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Introduction
It is not hard to argue that the internal combustion engine is 
one of the most important inventions of the 19th century, and 
that it strongly influenced the way human civilization has 
developed in the 20th century.  The development of the 
motor vehicle both for the transportation of people, as well 
as goods, has made vast distances across land more 
accessible than ever before.  However, fast forward a little 
more than one hundred years and that increased freedom of 
mobility is coming at a cost.  

According to the IPCC’s 2014 report (ref 1), approximately 
14% of all greenhouse gases put into the atmosphere 
globally each year are from road transportation.  This 
translates to nearly 1,800 million metric tons of CO2 
equivalent, of which 42% was from passenger cars, 13% 
from medium and heavy duty trucks, and, 18% was from 
light duty trucks, with the rest from other modes of 
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transportation (ref 2).  In addition to environmental concerns, 
there is also the issue that gasoline is a fossil fuel and thus a 
finite resource in the world.    

To help mitigate these issues, governments around the world 
have been implementing legislation to reduce the level of 
CO2 emissions and create more fuel efficient vehicles.  An 
example of this is the Corporate Average Fuel Economy or 
CAFE standard in the US, which requires vehicle 
manufacturers to maintain a fleet average fuel economy of 
54.5 mpg by 2025 (ref 3).  In the EU, law requires that all 
new cars produce 95 grams of CO2 per kilometer or less, a 
40% decrease from 2007 levels (ref 4). 

Vehicle Thermal Management (VTM) strategies generally 
span a breadth of activities and systems. From a thermo-
fluid perspective, VTM can be broken down into several 
vehicle systems: engine airside, engine cooling, lubrication 
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systems, air conditioning systems, fuel systems, and exhaust 
systems (Figure 1). Optimizing fluid flow for cooling/heating 
or breathing as well as the thermal management of 
components are key factors for high reliability and 
performance increase while reducing power/fuel 
consumption and emissions. Hence, the automotive 
powertrain and VTM has gained increased focus in recent 
years in order to reduce emissions and energy/fuel 
consumption. 

Mentor has a long history of addressing vehicle thermal 
management both with 1D system-of-systems thermo-fluid 
modeling in FloMASTER (Figure 1) and 3D CAD-embedded 
CFD component models in FloEFD (Figure 2). Optimized fluid 
flow for cooling or breathing as well as the thermal 
management for high reliability and performance increase 
while reducing power/fuel consumption and emissions has 
always been the goal.

                   Figure 1: FloMASTER 1D CFD Vehicle Thermal Management Systems and typical 1D Components 
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           Figure 2: Automotive Powertrain 3D CFD Vehicle Thermal Management component applications using FloEFD

A vehicle’s engine Airside System can influence its 
performance drastically. In addition, the vehicle’s 
aerodynamics can also be influenced by new technologies 
such as active shutters and the stacking of heat exchangers. 
The engine Cooling System itself is the next step in the 
vehicle thermal management network; with heat transfer 
between the airside and the cooling system leading to 
engine cooling. In order to optimize the performance of the 
engine it must work in a narrow temperature range, so zero 
flow heat transfer, as well as perfectly controlled coolant flow, 
are keys to achieving good efficiency. The engine Exhaust 
System is often considered part of the powertrain as it 
contributes to it with turbochargers, exhaust gas recirculation 
(EGR) and waste heat recovery technologies to the overall 
performance of the vehicle’s engine. Optimized fluid flow and 
pressure losses in the system as well as the performance of 

components such as catalysts and mufflers are of 
importance in the exhaust system design.

The fuel system, by comparison, ranges from the fuel tank to 
the injection nozzles with several components in between 
that are designed to also increase the performance of a 
vehicle. Components such as a diesel preheater, fuel pumps 
and the injection nozzles themselves have influence on a 
vehicle’s performance. Optimized fluid flow and temperature 
control can achieve lower fuel consumption and emissions 
plus higher performance. Finally, the key to every vehicle is 
movement and especially in the powertrain there is a lot of 
movement and the main concern here is frictional losses. In 
order to avoid friction a Lubrication System is therefore 
required that is able to cope with all workloads of the engine 

and gearbox. A lot of focus lies on priming and heat-up of 
the lubricant in order to achieve optimum performance of the 
powertrain and reduced fuel consumption

One of the most popular and exciting new directions vehicles 
are going to have to takes to address environmental 
concerns electrification.  While this may help to change the 
landscape of the automotive industry one day, it is important 
to remember that this will take time.  Internal Combustion 
Engine (ICE) vehicles currently make up more than 99% of all 
car sales in the world and that number is still expect to be 
around 65% in the year 2040.  This means that while there is 
a significant amount of work going into making affordable 
mass market electric vehicles a reality, the need for 
improvements through engineering of the traditional ICE 
powertrain has never been greater.  A large part of these 
developments will focus on the thermal management of the 
vehicle in particular three areas of focus and what it could 
mean for vehicle engineering:

1. One of the best ways to ensure that an engine uses 
less fuel is to make it smaller.  While this sounds simple, 
reducing the engine while keeping everything else the 
same means the driver is going to feel significantly less 
performance from the vehicle.  While some may be fine 
with this, many drivers are not willing to sacrifice on per-
formance.  To facilitate this downsizing of engines, many 
manufacturers have turned to turbocharging systems on 
their vehicles.  These systems allow smaller engines to be 
used but often require additional components such as a 
turbine, compressor, intercooler, and wastegate all which 
require detailed engineering to ensure efficient operation.  

2. Another emerging area is that of waste heat recovery.  
Since most vehicles expel 60% or more of the energy 
available from the fuel as waste, the concept of capturing 
that wasted heat has many OEMs looking into this 
area.  This can be as simple as using the exhaust gas to 
preheat the fuel before entering the engine to as complex 
as Organic Rankine Cycle systems or Thermo-electric 
Generators.  While it is unlikely that any of these systems 
will be a magic bullet, given they can be designed to be 
cost-effective the efficiency gains from these technolo-
gies will be very welcome.
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3. The final area of focus will continue to be improving 
and optimizing the components (see figure 3) and the 
systems that interact with the ICE powertrain.  The most 
important areas will continue to be engine water jacket 
design, engine and transmission lubrication, HVAC and 
cabin comfort, and underhood.  Each of these systems 
have opportunities for optimization of their components 
especially heat exchangers, air handling units, and con-
trol valves.  This area may not see step change impro-
vements but is a critical aspect of the design and always 
necessary to ensure any new technologies can reach 
their full potential.

This VTM e-book highlights how the frontloading of both 1D 
& 3D CFD simulation & test capabilities is empowering 
companies all over the world – including Mitsubishi, FIAT, 
Chrysler, Mahle, Dr. Schneider and Liebherr – to address key 
thermal challenges of their VTM conventional powertrain 
designs.  In addition, coupling 1D and 3D CFD capabilities 
into embedded workflows provides the benefits of both 
technologies to each technology to their user base (Figure 3). 
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Figure 3: Frontloading 1D-3D CFD Solution with FloEFD and FloMASTER - enabling rapid Systems’ Component Accuracy 
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Downsizing to meet OEM challenges
MAHLE Powertrain (MPT) is part of the worldwide MAHLE 
Group which employs over 40,000 people in 110 production 
and R&D offices around the world.  MPT provides Integrated 
Powertrain Solutions (IPS) from concept to manufacture.  

MPT is constantly exploring  new ways to improve the 
efficiency and performance of engines to meet the 
demanding objectives Automotive OEM’s are faced with 
today, i.e. to reduce fuel consumption and emissions.   
MPT’s key expertize lies in the development of high 
performance engines with low emissions and excellent fuel 
economy through the optimization of gas exchange, 
combustion, friction and durability. 

This strategy is being demonstrated by the development of 
MAHLE’s own state of the art three-cylinder 1.2-litre 
downsizing technology demonstrator engine which has been 
designed, built and tested at Northampton in the UK.

MAHLE Powertrain Delivers 
New Concept Engine In Less 
Than 12 Months

                                                       Image of MAHLE’s 1.2l downsizing technology eng
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Objectives
One of the objectives of the project was to design a 
compact engine with high specific power output by using a 
turbo charger combined with state of the art direct injection 
technology and variable valve timing.  This ensures that 
vehicle performance targets can be met using the smallest 
capacity engine thus minimizing throttling losses which 
otherwise leads to high fuel consumption. 

Other auxiliary drive losses in the engine must be kept to a 
minimum if the benefit of the engines inherent low fuel 
consumption is to be maximized.  Reducing the power 
requirement of both the lubrication and cooling systems is 
key to achieving these low auxiliary drive losses.  

This revolutionary engine development uses FloMASTER to 
model and simulate systems to optimize selection and sizing 
of components and technology from MAHLE.

Lubrication

Cam Bearings

Hydraulic Valve Adjustors

Chain Drive

Crankshaft

Piston Cooling

Oil Pump and Pressure Control

Figure 1: FloMASTER Network Diagram 
The FloMASTER model includes all components from the oil pick-up pipe to each oil fed component from bearings to squirt jets 
(the low pressure return to sump is modelled seperatley).
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Designing the Lubrication & Cooling 
Systems 
FloMASTER is used throughout the design process.  From 
the initial concept stage, FloMASTER allows engineers to 
understand what is or is not feasible and identify any 
problems long before the engine reaches the test bed.

FloMASTER is used to build a full model of the lubrication 
and cooling systems to meet the exact requirements of the 
engine.  By understanding these requirements, along with 
the parameters and tolerances of the available components 
MAHLE have been able to optimize the design of the engine, 
thus reducing power losses and ensuring high reliability.  A 
downsized engine puts high demands on the lubrication 
system, therefore the accuracy and quality of information is 
paramount.

For the lubrication system design, engineers at MPT use 
FloMASTER to optimize the pump capacity and drive ratio.   
At low engine speeds the oil pump pressure relief valve (PRV) 
remains closed, forcing all of the flow from the pump to the 
consumers.  Under these conditions it is critical that the 
pump capacity matches the engine’s requirements and 
acceptable oil pressure targets are achieved.  By optimizing 
the combination of capacity and drive ratio MPT engineers 
can minimize the pump power consumption under normal 
driving conditions.  The efficiency of an automotive oil pump 
is extremely sensitive to speed, temperature and pressure.  
The optimum arrangement is a balance between all these 
factors and FloMASTER enables MPT to calculate the best 
configuration quickly and easily.

Figure 2: Engine Oil Pressure Graph 
The engine oil pressure must meet a series of critical targets to ensure correct operation of each component including hydraulic 
actuators, piston cooling nozzles and highly loaded crankshaft bearing components.
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Figure 3: Oil Flow Distribution 
The oil flow in the engine needs to be steered to the most critical components in strict priority.  Any flow through the pressure 
relief valve at low engine speeds results in wasted energy and increased fuel consumption.

Results
By using FloMASTER to optimize the engine cooling, inter-
cooling and exhaust gas recirculation (EGR) systems the 
concept vehicle installation requirements have been met 
such that the powertrain’s overall fuel economy savings and 
emissions reductions can be maximized.

Robert Corbishley, Senior Analysis Engineer for MPT explains 
how FloMASTER has aided the development process.  
“FloMASTER shortens the time frame and provides much 
more detailed information at an early stage.  We are able to 
foresee any potential problems with the engine design much 
earlier, which saves considerable time and resource.  The 
value for money FloMASTER offers is exceptional, being 
used throughout the development process.  When you 
evaluate FloMASTER’s contribution to the overall project in 
time saving versus cost, the return on investment is 
excellent.”

“FloMASTER shortens the time frame and provides much more 
detailed information at an early stage.  We are able to foresee any 
potential problems with the engine design much earlier, saving 
considerable time and resource.” 
Robert Corbishley, Senior Analysis Engineer, MAHLE Powertrain
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2016 Don Miller Award 
Winners Highlight the 
Versatility of FloMASTER

F loMASTER is widely known for the variety of 
industries and applications that it can be used 
for. This is truly evident in the winning entrants 
of the 2016 Don Miller Award for Excellence in 
System Level Thermo-Fluid Design. The three 

papers recognized, address automotive engine cooling, 
two-phase refrigeration processes, and passenger 
comfort in rail transport. Additionally, the entrants also 
showed the global reach of FloMASTER with the winners 
coming from India, Brazil, and China. We would like to 
take this opportunity to recognize their excellent work.

  First prize went to Soujanya C, V Sundaram, & Sathish  
  Kumar S of Chrysler India Automotive Pvt, Ltd. for their  
  paper “Simulation of Split Engine Cooling System”

The important objective of this work was to develop a 
FloMASTER simulation model of split engine cooling system, 
which was capable of predicting the coolant flow and 
pressure drop across different engine speeds and 
components. The new methodology developed to model the 
engine coolant jacket and two thermostats helped in 
achieving good correlation of simulation results with that of 
test. 

The importance of split engine cooling system is that, the 
coolant flow through a block coolant jacket is stopped until 
the coolant reaches certain temperature. This helps the 
coolant reach a optimum performance temperatures quickly. 
For this purpose, there are two thermostats available in the 
system. This type of cooling system improves the efficiency 
of the engine by increasing the coolant temperature quickly 
to optimum level as soon as the engine starts. 

Cooling

         Figure 1. CAD drawing of Split Cooling System 

               Figure 2. Detailed Thermostat Drawing

      Figure 3. FloMASTER Model of Split Engine Cooling System
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The performance prediction through any tool depends on the 
input parameters which are fed to the tool. So care should 
be taken to get predictions near to bench test data. The 
authors utilized several sources of data including: CAD of the 
cooling system, performance details of the components, 
T-Stat hysteresis curves and engine performance data.

Internal flow geometry details like coolant pipe flow diameter, 
pipe length, bend angle etc. were extracted from the CAD 
and modeled using simple flow components available in 
FloMASTER and component specific data such as T-Stat 
hysteresis curves and pump performance curves were 
obtained from manufacturer data and brought into the 
model. The main challenge involved in modeling split engine 
cooling system is the modelling of coolant jacket. Data from 
engine bench tests was utilized. A flow sweep test was run 
and the flows and pressures were obtained across different 
pump speeds and coolant temperatures, these results were 
also used in the FloMASTER model

The FloMASTER model of split engine cooling system was 
correlated against engine test data and the predictions are 
within +/- 10 % deviation.

The figures shows the comparison plots and results between 
bench and simulation predictions across split engine cooling 
system at 76°C.

This innovative approach was developed using FloMASTER 
which considers all the restrictions involved in a complicated 
cooling system like a split cooling system and resulted in 
correlation of simulation results with bench test data within 
10% error. This kind of simulation eliminates several bench 
tests in analysis of engine cooling system performance. This 
kind of approach in engine development can reduce huge 
lead times and costs in system development because the 
simulation run time is a few seconds. The simulated model 
could be easily modified for different scenarios and 
performance criteria of the system could be easily evaluated 
in future vehicle development.

              Figure 4. Pump Flow Result Comparison

                                               Figure 6. Schematic of Prototype Magnetic Refrigeration System

             Figure 5. Heater Flow Result Comparison
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  First runner up prize went to Thiago Rubens Vieira Ebel  
  from the Federal University of Santa Catarina, Department  
  of Mechanical Engineering, Brazil with his paper titled,  
  “Viability Analysis and Computational Simulation of a  
  Hydraulic Circuit for a Magnetic Refrigeration System”.  
  Truly a unique application of FloMASTER in the area of  
  research. 

Magnetic refrigeration is a cooling technology based on the 
magnetocaloric effect which is a magneto-thermodynamic 
phenomenon in which a temperature change of a refrigerant 
material is caused by exposing the material to a changing 
magnetic field. FloMASTER was used to understand the 
water hammer effects that can occur in one such 
refrigeration system.

A simplified hydraulic system of the Brazilian prototype 
developed by Lozano (2015) was modeled by means of 
FloMASTER. The transient behavior of the absolute 
pressures and the mass flow rate through the regenerator 
beds was simulated. A deep understanding of the dynamics 
of the circuit was gained.

The model was subjected to scenarios of different flow rates, 
operating frequencies and opening ramps of the valves. It 
was concluded that the higher the flow rates, the stronger 
the dynamic events such as water hammer. 

The operating frequencies proved not to influence sensitivity 
of the hydraulic circuit. On the other hand, the variation of 
the duration of the opening ramps demonstrated to have a 
key role on the whole hydraulic circuit. By modeling a similar 
behavior to the former rotary valves, when having opening 
ramps smaller than 8° out of 360° (roughly 2% of the 
working period), the circuit tends to have great influence of 
the water hammer effect. Conversely, for opening ramps 
larger than 15° (roughly 4.2% of the working period) the fluid 
finds less resistance to bypass the regenerators during the 
switching time. This effect tends to waste part of the flow but 
also decreases the water hammer effects. Relying on the 
results of different scenarios, the best overall performance is 
found associated to opening ramps between 8° and 15°.

Through the numerical simulation results at different 
operating conditions, a new layout for the hydraulic circuit 
was proposed to improve the performance of the 
refrigeration system. 

Based on the obtained results in this work, the most suitable 
solution is to include a proportional returning valve before the 
high pressure valves and after the low pressure valves. Such 
a device would be capable of absorbing the water hammer 
effects and to make the flow through the regenerators’ beds 
smoother. Even though the system would require higher 
pumping capacity, due to flow bypass, an estimation of the 
novel hydraulic circuit would have a COP of 1.34 and a 
second law efficiency of η2nd = 9.55% (the actual system 
had a maximum second law efficiency of η2nd = 1.16%).

                                     Figure 7. Initial FloMASTER Model of Prototype Magnetic Refrigeration System

                               Figure 9. FloMASTER Model of Redesigned Prototype Magnetic Refrigeration System

      Figure 8. Typical Water Hammer results in the System
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  Second Runner up Award went to “Study on the one- 
  dimensional carriage and ventilation system of high- 
  speed train” from Yifei Zhu, Yugong Xu, Xiangdong Chen  
  of the School of Mechanical Electronic and Control  
  Engineering, Beijing Jiaotong University, Beijing, China.

Their work investigated the interaction of the outside 
environment and the interior airflow through the ventilation 
system of a high speed train during operation. In past 
studies, this interaction has been ignored resulting in 
significant inaccuracies in the results. The composition of the 
complex ventilation system includes: air inlet, grill, 
controllable dampers, ducts, air conditioning units, air orifice, 
return air valves, and waste discharge units. Due to the 
overall complexity and length vs. the hydraulic diameter of 
the ducts, a 1D simulation with FloMASTER was the only 
practical solution to the simulation problem.

Figure 10 is the 3D CAD drawing of the ventilation of the 
high-speed train carriage. It consists of a combination of 
fresh air ventilation system parts, exhaust section and return 
air section together. 

Because the model is so complicated, a simplification 
process was used to reduce the complexity of the model. 
This included:

1. The pressure protection valve is open in normal operati-
on, so it was ignored, 

2. Air conditioning mixing box. This is just a confluence of 
container shaped like a Y-pipe, the drag coefficient is 
small, and therefore considered as a modeling point of 
convergence, and

3. Because the study was only interested in the airflow 
distribution and not temperature the components of 
the air conditioning and heating units were simplified to 
resistance elements based on local resistance. 

Figure 11. FloMASTER Network of Ventilation System of 
High-Speed Train Carriage

The supply duct system lines consists mainly of long straight 
pipes with only a few individual bends and corners which 
have very small additional resistance relative to the long 
pipes so they were omitted as well. 

After these simplifications were made, the FloMASTER 
model was constructed as shown in figure 11.

Figure 10. 3D CAD Drawing of Ventilation System of High-
Speed Train Carriage

                            Table 1. Comparison of FloMASTER Simulation Results Vs Actual Operating Point Values

Results of the simulation showed that the new outlet flow, 
exhaust port flow, return airflow, and airflow rate of each 
branch meet design conditions and the calculation results 
are consistent with the actual operating point of the 
ventilation system, which demonstrates the rationality and 
accuracy of the simulation model. This modeling approach 
will be used to predict other environmental conditions inside 
the train carriage.

From these award winning papers it is easy to see the 
versatility of FloMASTER and how creative engineers from 
around the world are finding new and innovative ways to use 
it to solve their simulation and design problems.
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Fiat Automóveis S.A - 
Numerical Simulation of the 
ATB Test
Overview
Fiat Automóveis S.A. in Brazil, is responsible for Fiat in Latin 
America for automobile and trucks (Fiat Automóveis and 
Iveco) and the development of Fiat Powertrain (FPT).  Fiat 
Automóveis S.A uses simulation and experimental testing to 
aid the design of vehicle cooling systems to ensure optimum 
performance in all operating conditions.  A fundamental test 
of the cooling system is the Air to Boil (ATB) test, which 
represents the ability of the coolant to form bubbles.  

The ATB test was performed using FloMASTER V7 
Automotive to model the cooling system for a 1000cc, 8 
valve, 66BHP, Flex engine capable of running on both 
gasoline and ethanol (from sugar cane) for use in one of the 
most popular vehicles for Fiat in Brazil, the Fiat Palio. 

The FloMASTER model allows engineers to understand the 
system behaviour under several operating conditions, for 
example several radiators and fans, thus avoiding repeated 
physical experiments, considerably reducing the costs of the 
project.

The cooling system
The air injected into the engine is mixed with the injected fuel 
and burns in the engine cylinders.  The energy generated 
from the combustion produces power for the engine, with 
surplus energy transferred to the surrounding environment; 
the engine block, oil and coolant.  The cooling system helps 
to maintain the temperature of an engine under appropriate 
limits and consists of a water pump, engine, radiator, fan, 
expansion tank, thermostatic valve, coolant and hoses (see 
Fig.1).

                                             Figure 1 – Cooling System for 1000cc, 8 valve, 66BHP, Flex engine
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Figure 3 represents the curves of the pressure drop in the 
radiator versus the volume flow on the water side (a) and air 
side (b) used to model the radiator.  These curves were 
obtained based on the information supplied by the radiator 
manufacturer.

For the ATB test to be effective, vehicle characteristics such 
as weight, maximum load and the country (for climate and 
altitude parameters) where the vehicle is to be sold.  The 
ATB index represents the maximum temperature that the 
cooling system supports before the coolant begins to boil.  If 
the temperature exceeds this limit, the cooling system should 
be better dimensioned or the maximum load of the vehicle 
should be reduced.

Fiat Automóveis S.A. chose to perform both experimental 
testing using a climate chamber and system simulation using 
FloMASTER V7 Automotive to perform the ATB test, based 
on a Fiat, 4 cylinders, 1000 Flex 8 valve engine.  

Experimental “physical” study
Experiments were performed in a climate chamber with roller 
dynamometer.  Environmental conditions such as 
temperature, solar radiation and humidity were controlled 
within the chamber.  Measurements were obtained from the 
inlet and outlet of the radiator, output cylinder head, inlet and 
outlet of the air filter and engine oil.  

Numerical “simulation” study
A one-dimensional model of the coolant in the engine was 
developed using FloMASTER V7 to estimate the airflow 
through the radiator.  The model was developed to 
determine the effects of the flow of fluids, predicting the 
internal flow and thermal effects through the use of 
mathematical and empirical relationships of pressure, flow 
and temperature.  The characteristics of some of the 
components were provided by the component suppliers.  

To build the network using FloMASTER V7 Automotive, input 
data was required to develop the layout of the vehicles 
cooling system and to define the test parameters e.g. 
temperature, relative humidity, solar radiation, rotation of the 
engine, fan and water pump, engine heat rejection.   

Figure 2 – Network of the cooling system in FloMASTER V7 
Automotive

Figure 3 – Pressure drop in the radiator: water side (a) and 
air side (b)

Figure 5 – Fan coefficient pressure curve (a) and radiator 
thermal performance (b)

           Figure 4 – Thermostatic valve curve opening

Figure 4 shows the thermostatic valve opening curve used to 
model this component and was also supplied by the 
manufacturer.

Figure 5 (a) presents the pressure coefficient of the fan as a 
function of the flow coefficient.  Figure 5 (b) shows the 
radiator thermal performance.
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ATB test conditions
The ATB test is normalized by Fiat Automóveis S.A. and 
must be performed under specific transient conditions.  The 
velocities of the vehicle in the conditions are shown in Figure 
6 (a).  In the first condition, the vehicle has a velocity of 
29km/h; in the second condition, 40km/h; in the third 
condition, 140km/h and finally in the fourth condition, idle - 
the vehicle is kept in rotation of idling.  

Figure 6 (a) and (b) – Speed X Test conditions (a) and heat 
rejection X Test condition (b).

                                         Figure 7 (a) and (b) – Radiator Inlet temperature (a) and ATB index (b)

Figure 6 (b) shows the rejection of the engine heat in each 
simulation, obtained from Fiat Auto SpA (Italy).

Figure 6 (b) shows the rejection of the engine heat in each 
simulation, obtained from Fiat Auto SpA (Italy).ATB test 
results

ATB test results 
The results obtained from the simulation and experimental 
test were very close for the first condition, only 0.5% 
difference in temperature.  For the second condition the 
difference was higher at 8.2%; however the analysis is still 
valid as it indicates the possibility of use of a particular 
component in the vehicle.  In the third condition, the 
maximum error was 3.3% which can be explained by the 
uncertainty of the measurement instruments, variations of the 
climatic chamber conditions and the input data (mainly the 
rejection of engine heat).

Conclusion
The simulation results were validated by the comparison with 
experimental data obtained in the climate chamber.  The 
model developed is used in the design of cooling systems at 
Fiat, helping to understand the effects of engine heat 
rejection, thermal efficiency of the radiator and fan 
performance in the cooling system of the vehicle.

“The FloMASTER V7 user interface is intuitive and easy to 
use, enabling us to simulate the cooling system very quickly, 
to perform tests for a wide range of operating conditions.  
The ability to alter the cooling system design, using different 
radiators and fans for example, enables us to ensure the 
optimum arrangement for the cooling system without 
physical testing, saving considerable project time and costs.”  
Felipe Vereza Lopes da Silva, Fiat Automóveis S.A.
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By Boris Marovic, Automotive Industry Manager, Mentor Graphics

Chongqing Changan Motors 
Optimize an Automotive Engine 
Lubrication System for a Variable 
Valve Lift System Toyota

A s regulations drive the automotive industry 
to reduce emissions and fuel consumption, 
new technologies such as gasoline direct 
injection, turbocharging and variable valve 

lift (VVL) gain increased interest in automotive OEMs and 
Tier Suppliers. In particular the VVL meets the 
requirements for the control of the airflow at different 
engine revolution speeds and torques by reducing 
throttle pump loss, improving volume efficiency, 
optimizing in-cylinder gas flow, speeding up the 
combustion rate and many more advantageous 
behaviors.

As Wu Lifen and Yang Kun from Chongqing Changan Motors 
Powertrain Development Center work on optimizing the 
engine lubrication system with FloMASTER, they performed 
three studies with changes in the lubrication system of the 
original design. The project was conducted on a 1.6L 
4-cylinder engine with a VVL system upgrade. The 
introduction of the VVL technology must not affect the 
engine lubrication so that an adequate oil pressure can be 
ensured for normal operation of the hydraulic VVL 
mechanism, as well as delivering sufficient lubricating oil to 
the bearing surface and enabling functions such as the 
hydraulic lash adjuster (HLA) and variable valve timing (VVT). 
This made the requirements of the engine lubrication system 
more stringent and an optimization essential in order to meet 
the requirements both for lubrication and for hydraulic 
driving.
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Figure 1. Original layout of the lubrication system in FloMASTER

Wu and Yang found that the space limitations for the oil 
passage of the cylinder head represented a major challenge. 
In order to maintain the lubrication of the bearing and the 
chain tensioner, as well as the normal operation of the VVT, 
HLA and VVL. Therefore multiple optimizations were made, 
including the addition of a throttle valve, change to the layout 
of the external circuit, adjustment to the oil provision for the 
camshaft bearing, adjustment for the piston cooling jet (PCJ) 
opening pressure, adoption of the electronic VVT and 
optimization of the VVL control. This allowed the lubrication 
system to meet various requirements using the existing oil 
pump. The original layout of the simulation model in Figure 1 
included a range of technologies such as the dual VVT intake 
and exhaust system, the VVL intake system and the HLA. 
The system has to provide a certain pressure and flow rate 
through the oil passages from the oil sump and the oil pump 
to the oil filter, bearings, PCJ, VVT system, HLA, chain 
tensioner and VVL system. The simulation model considered 
simultaneous operation of the hydraulic system of the HLA, 
VVT and VVL with help of a 1D FloMASTER® model.

The two-stage VVL system uses a hydraulic drive to make 
the switch between high and low lift by changing the status 
of the locking pin. The default status of the locking pin of the 
system is the unlocked stage, which is the high-lift stage. In 
order to open the locking pin, a relative pressure of 1.75 bar 
is needed. In the initial VVL control strategy, the high-lift 
stage is from idling to 1,000 RPM and maintaining the high-
lift stage from 1,000 RPM to 3,500 RPM. The dual VVT 
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intake and exhaust system requires the phase locking pin to 
be turned on at a certain revolution speed, in order to 
withstand the internal friction torque of the VVT and the 
camshaft torque resistance, while adjusting the speed to 
meet the requirements. Once the engine is in hot idling 
mode, the internal check valve opening pressure of the HLA 
is reached.

Original Design
The simulation was conducted with SL5W30 oil at 130°C 
and each bearing clearance was set to the maximum 
clearance size. The initial evaluation of the original lubrication 
system in Figure 2 shows the HLA oil pressure requirement 
(orange) and the minimum VVL oil pressure requirement (red) 
as dashed lines. The original system does not meet the 
required pressures for the HLA at 750 RPM and also the oil 
control valve (OCV) inlet pressure at 1,000 RPM is not 
sufficient to drive the VVT into operation. The VVL inlet 
pressure is far below the 1.75 bar required.

The maximum pressure difference between the main oil 
passage and the VVL is approximately 2.5 bar. The overall 
VVL flow rate reaches 9 L/min when the pressure reaches 3 
bar. This causes significant leakage and is also the cause of 
excessive low pressure at the VVL inlet end. The analysis 
showed that optimizations are required to reduce the flow 
rate through the VVL and reducing the pressure loss 
between VVL and the main oil passage.

                                                       Figure 2. Oil Pressure of the Original Lubrication System

      Figure 3. Showing 4-way pipe (left), Camshaft bearing oil provision (middle) and cylinder head oil passage fluid volume
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Design 1
The Optimization Design 1 was achieved by introducing a 
4-way pipe to the VVL for direct oil provision from the main 
oil passage, an optimized layout of the camshaft bearing 
feed to provide oil to the intake camshaft by the exhaust 
camshaft cover, the individual VVL test performance was 
updated and a 2.5 mm diameter hole (10 mm in length) was 
introduced into the exhaust camshaft inlet manifold to reduce 
the exhaust camshaft flow rate.

In the evaluation of the new design (Figure 4), the pressure at 
the HLA at 750 RPM meets the nominal operating conditions 
but the OCV pressure at 1,000 RPM is still not sufficient to 
drive the VVT into operation and the VVL pressure is also far 
below the 1.75 bar minimum to drive the VVL system into 
operation. The maximum flow rate through the external pipe 
reaches 9 L/min which is equal to a pressure drop of 1.5 bar 
from the main oil passage to the VVL solenoid valve. The 
analysis also shows that the slotted design of the intake 
exhaust camshaft causes excessive camshaft leakage 
through the bearing clearance. Moreover, the oil fed through 
the exhaust camshaft journal slot to the intake camshaft 
leaves room for hysteresis risk. The simulation clearly 
indicates room for more optimization of the lubrication 
system.

In the Optimized Design 2, an integrated cylinder head cover 
was implemented to supply oil directly to the intake camshaft 
based on Optimized Design 1, the slot bearings were 
changed to bore bearings and the 4-way pipe was changed 
to a bolt hole oil passage as shown in Figure 5.

                                                     Figure 4. Lubrication system oil pressure in Optimized Design 1

                   Figure 5. Showing bolt hole oil passage (left) and the changed oil feed in the cylinder head fluid volume.
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The evaluation of the simulation for the second optimization 
shows in Figure 6 that the HLA inlet pressure does not meet 
the operating requirements and also the OCV inlet pressure 
is not sufficient to drive the VVT into operation. The VVL inlet 
pressure reaches 1 bar at 1,000 RPM which is still below the 
1.75 bar baseline and therefore unable to drive the VVL 
system into operation.

Design 3
Since the optimization of the lubrication system piping was 
unable to meet the pressure requirements of the VVL system 
in the first two design optimizations, a new strategy was 
introduced. For the new strategy the initial PCJ spray 
pressure was adjusted to 2 bar, the VVT system was 
upgraded to an electronic controlled system and the oil 
pressure setting of 1.75 bar was increased to 1,500 RPM to 
meet the requirements of the VVL control strategy.

The simulation results in Figure 7 shows that the HLA inlet 
pressure is sufficient to drive the HLA into operation and the 
VVL pressure reaches 1.9 bar at 1,500 RPM, which 
surpasses the 1.75 bar requirement and is therefore able to 
drive the VVL system into operation.

The simulation with FloMASTER and its ability to quickly 
implement design changes enabled Wu and Yang to find the 
optimum design with only few changes. It was found that the 
slotted design of the intake and exhaust camshafts causes 
excessive leakage through the bearing clearance and that 
changing the slot to a bore bearing will reduce the reliance 
on an oil pump. It also showed that an external oil passage 
with an elongated design will cause a high pressure loss for 
high flow rates. With some adjustments of the system such 
as the PCJ spray pressure, the adoption of an electronically 
controlled VVT and the VVL control strategy, the new design 
will significantly impact the performance.

                                                   Figure 6. Lubrication system oil pressure in Optimized Design 2

                                                     Figure 7. Lubrication system oil pressure in Optimized Design 3
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By Lu Ping, Pan Asia Technical Automotive Center, Shanghai, China

Optimizing an Automotive 
Air Handling Unit for Uniform 
Temperatures using FloEFD™oyota

T

                       Figure 1. AHU geometry, its CAD Model, and a Sectional Schematic of Airflow Paths through it

he number of car owners in China is increasing 
exponentially. China will soon have nearly as 
many drivers as the U.S. With this band of 
newly qualified drivers, a demand for higher 

standards in vehicle ride “comfort” is developing. One 
such area is the standard of cabin comfort. This is 
directly related to a car’s air-conditioning unit with 
discharge temperature uniformity which is one of the key 
factors impacting perceived comfort levels. 

On the one hand, discharge air temperature from the HVAC 
air box has to be uniform for passenger comfort, but on the 
other, uniformity can reduce the extent of the automatic air-
conditioning calibration workload. However, due to 
packaging limitations in typical vehicle development, its air 
conditioning unit has to be as compact as possible, which 
usually make it a poor or inadequate mixture of cold and hot 
airflow inside the air conditioning unit and finally leads to an 
non-uniform discharge temperature.  
In the development of automotive HVAC air handling units 
(AHU), to control the discharge air temperature uniformity, 
performance is key, and it is important to consider the 
factors mentioned above for the development of a car’s 
HVAC air handling unit (AHU).

Figure 1 shows the specific AHU being evaluated in this 
study. Flow through it involves complex tortuous 
passageways and the mixing of both cold and hot airflows. 

Outlet

Inlet

Outlet

Enclosure

H
eater
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The unit has one inlet and two outlet zones, and its complex 
geometrical nature means that it is most realistic to simulate 
fluid flow and heat transfer inside a CAD package using a 
CFD tool such as FloEFD. The AHU itself consists of air box 
housing, an evaporator, a heater, and flap door components. 
During normal operation, airflow enters the air conditioning 
unit through the intake housing, and then flows through the 
evaporator to be cooled down. After cooling, the airflow 
partially goes through the heater core to be warmed up while 
part goes towards the outlet area with the flow guiding of a 
temperature flap door. These two hot and cold air streams 
then re-converge and mix to achieve a proper and 
comfortable temperature. Conditioned airflow is finally 
delivered to passengers through the air box outlet. A typical 
FloEFD simulation prediction for airflow vectors and 
temperature effects inside the AHU is shown in Figure 2.

The position of the temperature flap door effectively acts as 
a control valve inside the unit and ultimately determines the 
hot and cold airflow “mixing ratio”. It can be altered to 
different positions (Figure 3). The “hedge angle” and “area 
ratio” of the cold and hot airflow channel have an important 
influence on the final mixed airflow temperature distribution. 

Figure 2. FloEFD predictions of airflow Vectors (right) and Temperature Distribution (left) inside the AHU

Table 1. The nine AHU CFD Simulation Scenarios examined 
in this study

Figure 3. Air Handling Unit geometry showing details of the 
Evaporator, Heater and Temperature flap door under different 
positions

The CFD boundary conditions simulated in this AHU study 
extended from airflow rates of 15l/s to 60l/s at an air inlet 
temperature of 20°c with 875W heat transfer rate from the 
heater component. Nine parametric CFD simulations inside 
FloEFD were used to determine an optimized cold and hot 
flow channel “hedge angle” together with runner “area ratios” 
as shown in Table 1. 

This parametric study focused on the AHU outlet airflow 
temperature distribution under different temperature flap door 
setting. More focus is around the middle position, that is, for 
angle degree of outlet damper door from 25° to 50°, 
considering the middle position is relative to a customer’s 

Evaporator

Throttle in different
Postion

Heater

Air Temperature in HVAC
Lowering the air temperature by Evaporator
Heating the air temperature by Heater
The air temperature is dependent on Throttle in different Postion
The function of parametric study in FloEFD is useful for to solve several scenarios

Runner Hedge Angle (*) Runner Area Ratio (%)

Case 1 120 44

Case 2 120 49

Case 3 120 39

Case 4 116 44

Case 5 116 49

Case 6 116 39

Case 7 124 44

Case 8 124 49

Case 9 124 39
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We reached the requirement of a linear thermal design, while 
at the same time it was basically consistent with the virtual 
design CFD results.

Figure 6. Data from four experimental Thermocouples of 
Outlet Air Temperature versus Temperature Flap valve 
Location for Case 3

Figure 5. Air Handling Unit predicted Air Temperature Contours in the outlet face for the different hedge ratios

actual high frequency usage scenario (see Figure 4). The 
temperature difference is seen to be optimal for Case 3 for 
the two temperature flap door conditions. Hence, the cold 
and hot airflow channel hedge angle and runner ratio area 
under this case is the most ideal which was verified visually 
(Figure 5) by outlet CFD temperature contours under these 
two temperature flap door positions. 

Finally, we validated the CFD simulation Case 3 prediction 
against an experimental test of the actual car AHU. We 
chose an air conditioning box inlet temperature of 0°C, and 
the heater inside operating with a 90°C fluid so as to 
replicate a real vehicle use of air conditioning over cold and 
hot atmospheric conditions. By adjusting the temperature 
flap door in the AHU to control air-conditioning of cold and 
hot air mixing, we were able to verify the box’s linear 
temperature uniformity performance target. We positioned 4 
thermocouples on each outlet and measured the average 
exit air temperature. Figure 6 shows the actual measured 
performance data of the AHU. Aligned with the CFD 
simulation results, we achieved the maximum temperature 
difference within 4°C among four vent outlets when the 
temperature flap valve is adjusted between 35% and 65%. 

Figure 4. CFD predictions of Outlet Air Temperature 
“Evenness” for the nine different hedge ratio Cases at two 
Temperature Flap Door Angles In conclusion, we adopted the commercial CFD software, 

FloEFD, for this study because of its ease of use in meshing 
when compared to the tetrahedral or prismatic meshing 
approaches in traditional CFD codes. We found that FloEFD 
gives more accurate and more efficient CFD simulation 
results. Since it works within the mechanical CAD 
environment, it is a highly engineered universal fluid flow and 
heat transfer analysis software. FloEFD was able to examine 
a range of AHU hedge angles for hot and cold airflow 
channels. The hedge angle and area ratios of 120° and 39% 
respectively were found to be the most optimal. FloEFD with 
its parameterized calculation function was highly efficient in 
varying a range of AHU parameters that we studied. It 
showed great design performance improvements in terms of 
achieving an optimized design while at the same time 
reducing our overall cost of development.

Air temperature distribution in outlet
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FloEFD helps Dr. Schneider’s 
mission: To make the Car the  
Best Place in the World

r. Schneider, a successful family-run 
business, located in Kronach-Neuses in 
Germany, supplies and develops vehicle 
plastics components and systems for 

renowned automotive producers all over the world. The 
entire process chain is handled within the group, from 
research and design to prototype construction. (Figure 2) 
Dr. Schneider has more than 3,900 employees and 90 
years of experience in the plastics field, 60 of which are 
in the automotive industry. 

Dr. Schneider’s primary products are visible parts for the car 
interior: air vents (figure 1), stowage boxes, kinematic 
components, bezels, covers and trims, grills and window 
frames.

As the automotive market expands and grows, product 
development times are dramatically reduced. For many 
projects even the use of prototyping is no longer an option, 
making the need for reliable, fast and accurate simulation 
tools essential to overcome these challenges. Furthermore, 
frontloading the Computational Fluid Dynamics (CFD) 
simulation into the product development phase is crucial to 
the success at Dr. Schneider. Mentor Graphics’ FloEFD tool 
is used mainly for the simulation of the air vents, one of Dr. 
Schneider’s core products.

By Enrico Lorenz, Research & Development, Dr. Schneider Unternehmensgruppe GmbH

D

                                                         Figure 1. Extract of Dr. Schneider’s products: air vents
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                                                             Figure 2. Todays product development process

                                                                Figure 3. Driver, broadband and rear vent   

„With FloEFD we can shorten 
product development time, 
quickly find appropriate design 
variants, save costs and explain 
and present the flow behavior of 
our products to our colleagues 
and customers.“
Enrico Lorenz, Research & Development, 
Dr. Schneider Unternehmensgruppe 
GmbH
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As FloEFD can be directly embedded into Catia V5, CAD 
models were used directly in the program with no need for 
additional geometrical preparations. Airflow distribution is 
investigated at a very early stage and must adhere to strict 
customer targets and specifications. For the example shown 
in figure 4, the influence of a bezel was investigated. The two 
variants of this broadband vent, with and without bezel, were 
simulated. The broadband vent variant including the bezel 
shows a better distribution of the airflow. The flow angle into 
the lower area is enlarged. Additional experiments in the lab 
using fog to visualize the air flow confirmed the FloEFD 
predictions. (Figure 5)

                                                                  Figure 4. Broadband vent and airflow 

                                                      Figure 5. Comparison of the broadband vent without

„FloEFD predicts what we need, 
so it helps us to make the car 
the best place in the world.“
Enrico Lorenz, Research & Development, 
Dr. Schneider Unternehmensgruppe 
GmbH



w w w . m e n t o r . c o m / m e c h a n i c a l page 27

HVAC

Enrico Lorenz, Simulation Engineer, explains: “We make up 
to 100 FloEFD simulations per month per license. We need 
fast, robust and accurate simulation results. In addition we 
need an efficient way to create the result reports and 
presentations”. In combination with the batch run 
functionality which allows automatically runs of many 
variations, the pictures for comparing the defined results 
items are created automatically. The influence of design 
changes on the fluid flow behavior can immediately be 
identified. (Figure 6)

One of the major tasks is creating MS PowerPoint 
presentations for internal purposes and for customer 
presentations. This might take more time than the simulation 
itself. For this reason, a VBA code is generated by the Dr. 
Schneider engineers which automates this work in MS 
PowerPoint.

With FloEFD embedded in Catia V5, Dr. Schneiders’ 
engineers are able to meet today’s requirements of short 
development times and fulfill the strict targets of automotive 
manufacturers.

                                                      Figure 6. Cut plots showing the velocity for different variations 

                                                                                                             Figure 7. Airflow distribution in the car interior
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FloEFD for CATIA V5 Helps 
Ventrex Save Four Months
Design Challenge
New environmentally friendly CO2 based automotive air 
conditioning systems operate at pressures 7 to 10 times 
higher than previous generation systems.  This makes it 
necessary to reduce the pressure drop of the valves used to 
evacuate and charge the system to enable the required flow 
rates.  But reducing the pressure drop of valves is 
challenging because of the complexity of internal flow 
passages caused by the presence of components used to 
open and close the valve.  

The build and test method is time-consuming and expensive 
and the test results do not provide diagnostic information 
that help engineers determine whether or not the design 
change had the intended effect.  Computational Fluid 
Dynamics (CFD) simulation is promising but traditional CFD 
codes require the user to have a deep understanding of the 
computational aspects of fluid dynamics in order to be 
certain of obtaining accurate results.

Solution and Results
Ventrex Automotive GmbH engineers simulated the 
performance of their new CO2 valve by taking advantage of 
FloEFD for CATIA V5-embedded CFD software.  Within a few 
hours they completed the simulation of the initial concept 
design and were able to turn their attention to improving it.  

The simulation of the existing design showed how the 
refrigerant was flowing through the valve and helped identify 
areas where flow was being constricted.  The ability to make 
design changes in CATIA and then have these changes 
automatically ripple over to the CFD simulation reduced the 
time from when they developed the design change to when 
they got the results to an hour or less.   As a result, Ventrex 
engineers were able to quickly optimize the design of the 
new valve.

“ We selected FloEFD for CATIA V5 because it simplifies the process 
of performing fluid flow analysis to the point where it can be accom-
plished by any engineer. By using CFD software that is embedded 
into our CAD software we could evaluate the performance of each 
new design iteration almost as fast as we could conceive it. This 
made it possible to quickly improve the performance of the design.  
We reduced pressure drop to the point that flow rate improved by 
about 15% in the final design at any given pressure.  We reduced 
the number of prototypes that were required during the 
design process by about 50, which saved a consider-
able amount of money but most importantly let us bring 
the product to market faster. We have already shipped 
this product to customers and they have verified that it 
performs nearly exactly as predicted by the simulation.”
Daniel Gaisbacher, Project Manager, VENTREX Automotive GmbH
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By Sudhi Uppuluri, Computer Sciences Experts Group  

A Modest Proposal for a 
Dual-Use Heater Core
Better Vehicle Fuel Economy Designed with the Help of FloMASTER

I n automotive engine cooling, most manufacturers 
today have an over design problem. The front-end 
cooling pack (Figure 1) is usually sized for an 
extreme driving condition, e.g. a hot day at 110°F 

(43°C) while towing a trailer of 3,000lbs or 5,000lbs 
(1,350kg – 2,300kg) and going up an extreme grade – a 
scenario that rarely happens. As a consequence, most 
of the vehicles on the road in the US that you see are 
driving around with an oversized cooling pack and an 
oversized cooling fan just to meet that one extreme 
condition which over 99% of us will never encounter. 

This over design leads to higher drag and lower fuel 
economy for the everyday driver. Some automotive OEMs 
have below-the-headlight heat exchangers (oil coolers, 
charge-air coolers) to alleviate the thermal load on the 
cooling pack leading to a smaller cooling pack. But that can 
be an expensive option.

There is an obvious solution staring us in the face though: 
the heater core! It is already plumbed into the engine. It has 
ample coolant flow all the time and it is capable of removing 
15 – 20% of total engine waste heat. The trouble is, when it 
is hot outside the car and the engine needs extra cooling, 
the driver is also hot and very unlikely or even unwilling to 
turn on the heater.
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To enable the use of the heater core, a design change is 
required to the HVAC air box - a cooling door needs to be 
added which can vent hot air from the heater core to the 
underhood so cabin comfort is not impacted (Figure 2). The 
heater core can then be used to supplement engine cooling 
on-demand so that the front-end cooling pack can be 
optimized for regular driving leading to better car fuel 
economy.

Here is how the technology would work. During extreme 
operating conditions and when the driver has air conditioning 
on, the blend door will allow some air to go to the heater 
core while maintaining the cool airflow to the passenger 
cabin. This diverted airflow would pass through the heater 
core to provide supplemental engine cooling. The cooling 
door would open and the hot air from the heater core would 
be vented back into the underhood. Figure 2 shows the 
positioning of the blend door and cooling door in such a 
scenario and the blend door positioned such that the cabin 
comfort is not impacted. The amount of airflow through the 
heater core will determine the amount of supplemental 
engine cooling that the heater core will provide. If it is 
assumed that the blower will need to be operated at a 
slightly higher speed to deliver enough airflow to the 
passenger cabin and to the heater core for engine cooling, 
the cooling door position and the blower speed would be 
controlled automatically by the Engine Control Unit (ECU) 
depending on the engine cooling requirements.

Figure 1. Schematic representation of Typical 
Car Engine Cooling System showing Heater 
Core 

               Figure 2. Heater Core design change with added cooling door to the HVAC air box to help cool the engine 
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When passenger cabin heating is also desired in addition to 
supplemental engine cooling (Figure 3 - left), the engine 
cooling door will be positioned such that some of the hot air 
from the heater core is sent into the passenger cabin and 
the remaining is vented into the underhood providing both 
passenger cabin heating and supplemental engine cooling. 
When supplemental engine cooling is not desired, the engine 
cooling door would remain closed therefore mimicking the 
HVAC air box operation of today (Figure 3 - right).

The efficacy of this design intervention was computationally 
evaluated using the 1D thermo-fluid simulation software 
FloMASTER V7.9 (Figure 4). It was found that for every cubic 
foot per minute (CFM) that was sent through the heater core, 
there was a 1.5 CFM reduction in required front-end airflow. 
This was because the heater core at very low airflow rates, 
such as 100 CFM or 200 CFM, operates at a much higher 
effectiveness than the radiator that is operating at 2,500 
CFM.  There was an additional variable to consider - when 
additional air is sent through the evaporator, the heat load of 
the condenser also goes up. As an example, in one scenario 
where 150 CFM airflow was sent through the heater core, 
the condenser heat load went up by 40%. When 200 CFM 
was sent to the heater core, however, the condenser heat 

                                            Figure 3. Dual Use Heater Core Technology – the other two modes of operation: AC On, Cooling On (left) Heat on, Cooling On (right)

Figure 4. FloMASTER DUHC System Simulation Networks (with Customized Drive Cycle Dashboard) and parametric design 
surface chart
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load went up by 80%. When we performed our simulation to 
account for this added condenser heat load, we still found a 
clear benefit.  For every CFM that was sent through the 
heater core, there was a 1.5X CFM reduction in required 
front-end airflow. This was because the heater core operates 
at a much higher effectiveness than the radiator.

The key benefit of this Dual-Use Heater Core (DUHC) 
technology would be an optimized front-end cooling module 
for everyday driving. The size of the front-end cooling module 
and the size of the cooling fan would be reduced leading to 
better fuel economy for road load driving conditions. If the 
front-end cooling module size and architecture are fixed, 
then adding this technology will give the vehicle a higher 
trailer-tow rating. Examples might be having advanced fuel 
economy enabling technologies work more efficiently such 
as leaving Automatic Grill Shutters (AGS) closed for a longer 
period of time or having Exhaust Gas Recirculation (EGR) 
operate at a desired efficiency percentage during all engine 
modes of operation. 

This proposed DUHC design scales even better for larger 
vehicles such as a minivan or an SUV which have front and 
rear heater cores. These larger vehicles will need more 
engine cooling, and will have two heaters to supplement the 
engine cooling. The engine cooling door in their HVAC air 
boxes offer an on-demand supplemental engine cooling i.e., 
airflow through the heater core is independent of the 
passenger heat and blower settings. We believe that it is 
time to utilize these existing car components to a fuller extent 
and have a more optimized design for every day driving and 
our elegant technology is Patent Pending. 

                       Figure 5. Predicted FloMASTER Condenser load change after supplemental cooling is enabled
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By Sudhi Uppuluri, Computational Sciences Expert Group

Using 1D Computational Models to 
Predict Automotive Cold-Ambient 
Warm-up Performanceoyota

I mproved efficiencies. This continues to be the 
goal of engineers all over the world, especially 
those in the automotive industry. With all of the 
focus on new technologies such as fuel cells and 

fully electric vehicles, it is easy to forget that for at least 
the next decade the vast majority of new vehicles will 
still contain the internal combustion engine and all of the 
systems that support it. It is with this in mind that 
engineers continue to push designs to be as efficient as 
possible through the use of computer aided engineering 
tools. CSEG is doing just that with their novel approach 
to using a combination of 1D computational models in 
both FloMASTER and Ricardo Software’s WAVE to 
predict cold-ambient warm-up in vehicles.

When designing a vehicle, one area development teams find 
challenging is to predict how the heating, ventilation, and air-
conditioning (HVAC) system is going to perform in cold 
environmental conditions. There are number of different 
scenarios the vehicle needs to perform while under these 
extreme conditions and its effectiveness can be 
compromised by several factors including a varying engine 
heat rejection, calibration changes, and underperforming 
components due to higher viscosity coolant. The approach 
to address this challenge using computational models is for 
the CSEG engineers to first develop and validate an engine 
thermal model based on a 2L turbocharged direct injection 
engine using Ricardo Software’s WAVE. This model is then 
used to calculate the engine heat rejection based on various 

design parameters such as spark timing, air-fuel ratio, 
manifold pressure, and cylinder wall temperature. The 
resultant heat rejection can then be used as an input to the 
cooling system model constructed in FloMASTER, where the 
ultimate effect on cabin comfort can be predicted.

                    Figure 1. Ricardo Wave Model Map of 2L Gasoline Direct Injection Turbocharged Cooled EGR Engine 
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The ultimate goal of the vehicle cooling system model was to 
calculate the cabin heater coolant inlet temperature as a 
measure of the system performance. Two main criteria were 
used to evaluate the design, first how long it took for the 
coolant to reach 50°C and second the absolute temperature 
of the coolant at ten minutes into the warm-up cycle. While 
both criteria measure the same effect, how the vehicle is 
designed can have a marked effect on either or both of 
these criteria which needed to be evaluated. 

Engine Thermodynamic Model
The thermodynamic model of the engine was based on the 
specifications in Table 1, and includes a 1D fluid dynamic 
model and a predictive combustion model. To calibrate the 
computational model, representative test data from a 2 liter, 
4 cylinder turbocharged direct injection gasoline engine with 
cooled exhaust gas recirculation was used. The model as 
shown in Figure 1, was created with three assumptions:

1. The cold ambient conditions did not have any engine 
knock,

2. Correlating the model to warm conditions would be ac-
curate enough for predications at cold conditions, and

3. The turbocharger waste-gate is open and the EGR valve 
is closed for cold conditions.

The model was first run under warm conditions to validate 
against test data. These simulations were run across a range 
of engine operation conditions from low idle to rate power. 
Two inputs were tested as part of the model validation 
including spark timing and air-fuel ratio. The result was that 
all critical parameters were within acceptable tolerance for 
the project. The next step was to use the validated engine 
model under cold ambient conditions. As in the warm 
ambient condition, the two input variables for the cold model 
were, spark timing and air-fuel ratio. From the simulations, 
the predicted engine heat rejection for a range of each of 
these values was obtained. 

Vehicle Cooling System Model
The vehicle cooling system constructed in FloMASTER 
consisted of five sub-systems based on that of a sports 
utility vehicle with front and rear cabin heaters. Figure 2, 
shows the model consisted of a cabin heater including cabin 
prediction, an engine coolant loop, and engine oil coolant 
circuit, a transmission oil coolant loop, and an airside path 
delivering cooling air to the heat exchangers. The engine was 
modeled as a lumped mass with the heat rejection for each 
scenario determined by the results of the engine thermal 
model. 

                      Table 1. Engine Specifications

                                     Figure 2. FloMASTER Model Map for Typical Compact Sedan Cooling System  

Displaced Volume 1998 cc

Stroke 83.1 mm

Bore 87.5 mm

Connecting Rod 155.75 mm

Compression ratio 9.3:1

Number of Valves 4
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The first scenario of evaluating spark timing was carried out 
in FloMASTER with results from WAVE at three different 
spark timings; 0, 15, and 25 degree crank angle adjustment. 
Figure 3, shows the significant difference in time to 50°C and 
temperature at ten minutes can be seen from the 25 degree 
timing. 

The second scenario evaluated the effect of air-fuel ratio 
using a stoichiometric ratio, a reduction of 3 basis points, 
and 5 basis points from stoichiometric. As shown in Figure 4, 
the reduction in the air-fuel ratio had significant reduction in 
heat generation and thus a reduction in time to reach 50°C 
and overall temperature after ten minutes. 

Figure 3. Effect of Spark Timing Retard on Coolant Warm Up 

   Figure 5. Effect of Engine Speed on Coolant Warm Up   Figure 4. Effect of Rich Air-fuel Ratio on Coolant Warm Up 

In the final scenario, the engine idle speed was adjusted from 
1500rpm to 1700rpm. Not surprisingly the increase in speed 
led to an increase in heat rejection. This difference led to a 
21% improvement in the time it took to reach 50°C and 
increased the coolant temperature after ten minutes by 10°C 
as shown in Figure 5.

As a result of the analysis, CSEG engineers were able to 
quantify the effects of several different design parameters for 
the vehicle. By leveraging simulation technology like 
FloMASTER they were able to do this very early in the design 
phase before significant physical testing needed to be done. 
Combining this technology with engine heat rejection 
characterization from Ricardo Software’s WAVE meant they 
could improve the fidelity of their simulations and deliver the 
most accurate analysis possible.

Reference
 “Cold-Ambient Warm-Up Predictions: A Novel Approach 
Using 1D Computational Models,” SAE Technical Paper 
2016-01-0198, 2016,
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Making Light 
Work of Lifting

Interview Kolio Kojouharov, CFD Expert, Liebherr-Werk Nenzing GmbH, 
by Thomas Schultz, Application Engineering Manager, Mentor Graphics

L

Liebherr-Werk Nenzing GmbH use FloEFD™ for Creo™ 
in their Mobile Harbor Crane Designs

iebherr Werk-Nenzing GmbH, manufacturer of 
maritime cranes, crawler cranes and foundation 
equipment, demonstrates the importance of 
modern “Frontloading“ simulation tools which go 

far beyond classic FEA-Analysis within the heavy duty 
industry.

From your experience how is the heavy duty simulation 
world doing at present? 
The simulation world is more than ever dominated by strict 
regulation due to emissions, performance and comfort. It has 
become more and more important over the years to think 
beyond the classic FEA-Analysis, which most people 
immediately associate with our industry and applications.

Recognizing the potential for FEA-Analysis, how does 
CFD fit? 
From a simple hydraulic block to a full power pack there is 
an almost infinite number of tasks waiting to be analyzed. 
The large number of potential cases which might consume 
needless power has been realised over the past years. 
However, external simulation services to solve this soon 
turned out to not be efficient enough and too expensive. At 
Liebherr we have high standards, so finding the tools to 
meet them was not an easy process and took a long time.

Why was FloEFD chosen? 
As a company we were aware of FloEFD™ and indeed the 
concurrent approach of the technology. The over-riding 
reason was the strong pre-&post processor in combination 
with the efficient meshing. Alongside the advantage of full 
CAD-integration into our CREO environment, allowing quick 
analysis of full power packs in our own CAD system. This 
gives me the ability to analyze more projects at the same 
time, something competitors are not able to achieve.

How does FloEFD help with the complex structure of 
power packs? 
Power packs basically contain everything below the engine 
hood, and typically include many devices such as cooler 
(diesel, water, air and oil), fans, exhausts, and hydraulics. 
This means that our CAD models can be rather large, with 
up to tens of thousands of components including all screws.

The requirements on the CFD software are therefore tough 
and it became apparent that most commercially available 
codes were not able to handle this kind of complexity, hence 
our need to turn to FloEFD.

The whole development cycle is influenced by this and the 
flexibility FloEFD allows, means that I can make decisions 
before, and not after, when it is too late.
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There are many examples, a practical example of how 
FloEFD has helped with our mobile harbor crane, the LHM 
550 and the inlet section of the power pack. I wanted to look 
at the efficiency and optimization of the protective grids. The 
basic inlet hood contains two rows of baffles to avoid 
unwanted particles such as dust or rain being inhaled by the 
engine. On the other hand, a set of baffles means that we 
have a potential performance loss between the environment 
and the engine. The idea is that we can save energy when 
we reduce the resistance.

Did you use the full CAD-crane model  to set up the 
FloEFD project? 
Theoretically with FloEFD we could, but in this context it was 
not required. For the first step it was sufficient to have the 
coolers with two fans and the grids. The exhaust system 
was also integrated to see thermal effects near the sheet 
metal walls. We soon realized that the angular position of the 
baffles was not optimal, so we needed to locate the 
optimum. We used FloEFD‘s parametric study feature to let 
the software find the best angle position with the lowest 
pressure loss. However, always with respect to an 
acceptable protection against particles.

We also removed the middle beam which obviously 
represents a barrier for the airflow. The whole process 
including meetings, documentation, and decision-making, 
took two working days.

Are you experienced in transferring such geometry and 
generating the mesh? 
No, not really. However, unlike the other  
CFD tools I experienced, FloEFD follows a completely 
different approach by being CAD embedded which allows 
me to fully skip the transferring geometry step. With regard 
to the mesh, people typically struggle with body fitted 
meshes and its manual creation of boundary layers etc. 
Indeed it takes much less time for the mesh generation 
compared to classic CFD-approaches. It saves us not just 
hours or days but weeks, this in turns gives us the benefit of 
not only saving time but money too. The amount we save 
with the reduction of man-hours spent on the project can be 
easily put into numbers. Not to mention the manufacturing 
cost savings per unit and year. 

The target of increasing the performance and reducing 
emissions was achieved. A very welcome side-effect was 
that we automatically improved and simplified our 
manufacturing process which saves further costs. We now 
glue the baffles onto the frame instead of welding them.

Did you face any problems  following this change in 
design? 
We didn’t face any real problems, other than the assembly 
team told us that removing the beam from the middle results 
in one single baffle for each row, instead of the initial two, so 
now the team has to carry double the weight while 
mounting.
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Summary
In these examples, you saw a range of areas engineers are actively using both 1D & 3D CFD simulation to address key thermal challenges for their conventional powertrain designs.  While electrification plays a 
large part in vehicle designs, there will still be a reliance on the conventional internal combustion engine and its supporting systems for the near future.  It is critical these systems are able to be engineered to the 
upmost efficiency possible, and this can only be done with CAE tools designed to meet these needs.  

In addition to the information provided in this ebook, please find these additional resources to further see how CAE can help your designs:

• Simulation Based Characterization. A 3D to 1D System Level Thermo-Fluid CFD Workflow

• Building Automotive Air-Conditioning System in FloMASTER

• Examining vehicle waste heat recovery by simulating an Organic Rankin Cycle system model 

in thermal-fluid 1D-computational fluid dynamics (CFD) software FloMASTER.

• FloEFD: Frontloading CFD

• Combustion Simulation with FloEFD

https://www.mentor.com/products/mechanical/techpubs/download?id=99122
https://www.mentor.com/products/mechanical/multimedia/simulation-based-characterization-a-3d-to-1d-system-level-thermo-fluid-cfd-workflow
http://go.mentor.com/4QNlo
http://go.mentor.com/4QNlo 
https://www.mentor.com/products/mechanical/multimedia/waste-heat-recovery-simulation-with-organic-rankine-cycle-system-modeling
https://www.mentor.com/products/mechanical/multimedia/waste-heat-recovery-simulation-with-organic-rankine-cycle-system-modeling
https://www.mentor.com/products/mechanical/multimedia/waste-heat-recovery-simulation-with-organic-rankine-cycle-system-modeling
https://www.mentor.com/products/mechanical/techpubs/download?id=98791
http://go.mentor.com/4PduF

