26,84 0,51 30,00  5,07 38,00 91,16 98,59 

-

26,87 0,50 26643,23 

642,60 95,10 111,74 113,48 

-

30,78 0,51 30,00  9,18 37,99 78,61 90,51 

-

30,81 0,75 39781,88 

643,44 91,20 109,09 111,03 

-

33,08 0,51 30,00  14,41 37,99 70,67 85,56 

-

33,11 1,00 52732,32 

644,21 87,39 106,49 108,64 

-

35,31 0,52 30,00  22,24 37,98 65,81 80,60 

-

35,34 1,25 65354,38 

1087,35 116,30 124,07 125,39 

-

19,16 0,67 40,00  2,07 38,01 114,01 115,72 

-

19,22 0,25 13366,08 

1092,60 102,84 114,17 116,25 

-

27,91 0,68 40,00  5,10 38,00 93,35 100,99 

-

27,98 0,50 26642,32 

1094,88 95,96 109,08 111,59 

-

32,28 0,68 40,00  9,22 37,99 80,64 93,03 

-

32,35 0,75 39779,79 

1096,12 91,83 106,00 108,79 

-

34,87 0,69 40,00  14,47 37,99 72,48 88,10 

-

34,94 1,00 52728,68 

1097,25 87,76 102,97 106,04 

-

37,39 0,69 40,00   22,29 37,98 67,50 83,13 

-

37,47 1,25 65350,18 

1664,80 117,17 123,47 125,02 

-

19,40 0,84 50,00  2,08 38,01 115,20 116,91 

-

19,52 0,25 13365,97 

1671,64 103,68 112,97 115,39 

-

28,55 0,85 50,00  5,12 38,00 94,74 102,52 

-

28,68 0,50 26641,74 

1674,65 96,65 107,45 110,39 

-

33,21 0,85 50,00  9,26 37,99 81,95 94,66 

-

33,34 0,75 39778,44 

1676,30 92,37 104,09 107,35 

-

36,00 0,86 50,00  14,51 37,99 73,67 89,75 

-

36,13 1,00 52726,31 

1677,80 88,14 100,76 104,35 

-

38,73 0,86 50,00   22,32 37,98 68,61 84,80 

-

38,87 1,25 65347,43 
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Appendix 4 – Simulation results concept 6 
OTA           
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kg/s kW C C mbar L/min 

Oil 

side           

0,57 20,93 129,56 145,00 7,93 45,00 

0,57 33,20 120,30 145,00 7,87 45,00 

0,57 41,93 113,62 145,00 7,82 45,00 

0,57 48,58 108,46 145,00 7,78 45,00 

0,57 19,01 130,99 145,00 7,94 45,00 

0,57 30,15 122,61 145,00 7,88 45,00 

0,57 38,08 116,57 145,00 7,84 45,00 

0,57 44,13 111,92 145,00 7,80 45,00 

Air 

side           

0,25 

-

20,93 109,85 27,02 1,32 12901,95 

0,50 

-

33,20 92,73 27,01 3,13 25739,92 

0,75 

-

41,93 82,34 27,02 5,51 38478,30 

1,00 

-

48,58 75,09 27,03 8,48 51081,77 

0,25 

-

19,01 113,18 38,01 1,34 13374,38 

0,50 

-

30,15 97,66 38,01 3,21 26680,79 

0,75 

-

38,08 88,23 38,02 5,67 39880,89 

1,00 

-

44,13 81,64 38,03 8,74 52936,78 
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Appendix 5 – Plate heat exchanger data 
Density 0W20 engine oil (1) @ 130 °C = 0,77 kg/l                 

Density 50/50 glycole/water (2) = 1,06 kg/l                   

KS436 26/26 channels = 

53 plates                           

                            

Parameter V1 m1 V2 m2 

dP1 

@130°

C   dP2 T1E T1A 

T2

E T2A Q1 

dQ/dT

E 

Unit 

[l/min

] 

[kg/s

] 

l/mi

n 

[kg/s

] [kPa] 

[mbar

] 

[mbar

] [°C] [°C] 

[°C

] [°C] 

[kW

] [W/K] 

1 10,0 0,13 10,0 0,18 13,9 139,3 82,6 

130,

0 

104,

0 

90,

0 

103,

1 8,0 200,6 

2 12,5 0,16 10,0 0,18 18,2 181,7 82,5 

130,

0 

106,

2 

90,

0 

105,

0 9,2 229,7 

3 15,0 0,19 10,0 0,18 22,8 227,8 82,4 

130,

0 

108,

1 

90,

0 

106,

5 10,2 254,2 

4 17,5 0,22 10,0 0,18 27,8 277,6 82,3 

130,

0 

109,

7 

90,

0 

107,

9 11,0 275,2 

5 20,0 0,26 10,0 0,18 33,1 331,2 82,2 

130,

0 

111,

1 

90,

0 

109,

1 11,7 293,3 

6 22,5 0,29 10,0 0,18 38,8 388,4 82,2 

130,

0 

112,

3 

90,

0 

110,

1 12,4 309,2 

7 25,0 0,32 10,0 0,18 44,9 449,2 82,1 

130,

0 

113,

4 

90,

0 

111,

0 12,9 323,3 

8 27,5 0,35 10,0 0,18 51,4 513,7 82,0 

130,

0 

114,

3 

90,

0 

111,

8 13,4 335,7 

9 30,0 0,39 10,0 0,18 58,2 581,8 82,0 

130,

0 

115,

2 

90,

0 

112,

5 13,9 346,9 

10 32,5 0,42 10,0 0,18 65,3 653,4 81,9 

130,

0 

115,

9 

90,

0 

113,

2 14,3 357,0 

11 35,0 0,45 10,0 0,18 72,9 728,6 81,9 

130,

0 

116,

6 

90,

0 

113,

8 14,6 366,1 

12 37,5 0,48 10,0 0,18 80,7 807,4 81,8 

130,

0 

117,

2 

90,

0 

114,

3 15,0 374,4 

13 40,0 0,51 10,0 0,18 89,0 889,6 81,8 

130,

0 

117,

8 

90,

0 

114,

8 15,3 382,0 

14 42,5 0,55 10,0 0,18 97,5 975,4 81,8 

130,

0 

118,

3 

90,

0 

115,

2 15,6 389,0 

15 45,0 0,58 10,0 0,18 106,5 

1064,

6 81,7 

130,

0 

118,

8 

90,

0 

115,

7 15,8 395,4 

16 47,5 0,61 10,0 0,18 115,7 

1157,

3 81,7 

130,

0 

119,

2 

90,

0 

116,

0 16,1 401,4 

17 50,0 0,64 10,0 0,18 125,3 

1253,

5 81,7 

130,

0 

119,

6 

90,

0 

116,

4 16,3 406,9 

18 10,0 0,13 20,0 0,35 14,4 143,9 294,8 

130,

0 

101,

1 

90,

0 97,2 8,9 221,8 

19 12,5 0,16 20,0 0,35 18,7 187,2 294,6 

130,

0 

103,

0 

90,

0 98,5 10,4 260,2 

20 15,0 0,19 20,0 0,35 23,4 234,2 294,4 

130,

0 

104,

6 

90,

0 99,6 11,8 294,4 

21 17,5 0,22 20,0 0,35 28,5 284,7 294,2 

130,

0 

106,

0 

90,

0 

100,

6 13,0 325,2 

22 20,0 0,26 20,0 0,35 33,9 338,9 294,1 

130,

0 

107,

2 

90,

0 

101,

5 14,1 353,1 

23 22,5 0,29 20,0 0,35 39,7 396,8 293,9 

130,

0 

108,

3 

90,

0 

102,

3 15,1 378,5 

24 25,0 0,32 20,0 0,35 45,8 458,2 293,8 

130,

0 

109,

3 

90,

0 

103,

1 16,1 401,8 

25 27,5 0,35 20,0 0,35 52,3 523,2 293,7 

130,

0 

110,

2 

90,

0 

103,

8 16,9 423,3 

26 30,0 0,39 20,0 0,35 59,2 591,8 293,5 

130,

0 

111,

0 

90,

0 

104,

4 17,7 443,1 

27 32,5 0,42 20,0 0,35 66,4 664,0 293,4 

130,

0 

111,

7 

90,

0 

105,

0 18,5 461,5 

28 35,0 0,45 20,0 0,35 74,0 739,7 293,3 

130,

0 

112,

4 

90,

0 

105,

6 19,1 478,7 

29 37,5 0,48 20,0 0,35 81,9 819,0 293,2 

130,

0 

113,

0 

90,

0 

106,

1 19,8 494,7 

30 40,0 0,51 20,0 0,35 90,2 901,7 293,2 

130,

0 

113,

6 

90,

0 

106,

6 20,4 509,7 

31 42,5 0,55 20,0 0,35 98,8 988,0 293,1 

130,

0 

114,

2 

90,

0 

107,

0 20,9 523,7 
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32 45,0 0,58 20,0 0,35 107,8 

1077,

7 293,0 

130,

0 

114,

7 

90,

0 

107,

5 21,5 537,0 

33 47,5 0,61 20,0 0,35 117,1 

1170,

8 292,9 

130,

0 

115,

2 

90,

0 

107,

9 22,0 549,5 

34 50,0 0,64 20,0 0,35 126,7 

1267,

5 292,9 

130,

0 

115,

6 

90,

0 

108,

2 22,5 561,3 

35 10,0 0,13 30,0 0,53 14,6 146,1 626,3 

130,

0 

100,

1 

90,

0 95,0 9,2 229,2 

36 12,5 0,16 30,0 0,53 19,0 190,0 626,0 

130,

0 

101,

8 

90,

0 95,9 10,8 271,2 

37 15,0 0,19 30,0 0,53 23,7 237,5 625,7 

130,

0 

103,

2 

90,

0 96,7 12,4 309,4 

38 17,5 0,22 30,0 0,53 28,8 288,5 625,4 

130,

0 

104,

5 

90,

0 97,5 13,8 344,3 

39 20,0 0,26 30,0 0,53 34,3 343,1 625,2 

130,

0 

105,

6 

90,

0 98,2 15,1 376,6 

40 22,5 0,29 30,0 0,53 40,1 401,4 625,0 

130,

0 

106,

6 

90,

0 98,8 16,3 406,4 

41 25,0 0,32 30,0 0,53 46,3 463,2 624,8 

130,

0 

107,

6 

90,

0 99,4 17,4 434,2 

42 27,5 0,35 30,0 0,53 52,9 528,6 624,6 

130,

0 

108,

4 

90,

0 

100,

0 18,4 460,1 

43 30,0 0,39 30,0 0,53 59,8 597,5 624,4 

130,

0 

109,

2 

90,

0 

100,

5 19,4 484,4 

44 32,5 0,42 30,0 0,53 67,0 670,0 624,3 

130,

0 

109,

9 

90,

0 

101,

0 20,3 507,2 

45 35,0 0,45 30,0 0,53 74,6 746,1 624,1 

130,

0 

110,

5 

90,

0 

101,

5 21,1 528,6 

46 37,5 0,48 30,0 0,53 82,6 825,6 624,0 

130,

0 

111,

1 

90,

0 

101,

9 22,0 548,9 

47 40,0 0,51 30,0 0,53 90,9 908,6 623,9 

130,

0 

111,

7 

90,

0 

102,

3 22,7 568,1 

48 42,5 0,55 30,0 0,53 99,5 995,2 623,7 

130,

0 

112,

3 

90,

0 

102,

7 23,5 586,3 

49 45,0 0,58 30,0 0,53 108,5 

1085,

1 623,6 

130,

0 

112,

8 

90,

0 

103,

1 24,1 603,6 

50 47,5 0,61 30,0 0,53 117,9 

1178,

6 623,5 

130,

0 

113,

2 

90,

0 

103,

5 24,8 620,1 

51 50,0 0,64 30,0 0,53 127,5 

1275,

4 623,4 

130,

0 

113,

7 

90,

0 

103,

8 25,4 635,8 

52 10,0 0,13 40,0 0,71 14,7 147,4 

1072,

1 

130,

0 99,6 

90,

0 93,8 9,3 233,0 

53 12,5 0,16 40,0 0,71 19,2 191,7 

1071,

7 

130,

0 

101,

1 

90,

0 94,5 11,1 276,9 

54 15,0 0,19 40,0 0,71 23,9 239,5 

1071,

3 

130,

0 

102,

5 

90,

0 95,2 12,7 317,3 

55 17,5 0,22 40,0 0,71 29,1 290,9 

1071,

0 

130,

0 

103,

7 

90,

0 95,8 14,2 354,6 

56 20,0 0,26 40,0 0,71 34,6 345,8 

1070,

7 

130,

0 

104,

8 

90,

0 96,4 15,6 389,4 

57 22,5 0,29 40,0 0,71 40,4 404,4 

1070,

4 

130,

0 

105,

7 

90,

0 96,9 16,9 421,8 

58 25,0 0,32 40,0 0,71 46,6 466,5 

1070,

1 

130,

0 

106,

6 

90,

0 97,4 18,1 452,2 

59 27,5 0,35 40,0 0,71 53,2 532,2 

1069,

9 

130,

0 

107,

4 

90,

0 97,8 19,2 480,8 

60 30,0 0,39 40,0 0,71 60,1 601,4 

1069,

7 

130,

0 

108,

1 

90,

0 98,3 20,3 507,8 

61 32,5 0,42 40,0 0,71 67,4 674,1 

1069,

5 

130,

0 

108,

8 

90,

0 98,7 21,3 533,4 

62 35,0 0,45 40,0 0,71 75,0 750,4 

1069,

3 

130,

0 

109,

4 

90,

0 99,1 22,3 557,6 

63 37,5 0,48 40,0 0,71 83,0 830,2 

1069,

1 

130,

0 

110,

0 

90,

0 99,5 23,2 580,7 

64 40,0 0,51 40,0 0,71 91,3 913,4 

1068,

9 

130,

0 

110,

6 

90,

0 99,8 24,1 602,6 

65 42,5 0,55 40,0 0,71 100,0 

1000,

2 

1068,

7 

130,

0 

111,

1 

90,

0 

100,

2 24,9 623,5 

66 45,0 0,58 40,0 0,71 109,0 

1090,

4 

1068,

6 

130,

0 

111,

6 

90,

0 

100,

5 25,7 643,5 

67 47,5 0,61 40,0 0,71 118,4 

1184,

0 

1068,

4 

130,

0 

112,

0 

90,

0 

100,

8 26,5 662,7 

68 50,0 0,64 40,0 0,71 128,1 

1281,

1 

1068,

3 

130,

0 

112,

5 

90,

0 

101,

1 27,2 681,0 
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Appendix 6 – Water-to-air tube and fin heat 
exchanger data 

Project:  Geometry:             

Supplier:  Total Radiator Core     

Radiator typ:   Width:  [mm] 
Width

: 270 [mm]    

Art.nr:  Height:  [mm] 
Heigh

t: 238,3 [mm]    

Date:  Depth:  [mm] 
Depth

: 32 [mm]    

Radiator 
 Weight:   [kg] 

Matrix
:   

[kg/dm
3]     

          

 

  
 

   

WHRAD for trailer tow      

               

Test Conditions: Req performance points:   

Internal External 1 2       

T1e= 115 [°C] T2e= 38 [°C] m1= 

 
  
 

m1=   [kg/s]    

P1e= 250 
[kPa] 
abs. P2e=  

[kPa] 
abs. m2=   m2=   [kg/s]    

1=
100

8 
[kg/m^
3] 2=  [kg/m^3] Q=   Q=   [kW]    

Coolant= 
Glythermin 

BASF 
Medium

= Air               

Mixture= 50 [%] 
Humidity

=   [%]               

Calculation/test results:   
estimat
ed 

m1 m2 m2fd v2 
Dp1 

(Core) Dp2 
T1o
ut T2out DT1 DT2 Q/Dte Q 

Dp 1 
(total) 

[kg/s] 
[kg/
s] 

[kg/m²*
s] [m/s] 

[kN/m²
] [N/m²] [°C] [°C] [°C] [°C] [W/°C] [kW] [kN/m²] 

0,05 0,05 0,8 0,7 0,1 19,6 96,6 104,6 -18,4 66,6 43,7 3,4 0,2 

0,05 0,1 1,6 1,4 0,1 47,7 84,9 91,9 -30,1 53,9 70,7 5,4 0,2 

0,05 0,2 3,1 2,8 0,1 119,3 72,8 75,4 -42,2 37,4 98,0 7,5 0,2 

0,05 0,4 6,2 5,6 0,1 313,0 64,3 60,3 -50,7 22,3 116,7 9,0 0,3 

0,05 0,6 9,3 8,3 0,1 566,5 61,3 53,7 -53,7 15,7 123,1 9,5 0,3 

0,05 0,8 12,4 11,1 0,1 876,1 59,7 50,1 -55,3 12,1 126,5 9,7 0,3 

0,05 1,0 15,5 13,9 0,1 1239,7 58,6 47,8 -56,4 9,8 128,7 9,9 0,3 

0,1 0,05 0,8 0,7 0,2 20,2 
105,

2 109,6 -9,8 71,6 47,0 3,6 0,3 

0,1 0,1 1,6 1,4 0,2 49,5 97,4 101,6 -17,6 63,6 83,5 6,4 0,4 

0,1 0,2 3,1 2,8 0,2 123,8 87,1 88,1 -27,9 50,1 131,4 10,1 0,4 

0,1 0,4 6,2 5,6 0,2 322,6 77,5 71,4 -37,5 33,4 175,3 13,5 0,4 

0,1 0,6 9,3 8,3 0,2 580,5 73,5 62,6 -41,5 24,6 193,3 14,9 0,4 

0,1 0,8 12,4 11,1 0,3 894,3 71,1 57,4 -43,9 19,4 203,7 15,7 0,4 

0,1 1,0 15,5 13,9 0,3 1262,1 69,6 54,1 -45,4 16,1 210,5 16,2 0,4 

0,2 0,05 0,8 0,7 0,4 20,6 
110,

0 112,0 -5,0 74,0 48,6 3,7 0,6 

0,2 0,1 1,6 1,4 0,5 50,9 
105,

5 107,3 -9,5 69,3 91,0 7,0 0,7 

0,2 0,2 3,1 2,8 0,5 128,1 98,5 97,9 -16,5 59,9 157,2 12,1 0,7 

0,2 0,4 6,2 5,6 0,5 333,2 90,2 82,7 -24,8 44,7 234,6 18,1 0,7 
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0,2 0,6 9,3 8,3 0,5 597,1 86,1 72,7 -28,9 34,7 273,0 21,0 0,7 

0,2 0,8 12,4 11,1 0,5 916,7 83,4 66,3 -31,6 28,3 297,0 22,9 0,7 

0,2 1,0 15,5 13,9 0,5 1290,3 81,6 61,9 -33,4 23,9 313,6 24,1 0,7 

0,4 0,05 0,8 0,7 1,1 20,8 
112,

4 113,1 -2,6 75,1 49,4 3,8 1,5 

0,4 0,1 1,6 1,4 1,1 51,9 
110,

1 110,3 -4,9 72,3 95,0 7,3 1,5 

0,4 0,2 3,1 2,8 1,2 131,7 
106,

0 104,2 -9,0 66,2 173,7 13,4 1,6 

0,4 0,4 6,2 5,6 1,2 343,6 
100,

2 92,0 -14,8 54,0 283,3 21,8 1,6 

0,4 0,6 9,3 8,3 1,2 614,2 96,8 82,1 -18,2 44,1 347,1 26,7 1,6 

0,4 0,8 12,4 11,1 1,2 940,8 94,5 75,3 -20,5 37,3 390,6 30,1 1,6 

0,4 1,0 15,5 13,9 1,2 1321,6 92,8 70,2 -22,2 32,2 422,5 32,5 1,6 

0,6 0,05 0,8 0,7 2,1 20,9 
113,

3 113,6 -1,7 75,6 49,7 3,8 3,1 

0,6 0,1 1,6 1,4 2,1 52,4 
111,

7 111,6 -3,3 73,6 96,6 7,4 3,1 

0,6 0,2 3,1 2,8 2,1 133,7 
108,

7 107,2 -6,3 69,2 181,8 14,0 3,1 

0,6 0,4 6,2 5,6 2,1 350,7 
104,

1 97,5 -10,9 59,5 312,5 24,1 3,1 

0,6 0,6 9,3 8,3 2,2 626,8 
101,

2 88,3 -13,8 50,3 396,1 30,5 3,2 

0,6 0,8 12,4 11,1 2,2 959,3 99,1 81,5 -15,9 43,5 456,1 35,1 3,2 

0,6 1,0 15,5 13,9 2,2 1346,2 97,5 76,3 -17,5 38,3 501,8 38,6 3,2 

0,8 0,05 0,8 0,7 3,2 21,0 
113,

7 113,8 -1,3 75,8 49,8 3,8 5,5 

0,8 0,1 1,6 1,4 3,2 52,6 
112,

5 112,1 -2,5 74,1 97,3 7,5 5,5 

0,8 0,2 3,1 2,8 3,3 134,8 
110,

2 108,6 -4,8 70,6 185,3 14,3 5,6 

0,8 0,4 6,2 5,6 3,3 354,7 
106,

5 100,3 -8,5 62,3 327,1 25,2 5,6 

0,8 0,6 9,3 8,3 3,3 634,4 
104,

0 91,8 -11,0 53,8 423,1 32,6 5,6 

0,8 0,8 12,4 11,1 3,4 970,9 
102,

1 85,2 -12,9 47,2 494,7 38,1 5,7 

0,8 1,0 15,5 13,9 3,4 1362,1 
100,

6 80,0 -14,4 42,0 550,7 42,4 5,7 

1,0 0,05 0,8 0,7 4,6 21,0 
114,

0 113,9 -1,0 75,9 49,9 3,8 9,3 

1,0 0,1 1,6 1,4 4,7 52,8 
113,

0 112,4 -2,0 74,4 97,7 7,5 9,4 

1,0 0,2 3,1 2,8 4,7 135,4 
111,

1 109,3 -3,9 71,3 187,3 14,4 9,4 

1,0 0,4 6,2 5,6 4,7 357,3 
108,

0 101,9 -7,0 63,9 335,7 25,8 9,4 

1,0 0,6 9,3 8,3 4,8 639,4 
105,

9 93,9 -9,1 55,9 439,7 33,9 9,5 

1,0 0,8 12,4 11,1 4,8 978,6 
104,

2 87,5 -10,8 49,5 519,1 40,0 9,5 

1,0 1,0 15,5 13,9 4,8 1372,9 
102,

9 82,4 -12,1 44,4 582,4 44,8 9,5 
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Appendix 7 - Oil-to-air tube and fin heat 
exchanger 
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Appendix 8 – Fuel cooler performance 
 

  

Fuel cooler 

With trailer, 70 km/h with load 

Min Temperature 

(°C) 

Pressure (kPa) 

Before cooler 37 9 

After cooler 35 9 

Max   

Before cooler 68 18 

After cooler 63 16 



 

85 

 

Appendix 9 – Oil viscosity 
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