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Engine Encapsulation for Increased Fuel Efficiency of Road Vehicles

Thesis for the degree of Doctor of Philosophy in Machine and Vehicle Systems
BLAGO MINOVSKI

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

ABSTRACT

Thermal engine encapsulation is an increasingly popular design choice, which insulates
the engine from the external environment and retains heat in the engine after it is
turned off. This decelerates motor cool-down and increases the probability for high initial
temperature at a subsequent engine start, resulting in shorter warm-up and reduced
friction between engine parts.

This work investigates thermal engine encapsulation (TEE) as a means to reduce
engine friction and fuel consumption during engine warm-up. In order to predict the
effects of TEE on the fuel consumption, it is necessary to model a wide range of thermal
phenomena in different subsystems of the powertrain. The presented work proposes an
integrated simulation methodology that enables efficient numerical simulations of heat
transfer in the powertrain cooling systems and the engine structures not only during
dynamic driving but also during the process of engine cool-down when the vehicle is
parked. The integrated simulation includes a number sub-models that capture relevant
phenomena in the vehicle powertrain and underhood. Presented in detail is the simulation
procedure, which ultimately predicts the continuous development of the temperatures of
the engine oil and the coolant as well as the temperatures of the different engine parts
and components from the powertrain cooling system. An automated coupling between
the one-dimensional (1D) thermal representation of the engine and powertrain cooling
systems with a three-dimensional (3D) CFD model of buoyancy-driven flow in the engine
bay computes the heat rejection during engine cool-down. By use of an integrated friction
correction map the engine model computes the variation of friction losses at different
engine temperatures. The integrated simulation model makes possible to predict the
temperature of engine structures after a long period of engine inactivity preceded by
dynamic driving, the exact temperature development of engine structures and cooling
fluids after a recurring engine start, as well as the variations in the instantaneous fuel
consumption.

Furthermore, a TEE concept for a passenger vehicle has been designed. The presented
simulation method is applied to evaluate the effect of the proposed encapsulation on
the development of engine temperatures during cool-down and their effect on the fuel
consumption during a sequence of two Worldwide harmonized light vehicle test cycles
(WLTC) separated with a period of inactivity. The results indicate a significant capability
of the encapsulation with high degree of coverage to retain engine heat for long time
periods after key-off. This heat retention increases the probability for a warm subsequent
engine start, which leads to a reduction in engine friction during engine warm-up. The
obtained results show that the encapsulated engine setup has potential for up to 3.1%
savings of the fuel burned during a WLTC by a non-encapsulated engine in a cold
environment. The amount of fuel saved depends primarily on the specific engine (mass,



size and geometry), encapsulation design (geometry, thickness and degree of coverage),
ambient temperature, and time of inactivity between engine shut-down and start-up. For
periods of inactivity between 2 to 8 hours the potential for fuel saving is at least 2.5% of
the total fuel burned during WLTC at an ambient temperature of 5°C' for encapsulation
with 97% coverage.

Keywords: thermal engine encapsulation, powertain cooling systems, cool-down, warm-

up, numerical analysis, 1D simulations, 3D CFD simulations, coupled simulations, fuel
consumption
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1D

3D
CAC
CAD
CFD
DNS
ECU
EMS
FMEP
ICE
IMEP
NEDC
RANS
RT
TEE
URANS
WLTC

ABBREVIATIONS

One-dimensional

Three-dimensional

Charge air cooler

Computer aided design

Computational fluid dynamics

Direct numeric simulations

Engine control unit

Engine management system

Friction mean effective pressure

Internal combustion engine

Indicated mean effective pressure

New European drive cycle
Reynolds-averaged Navier-Stokes

Real time

Thermal engine encapsulation

Unsteady Reynolds-averaged Navier-Stokes
Worldwide harmonized light vehicles test cycles

vi



THESIS

This thesis consists of an extended summary and the following appended papers:

Paper A

Paper B

Paper C

Paper D

Minovski, B. and Lofdahl, L., ”Study of Software Integration for Transient
Simulation of Future Cooling System for Heavy Truck Application,” SAE
Technical Paper 2014-01-0653, 2014, doi:10.4271/2014-01-0653.

Minovski, B., Lofdahl, L. and Gullberg, P., ” Numerical Investigation of
Natural Convection in a Simplified Engine Bay,” SAE Technical Paper
2016-01-1683, 2016, doi:10.4271/2016-01-1683.

Minovski, B., Andric, J., Lofdahl, L. and Gullberg, P., ”"Direct Coupled
1D-3D Approach for Simulations of Buoyancy-driven Heat Transfer in
a Simplified Engine Bay, ” Submitted to Applied Thermal Engineering,
2017

Minovski, B., Andric, J., Lofdahl, L. and Gullberg, P., 7 A Numerical
Investigation of Thermal Engine Encapsulation Concept for a Passenger
Vehicle and its Effect on Fuel Consumption, ” Submitted to Journal of
Automobile Engineering, 2017

vii



viii



CONTENTS

Abstract
Acknowledgements
Nomenclature
Abbreviations
Thesis

Contents

I Extended Summary

1 Introduction

1.1 Background . . . . . . ...
1.2 Improving vehicle efficiency by reducing friction losses in the powertrain . . .

1.3  Working principle and characteristics of thermal engine encapsulation

1.4 Powertrain cooling and thermal management . . . .. .. ... ... ... ..

1.5 Analysis of powertrain cooling systems and thermal phenomena in the engine

bay . . . e
1.5.1 Experimental analysis . . . . . . .. ... L oL
1.5.2 Numerical analysis . . . . . . . . ... L
1.6 Project objectives . . . . . . ... L
1.7 Outline of thesis . . . . . . . . . . .

2 Method

2.1 Models of powertrain cooling systems with a drive-cycle input . . . . . . . ..
2.1.1 Motivation . . . . . . L e
2.1.2  Longitudinal vehicle dynamics . . . .. . . ... ... .. ... ... ...

2.1.3 Physical setup of a simplified liquid-cooled powertrain cooling system

2.1.4 Modeling approach . . . . . . . . . ... e
2.2 Validation of powertrain cooling system models . . . . ... ... ... ...
2.3 Temperature dependent variations in engine friction . . . . . . .. .. .. ..
2.4 Model of buoyancy-driven heat transfer in the engine bay . . . .. ... ...
2.4.1 General principles . . . . . . . ..
2.4.2 Modeling physics . . . . . . . . e
2.4.3 Computational grid and numerical domain . . . . . .. ... .. ... ...
24.4 Boundary conditions . . . . .. ... L oL o
2.5 Automation and numerical strategy . . . . ... ... L.
2.6 A proposed concept of thermal engine encapsulation for a passenger vehicle .
2.7 Drive-cycle simulations . . . . . . . . ... L L

ix

iii

vi

vii

ix

TN = =

N O oD

10
11
11
14
14
15
15
16
18
19
20
20



3 Summary of results

3.1 Simulations of transient cool-down of a simplified engine . . . . . . . ... ..
3.1.1 Numerical setup . . . . . . . . .. L
3.1.2 Results . . . . . . e
3.2 Simulation of transient engine cool-down in a passenger vehicle . . . . . . ..
3.2.1 Numerical setup . . . . . . . . . L
3.22 Results . . . ..
3.3 Simulation of heavy-duty engine cool-down . . . . . ... ... ... .....
3.3.1 Experimental setup . . . . . .. .. o
3.3.2 Numerical setup . . . . . . . . . L
3.3.3 Results . . . ..
3.4 Simulation of a combined drive-cycle with a period of engine inactivity . . . .
3.4.1 Numerical setup . . . . . . . . . L e
3.4.2 Results . . . . e

4 Conclusions

5 Summary of papers

51 Paper A . . . . L
52 Paper B . . . ..
5.3 Paper C . . . . . e
5.4 Paper D . . . .
References

II Appended Papers

25
25
26
27
29
29
29
32
32
32
33
35
35
35

41

43
43
43
44
44

45

49



Part I
Extended Summary

1 Introduction

This chapter contains the reasons and motivations for starting this project and explains
its relevance. The project goals are also outlined.

1.1 Background

ICE-driven vehicles continue to comprise the vast majority in today’s means for ground
transportation despite the recent advent of hybridization and electrification. The ubiquity
of reciprocating combustion engines in modern transportation is expected to prevail for
some decades to come mainly due to the maturity and convenience of the technology,
the existing massive infrastructure that supports it, and last but not least, for economic
reasons. However, ICE propulsion is heavily dependent on fossil fuel sources and has a
negative impact on the environment. These challenges set the stage for the development
and implementation of other methods for on-board energy conversion. They are also the
main reasons that motivate the continuous improvement of ICE technology making it
cheaper and cleaner than ever before.

The potential danger that an uncontrolled fossil-driven transportation poses to the
climate and environment made governments enforce emission legislation to motivate
carmakers to invest in advanced technologies that would allow for more efficient and
cleaner propulsion. Figure 1.1 shows the requirements imposed by different countries on
automotive producers. Obvious is a significant continuous reduction of the fleet-average
limits for CO9 emissions. The most ambitious target is 95 g/km of CO2 emissions aimed
by the European Union by 2021. A strict system requires manufacturers to pay a penalty
of 95 € for every exceeded gram per km of COs per vehicle sold. In response to this,
automotive manufacturers continuously invest in research and development oriented to
reduce fuel consumption and emissions. A great part of these efforts are focused on
mitigating performance issues during cold-starts, which are mainly expressed as increased
friction losses and emissions.

1.2 Improving vehicle efficiency by reducing friction
losses in the powertrain

The increasingly tough emission targets and the competitive market set high performance
requirements for the complete powertrain system. A major part of the total engine friction
losses (45 to 80% [13]) originates from the oil-lubricated piston-crank and valvetrain
assemblies, as shown in Figure 1.2. The friction in the piston-crank assembly increases
with oil viscosity and therefore its portion of the total engine friction is even higher at
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Figure 1.1: Global COy regulations for passenger cars in terms of NEDC g COs/km [10]

low engine temperatures, i.e during engine warm-up. A study performed by Shayler et.
al [34] investigated the effects of different oil viscosities on the additional load that a
2.41 CI engine had to overcome due to the friction between its moving parts, defined as
Friction mean effective pressure (FMEP). As a result of the increased lubricant viscosity
in this experiment the engine’s FMEP reached values approximately four times higher
than in a fully warm engine. Therefore the additional friction losses that occur in an
engine upon reaching operating temperature, i.e during warm-up, are significant and offer
high potential for energy savings, especially in cold environments.

Different mechanisms for reducing cold-start engine friction losses have been explored
and tested [31]. These methods are directed towards accelerating engine warm-up and
prolonging engine cool-down. Some examples are hot-storage systems, preheating the
engine oil and coolant with exhaust gases, coolant flow control, integrating phase change
materials, and thermal insulation of the engine.

1.3 Working principle and characteristics of thermal
engine encapsulation

By encapsulating different parts of the engine or the entire underhood compartment it is
possible to reduce the magnitude of heat transfer between the engine and the ambient air.
This slows down the cooling process after engine shut-off and increases the probability for
high initial engine temperature at the following engine start, hence lowering the friction
losses, which occur during a cold-start. Engine encapsulation is a viable engineering
solution that addresses both thermal performance and acoustic design problems, utilizing
the same infrastructure with a two-fold benefit. Furthermore, encapsulation designs which
prevent unnecessary cooling air streams in some modes of operation from entering the
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Figure 1.2: Comparison of dominant types of friction losses for 1.6-liter four cylinder au-
tomotive spark-ignition (SI) and compression-ignition (CI) engines, Courtesy of Heywood

[13].

underhood reduce the overall aerodynamic drag of the vehicle. These designs usually
utilize controllable air shutters or flaps, integrated closely downstream the grille, in order
to allow for selective adjustment of the amount of cooling air flow. Such solutions, however,
need to be carefully coordinated with the overall demands for engine cooling at multiple
operating points to ensure that the engine encapsulation parts do not obstruct vehicle
performance. Porous lightweight materials with low thermal conductivity and good noise
absorption are used for the encapsulating structures.

Previously performed studies of the effects of thermal engine encapsulation delivered
promising prognosis for the amount of the potential fuel savings and emission reductions.
An experimental study, performed by one of the largest manufacturers of encapsulating
materials, indicated that a fully encapsulated engine is capable of retaining its temperature
above 40°C for up to 14 hours after shut-off in an ambient temperature of 20°C, while a
non-encapsulated engine would cool down within 3 hours after key-off. Further analytical
investigations, performed by the same authors, reported that for an annual mileage of
12300 km, thermal engine encapsulation can generate fuel savings of 5% in warm ambient
and up to 9% in cold climates [32]. Similar results are reported by an experimental study
performed by Mantovani et al. [22], who observed up to 2.7% reduction in COy emissions.
The authors of this study classified engine encapsulations in three main categories: engine-
mounted, body-mounted and a combination of these. Engine-mounted encapsulation is
located in close proximity to the engine structure, while body-mounted encapsulation
encloses other components of the powertrain installation, including the cooling package.
The study investigated the effectiveness of each encapsulation type from the perspective



of noise and COy emission reductions. The results showed that most effective from
thermal point of view is the combined engine-mounted and body-mounted encapsulation.
An interesting observation reflected in this work is that the thermal effectiveness of
encapsulation designs, manifested in their capability to retain engine heat over time,
strongly depends on the area coverage of the encapsulation. The investigation reports
that a 7 mm thick encapsulation covering 80% of the powertrain surface is equivalent
to 50 mm thick encapsulation covering only 60%. The same study also addresses the
acoustic benefits of the analyzed encapsulation types and indicates potential exterior noise
reduction of up to 5 dB.

The above-mentioned works, however, provided little insight in the exact experimental
and analytical methodology used to obtain the reported results. In this relation, Mattarelli
et al. [5] presented a well-documented study of the effects of TEE for a small diesel engine.
The authors draw conclusions about the effectiveness of the engine encapsulation with
respect to the resultant cool-down time for different thicknesses of the insulation material.
Furthermore, they proposed a simplified viscosity dependent model of engine friction,
integrated with a 1D engine model, and validated using experimental measurements. The
thermal engine model was combined with a simplified 0D model of heat transfer through
the engine encapsulation to obtain predictions for the temperature development of the
engine oil after shutdown. The presented methodology was employed to estimate the fuel
savings resulting from the increased initial temperature at engine restart after 15 hours of
inactivity at an ambient temperature of 0°C. The obtained fuel savings are reported to
amount to 15% for the initial 15 minutes of a simulated drive cycle. Several other studies
investigated similar aspects of TEE employing analogous methodologies: [27], [38], [36].
These studies reached to similar conclusions regarding the benefits of TEE with respect
to COy emissions and fuel consumption. Some of the previously reported predictions
for the effectiveness of TEE in terms of fuel savings and CO5 emission reduction are
extensively optimistic and significantly varied in magnitude: 15% [5], 5% [32], 2.7%
[22]. The variation of these estimations is partly explained by the different assumptions
and boundary conditions used in each of these analyses. Furthermore, different authors
use various coverage of engine encapsulation ranging from 60% [22] to close to 100%
[5]. Clearly, an encapsulation which encloses 100% of the engine surface would provide
excellent thermal insulation, but such installation would also be unfeasible in a real vehicle
due to packaging and thermal constraints. In a general perspective most of the studies
done on engine encapsulation employ oversimplified modeling strategies to estimate the
effects of the buoyancy-driven heat transfer that takes place in the engine compartment
after key-off. Sweetman et al. [37], on the other hand, presents a more advanced numerical
method to capture the transient thermal soak phase after engine shutdown. Their method
employs a 3D finite volume representation of the complete underhood, where buoyancy-
driven flow is modeled by URANS and heat transfer is calculated in both solid and fluid
domains. A satisfactory correlation is reached between computed and experimentally
measured transient development of temperatures of air and solids during the soaking
phase, but the employed numerical procedure requires significantly high computational
resources (approx. 3800 CPU-hours to simulate 10 minutes of the soaking phase).

Central in the current work is an efficient numerical procedure for computing buoyancy-
driven heat transfer in the engine bay to predict the temperatures of the engine oil and



the engine structures during driving sequences separated with extended periods of engine
inactivity. The simulation method is applied to analyze the effects of a proposed engine
encapsulation concept designed for Volvo S80 passenger vehicle on the engine cool-down
and fuel consumption during warm-up.

Due to its multiple benefits, thermal engine encapsulation is an increasingly popular
design choice in modern automotive industry. From a technical point of view there is a
need to capture the effect of engine encapsulation on a system-level at an early stage of
development, where the overall energy consumption of the vehicle is in focus. This work
attempts to study the effects of thermal engine encapsulation in the context of the overall
energy efficiency on a complete-vehicle level, while simultaneously capturing important
underlying physical phenomena with sufficient depth.

1.4 Powertrain cooling and thermal management

Heat from combustion is conducted through the walls of the combustion chamber and
exhaust ports into the block, head, valvetrain, pistons, crankshaft assembly, etc. Unless
absorbed by another medium these heat fluxes would increase the temperature of engine
components to detrimental levels. Powertrain cooling systems absorb the heat from
the engine components and control their operating temperature within safe limits. In a
typical engine installation cooling is performed by the oil and the coolant systems which
usually conduct approximately 17 to 35 % of the heat released by the fuel, depending
on the engine design and the specific mode of operation. For a control volume which
surrounds the engine Heywood [13] provides an example of a mathematical representation
of steady-state energy balance, Equation 1.1:

Pb + Qcool + Qmisc + He,ic + mhe,s = meLHV» (11)

where P, is the brake power, Qcool is the heat transfer rate to the coolant, Qmisc is the
rate of heat rejection to the oil plus convection and radiation from the engine’s external
surface, He’ic is the exhaust enthalpy loss due to incomplete combustion, and h, s is the
sensible part of the specific enthalpy of the exhaust gases. The terms on the left-hand
side of the equation represent the sinks and the single term on the right-hand side is the
source - the rate of heat released by the fuel.

The unused heat from combustion travels through complex intertwining paths inside
the engine. To map, quantify and control these heat flows is a main topic in engine
thermal management. Engine encapsulation influences the heat flow in the engine by
reducing the heat transfer from the engine walls to the surrounding environment. This
affects the thermal balance of the engine and it is therefore important to understand and
model it in the context of the overall engine thermal management. Furthermore, the
temperatures of different engine components and fluids vary dynamically as a result of
any momentary unbalance between the source and the sink. This happens often during
regular driving, f.ex. during engine warm-up, when the source heat is bigger than the
sink, as the radiator is bypassed, or during cool-down when the source heat is suddenly
interrupted.



1.5 Analysis of powertrain cooling systems and ther-
mal phenomena in the engine bay

1.5.1 Experimental analysis

Despite the progressively available and accurate numerical methods for virtual testing and
analysis, experimental investigations continue to be an irreplaceable verification method
in modern vehicle development. In order to ascertain that a cooling system design meets
the overall performance requirements, various temperature and flow measurements in
the powertrain cooling systems are simultaneously conducted during on-road or rig tests.
Most effectively such tests are performed in specialized climatic windtunnels, where the
ambient conditions are accurately controlled during test execution and the road load is
replicated by a dynamometer roller system, coupled to the driving wheels of the vehicle.
Figure 1.3 shows a heavy commercial vehicle prepared for a thermal performance test in
a climatic wind tunnel.

Figure 1.3: A commercial vehicle prepared for thermal performance testing in a climatic
wind tunnel.

1.5.2 Numerical analysis

In the context of thermal engine encapsulation and in order to predict its effectiveness it
is crucial to obtain an accurate prediction for the initial engine temperature at engine
shutdown, as it determines the initial heat content in the encapsulation upon the beginning
of the cool-down process. Furthermore, the continuous development of engine temperatures
during warm-up is also important for the evaluation of engine friction. This necessitates
a suitable simulation model, which can predict the temperature variation of the engine
structures and fluids in the powertrain cooling systems during vehicle operation. Such
models include the complete powertrain cooling systems in combination with a thermal
representation of the engine structures and a mechanical representation of the vehicle
with road load input. Therefore they are implemented on a system level employing
one-dimensional analysis. They are relatively fast and are therefore used for transient



analysis of long drive-cycles [Paper A], [21]. However, they require calibration, as inherent
in their one-dimensional nature is the inability to provide detailed physical representation
for some phenomena (turbulence, f.ex).

Another family of CFD models capture flow in three dimensions and operate with
higher resolution, which allows for a more authentic representation of turbulent flow and
heat transfer. In the past these models have been extensively used on smaller scale, f.ex
on component level due to their high computational demand. However, with increasing
availability of fast computing resources it has become industrially feasible to utilize such
3D CFD models on complete vehicle scales for steady flow and heat-transfer simulations,
but also for short unsteady computations. Detailed three-dimensional numerical CFD
representations of thermal and flow phenomena in a complete vehicle, including the engine
structures, require sensitively large computational resources. This demand is increased
even further when time is added as an extra dimension in the analysis [37]. Considering the
time duration of interest in the context of thermal engine encapsulation, which amounts
to cool down cycles of up to 16 hours, the computational demand for such analyses is an
important constraint.

This work builds further on the current state of the art for numerical modeling of
vehicle thermal management and attempts to deliver an automated procedure which
allows feasible computations of the effects of thermal engine encapsulation designs on the
fuel efficiency of the vehicle through a combination of 1D and 3D numerical tools.

1.6 Project objectives

The overall objective of this project is to enrich the knowledge within thermal engine
encapsulation as a design choice with a focus on fuel efficiency. The general goal is
subdivided into specific research questions:

e How does engine encapsulation influence fuel consumption?

e How can the effects of thermal engine encapsulation be estimated using numerical
simulations and what are important factors to consider?

1.7 Outline of thesis

The first part of this work summarizes a number of experimental and numerical studies
on the following topics:

e Transient energy transfer in powertrain cooling systems - methods, models and
validation.

e Heat transfer in the engine bay.
e A computational procedure for numerical simulation of engine cool-down.

e Investigation of the effect of a proposed engine encapsulation on the fuel consumption.

The second part of this work contains four relevant articles produced during the course
of the work.






2 Method

The work summarizes a sequence of coordinated studies on different technical aspects
related to the effects of engine encapsulation on the continuous variations of engine
temperatures and fuel efficiency. The presented work comprises both experimental and
numerical investigations. All numerical models and procedures have been validated
with corresponding experimental measurements. Included are stand-alone models of the
powertrain cooling systems, as well as combined representations of the complete vehicle
with heat transfer during the cool-down phase. A method for fast computation of engine
cool-down is introduced. Furthermore, a thermal encapsulation concept for a passenger
vehicle is presented and analyzed with the proposed integrated simulation approach.

2.1 Models of powertrain cooling systems with a drive-
cycle input

2.1.1 Motivation

Ongoing efforts for engine downsizing have naturally affected the design requirements
for all engine support installations including the powertrain cooling systems. Modern
engine control units are programmed with a control strategy which monitors engine
temperature and would derate engine power in the event of cooling deficiency. Clearly,
engine cooling is crucial for vehicle performance and even though any eventual lack of
cooling capacity would rarely result in a permanent engine failure it will certainly affect
the overall vehicle performance and customer satisfaction. Therefore, the benefits from
downsizing the cooling system must be carefully coordinated with the risks from an
inevitable reduction in performance. Generally this has been done in a variety of field
tests, but also analytically, especially in the early design phase. In this relation there is a
need for a better understanding of the thermal interaction between the engine and the
powertrain cooling systems not only for insulated steady-state modes of driving, but also for
complete drivecycles. Such unsteady analysis of energy transport through the powertrain
cooling systems can deliver information for the exact variation of the coolant and the
oil temperatures in different parts of the respective system. Additionally, an unsteady
representation of the powertrain cooling systems is of high value for the development
of engine control systems. In the context of thermal engine encapsulation analysis it is
crucial to be able to predict the continuous development of engine temperatures during a
drive-cycle. This necessitates a transient thermal model of the engine coupled with the
powertrain cooling systems, which can operate with a continuous input from a drive-cycle.
A drive-cycle defines a speed requirement for the vehicle, which varies over time. A model
is needed to transform this speed requirement into instantaneous heat conducted to the
walls of the combustion chamber. This is done by a simplified dynamic representation of
the vehicle, coupled with an engine model.



2.1.2 Longitudinal vehicle dynamics

The general modeling approach for the vehicle’s longitudinal dynamics is guided by the
fact that ultimately mechanical engine power affects vehicle speed through a dynamic
system including the combined inertia of the powertrain, the mass of the vehicle and the
resistance forces acting on the vehicle. Mathematically this is represented by Equation
2.1:

1
Py = (1 4 ts) | ymmd + mg(frcosa + sina) + ipC’dAsz , (2.1)

where:
P. engine mechanical power
Mg driveline efficiency
& road speed
Ym coefficient of inertia of the rotating components
m total vehicle mass
Z vehicle acceleration
g gravitational acceleration
fr coefficient of rolling resistance
« road gradient
p density of air
Cq coefficient of aerodynamic drag
A frontal projected area
ts tyre slip at driving wheels

With this relation, combined with information about the wheel rolling radius, one can
obtain the instantaneous torque and speed that the engine must deliver in order to satisfy
a certain road speed requirement from the analyzed drive-cycle for a given transmission
gear. In this relation the wheel rolling radius would be used to convert the road speed to
angular velocity of the wheels.

The longitudinal vehicle dynamic representation is combined with an engine model in
order to deliver information about the instantaneous fuel consumption and heat rejected
to the walls of the combustion chamber for a given road load. Modern one-dimensional
tools for vehicle system analysis incorporate this methodology. More information on this
topic is available in [Paper A] and [Paper D].
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2.1.3 Physical setup of a simplified liquid-cooled powertrain cool-
ing system

A simplified layout of a typical automotive cooling system is given in Figure 2.1. The

Expansion

tank
— | sirventilation Air ventilation
from Radiator from Engine side

Y

@I

Engine

Eng Pump

Figure 2.1: A simplified layout of a powertrain cooling system.

coolant pump (1) drives coolant through the engine oil cooler (2) and engine (3), where
it absorbs heat. The bulk of the coolant stream continues towards a thermostatic valve
(4), where it is passed on to the radiator in the cooling package (6), or in case of cold
conditions it is diverted through a bypass line (5) back to the pump. The cooling air
fan (7) ensures sufficient cooling air capacity at low vehicle speeds. The cooling fan and
pump are the only components which require mechanical energy input and therefore
affect fuel consumption. Hence, their control is an important task. In most automotive
applications the coolant pump is mechanically coupled to the flywheel, while the fan is
most often electrically driven in passenger vehicles. Since in commercial vehicles the fan
is a significant energy consumer, it is coupled to the flywheel through a viscous or other
type of clutch, see [Paper A] for further details. A condenser radiator, charge-air cooler
and a radiator are stacked in a cooling package typically mounted in the front of the
vehicle, where they are exposed to the incoming air stream, also referred to as ram-air.
Other heat exchangers may be present depending on the specific vehicle configuration,
f.ex: EGR-cooler, transmission oil cooler, air compressor cooler, cab heater, etc.

2.1.4 Modeling approach

One-dimensional (1D) system-oriented approach is usually an adequate choice to model
the unsteady continuous operation of automotive powertrain cooling systems. The
modeling framework considers a continuum where fluid motion is allowed only in the
dominant stream-wise direction. Finite-volume approach is employed and the continuum
is discretized in a staggered grid, that consists of a sequence of cells, where temperature
and pressure are considered uniform. Vector quantities like velocity and heat flux are
calculated at the boundaries of each cell. The fluid flow and energy transport in the
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analyzed system are obtained through the solution of the Navier-Stokes equations in one
dimension [12]. Equations 2.2-2.4, present the conservation equations for modeling fluid

flow and energy:
dm .

Boundaries
d(me) av )
— _p H) — hA(T; — T, 2.
e 2 +Bou%;mes(m ) — hAs(Ty ) (2.3)

din_ dpA+ 3 (rhu) — 4C’f%|u‘% — Cp(3pulul)A
dt dx

(2.4)
where:
. boundary mass flux into volume
m mass of finite volume
V' volume
p pressure
p density
A flow area
A, heat transfer surface area
e total internal energy
h heat transfer coefficient
H total enthalpy
Tt fluid temperature
T,, wall temperature
u velocity at boundary
C)p pressure loss coefficient
Cy skin friction coefficient
dx length of mass element in the flow direction

dp pressure differential acting across dx.
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Figure 2.2: Block diagram of a powertrain cooling systems model. Color legend: Coolant
circuit, Engine oil, Charge-air, Cooling air.

1D CFD tool GT-SUITE [12] has been used to model the powertrain cooling systems.
A block diagram of the cooling system in a Volvo S80 is shown in Figure 2.2. The
main layout is similar to the one shown in Figure 2.1 with only differences being that
the oil cooler (3) is connected in parallel to the coolant pump (1) and the presence of a
transmission cooler @ Each individual component of the cooling system is represented
in the given model, including the heat exchangers, pumps, hoses, flow splits, thermostatic
valve, coolant fan, etc. A 1D representation of these components is created. The pressure
drops in hoses and other pipes are calculated using available empirical correlations and
these usually do not require input of any additional data except for the pipe geometry. In
order to calculate thermal performance of heat exchangers, however, it is necessary to
supply the model with input performance data for the corresponding component. More
information on 1D modeling methodology is available in [Paper A] and [12]. The dynamic
representation of the vehicle, shown in the lower right corner in Figure 2.2, sends a
signal for torque and speed demand to the engine map-based model connected above
it. The engine performance representation calculates the amount of heat rejected to the
walls of the combustion chamber and sends it to the thermal model of heat conduction
in the engine structures (2). This model is important not only for correct transient
prediction, but it also enables the calculation of the oil temperature as a result of the
internal energy balance, obtained from the representation of heat transport in the engine
structures. A block diagram of a thermal engine model is given in Figure 2.3. It consists
of a cluster of interconnected lumped thermal masses, which represent sections from the
physical engine structures - portions from the cylinder head, block, cylinder liners, etc.
They are interconnected with thermal resistances, calibrated to authentically simulate
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Figure 2.3: Block diagram of a thermal engine representation. The heat transport through
the engine structures is represented by a network of thermal masses.

transport of heat in the engine block. The cooling channels inside the engine block are
represented with flow volumes, which are also thermally interfaced with the adjacent
lumped thermal masses. Heat conduction in one dimension is resolved in all solid masses

as given in Equation 2.5.
oT o*r

Here ¢, represents the specific heat capacity, T" is the temperature, ¢ denotes the time, @
is the source heat flux, &k is conductivity, and X is the spatial dimension.

2.2 Validation of powertrain cooling system models

A large number of simulations were performed to ascertain the accuracy of the employed
1D cooling system models. Executed were simulations of continuous drive cycles for
a distribution commercial vehicle and the computed results for different performance
quantities were compared to rig measurements. Figure 2.4 presents a comparison between
the simulated and the measured results for the radiator outlet temperature from a
simulation of Hamburg-Kassel drivecycle for a 13-liter Volvo FH truck with an authentic
fan control algorithm implemented in the cooling system model. Similar comparisons are
available for other temperature readings and flow capacities calculated in the simulation,
e.g.: charge air outlet temperature, coolant mass flow through the radiator, etc. More
information about 1D cooling system model validation can be found in [Paper A] and [25].

2.3 Temperature dependent variations in engine fric-
tion
The ability to evaluate the variations in engine friction with the engine temperature is

important because it is the retention of engine temperature which directly results in
reduced friction losses. To be able to quantify any resulting fuel savings it is necessary
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Figure 2.4: Radiator outlet temperature. A comparison between measured and simulated
values.

to obtain a relation between the engine temperature and the variation of friction mean
effective pressure (FMEP). Equation 2.6 proposed by Leong et al. [19], [40] characterizes
engine friction as a function of oil viscosity:

FMEP = FMEPjuy warm (“) , (2.6)
Hfully warm

where p is the viscosity of the engine oil and the exponent n is typically in the region of
0.19-0.24 for gasoline engines and 0.25-0.32 for diesel engines.

An improvement to the method presented in Equation 2.6 includes a product of FMEP
at nominal engine temperature with an empirical coefficient dependent on the engine
temperature and engine speed:

FMEPCorrected = (]- + CB) X FMEPfullywarm» (27)

where Cp is a correction factor shown in Figure 2.5.

The presented approach to compute engine friction has been used in the analysis due
to the fact that it has proved to be accurate and its implementation requires relatively
little input data.

2.4 Model of buoyancy-driven heat transfer in the en-
gine bay

2.4.1 General principles

The thermal phenomena which occur in the engine bay after engine shutdown in the
absence of forced flow are defined as buoyancy-driven flow and resulting convective heat
transfer and thermal radiation. In such combined scenarios where thermal radiation and
natural convection are significant, it is important to provide numerical models, which
capture both mechanisms of heat transfer. The local density variations in the fluid, caused

15



—— 1000 rpm
2 —— 2000 rpm ||
3000 rpm
1.5 4000 rpm [|
9 5000 rpm
o 1 —— 6000 rpm ||
0.5
0 -
|

.5 | | |
290 310 330 350 370 390
Engine temperature (K)

Figure 2.5: Coefficient Cp for correction of FMEP at different engine speeds.

by the temperature gradients, result in buoyant forces, which induce momentum in the
fluid, causing it to move. The intensity of buoyancy-driven flows is characterized with the
ratio between the buoyant forces, which strive to move the fluid and the viscous forces,
which are opposed to any movement. This ratio is known as the Grashof number and it
is defined as following:

9

v2

Gry (T — Too)?, (2.8)
where 3 is the coefficient of thermal expansion, v is the kinematic viscosity, Ts is the
surface temperature, and x is a characteristic length. In the context of numerical modeling,
it is important to know the prevailing flow regime in the analyzed setup in order to make
a relevant choice for modeling the flow. According to Bejan [3], the transition between
laminar and turbulent flows occurs when the Grashof number is approximately 1.3 x10?
for vertical plates. The local surface temperatures of the engine often reach values higher
than 100°C. Substitution with numerical values from a typical scenario of thermal soak
in Equation 2.8 gives results of approximately 1.9 x10%, indicating that the flow has
entered the transition regime, see Table 2.1. Hence, a suitable turbulence model would be
required for the correct numerical representation of the analyzed flow phenomenon.

2.4.2 Modeling physics

To describe the complex dynamics of the fluid motion under the conditions of natural
convection in the underhood a classical approach has been selected that involves the
solution of the continuity equation 2.9, the transport equation for momentum 2.10, and
the static enthalpy conservation equation 2.13.

a(pUi)
8x,-

=0, (2.9)
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where p is the density and U; is the mean velocity component in the i-th direction.

a(pUin) Ip 0 77
_ o .. 2.1
8(Ei axi + amj (TJ puzu]) + Pg ( O)

Here 7;; is the averaged viscous stress tensor, p is the static pressure, and pm represents
the components of the Reynold’s stress tensor, where ] and u; are the fluctuating
turbulent velocities. The source term pg; takes into account the effect of buoyancy, where
g; is the i-th component of the gravitational acceleration.

The average viscous stress tensor 7;; reads

oUu;  9U; 2 90Uy
i = —=——6 |, 2.11
Ti M((aijraxi) 3 Oxy, J) (2.11)
where p is the dynamic viscosity of the fluid and §;; are the Kronecker delta tensor
components, 1i.e.
0 ey
0ij = HiF (2.12)
1 if i = 7.

0 0

(Qs + ), (2.13)

The presented formulation is not time dependent and therefore its solution provides
results for a steady flow field. In the context of buoyancy-driven flow in an engine
bay it has been proven that for constant boundary conditions a steady solution of the
Navier—Stokes equations delivers satisfactory predictions of the temperature and velocity
fields in the fluid [8], [Paper B]. In the process of cool-down, however, boundary conditions
do vary with time. To capture this variation and its effects on the flow-field, it would be
natural to chose an unsteady formulation of the Navier-Stokes equations. Nevertheless,
such solution is unfeasible for extended simulation periods on the scale of 16 hours, due
to the need for high temporal resolutions in the solution of the flow field, which results
in impractically long computational runtime. To address this problem a direct-coupled
1D-3D approach has been proposed and validated in [Paper C].

Table 2.1: Estimation of buoyancy-driven flow characteristics in a typical engine bay.

Term Quantity
g (m/s) 9.81
B (1/T) 0.00306
T:(C) 100
T (C) 5
x 0.5
v (m?/s) 1.807 x 10~°
Gr, 1.9 x 10°
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Solution of flow and heat transfer in the oil sump

As a result from the transient engine cool-down after key-off the temperature of the oil
sump wall decreases gradually over time, absorbing heat from the engine oil contained in
it and conducting it away to the ambient. The process of heat rejection from the engine
oil to the wall is accompanied with a density variation, which generates buoyancy-driven
flow. Assuming an extreme temperature difference between the wall and the engine oil,
(Ts — Two) = 15K, for high oil temperatures, T, = 403K and characteristic length equal
to the height of the oil level in the sump, x = 0.075m, the resulting Grashof number is
1.35 x 10%. Therefore, the analyzed thermal-fluid phenomenon observed in the oil sump is
characterized as natural convection in laminar flow. Furthermore, static adjacent layers
with well-pronounced temperature difference are present, also referred to as temperature
stratification. Evident in Figure 2.6 is a significant temperature gradient in proximity

Ternperature (C) ]

£8.000
]

£4.600
£1.200
77.800

74.400

I71 000

Figure 2.6: Simulated temperature field in a longitudinal section cut of the oil sump
extracted 1 hour after key-off in a non-encapsulated engine at the ambient temperature of
25°C

to the wall, which amounts to approx. 30% of the instantaneous temperature difference
between the oil and the ambient air. This strong spatial variation of the oil temperature
invalidates the usage of 1D tools for its appropriate prediction. On the other hand, the
non-turbulent flow regime in the oil sump precludes the necessity for computationally
expensive turbulence modeling, and allows to set up a fast-running three-dimensional
transient analysis of buoyancy-driven laminar flow, which is directly synchronized with
the 1D transient solution of the powertrain.

2.4.3 Computational grid and numerical domain

A full-scale CAD model of the simulated vehicle, placed in a large enclosure, is used to
generate a computational mesh of approximately 60 million cells in StarCCM+-. Figure 2.7
shows a section cut through the computational grid taken at the vertical longitudinal
central plane in the region of the engine bay. Included are representations of the condenser
radiator, CAC, and coolant radiator. The maximum cell size in the underhood area has
been limited to 10 mm. Cells in proximity to the engine walls are limited to 3mm in size. A
layer of prism cells at the wall boundaries ensured ™ values of close to 1, as recommended
by the simulation software manual [4] and confirmed by previous investigations [Paper C],
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(a) Discretized surface (b) Planar section through the grid

Figure 2.7: Computational grid.

[8]. More information related to the numerical grid can be found in the attached articles.

2.4.4 Boundary conditions

All walls in the numerical setup are defined with a non-slip condition. Constant ambient
temperature is imposed on the walls of the enclosing chamber. The main aim of the
presented model is to obtain accurate values for instantaneous heat fluxes from the
engine parts identified as major participants in convective and radiative heat transfer
after key-off, due to their big relative mass, high thermal conductivity and large exposed
surface area. These parts include the cylinder head, engine block, crankcase, gear box,
exhaust manifold, exhaust pipe, and turbo-compressor. These components have their
corresponding representations in the 1D engine thermal model, which supply information
for surface temperature to their respective boundaries in the 3D CFD model, see Figure 2.8.

Figure 2.8: 3D CFD engine wall boundaries with imposed temperature specification
coordinated with 1D engine thermal model. Color legend: Cylinder head,
Ezxhaust manifold, Turbo-compressor, EATS and exhaust pipe.
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2.5 Automation and numerical strategy

The proposed numerical procedure for fast computation of buoyancy-driven heat transfer
utilizes a sequence of steady state solutions of flow and energy transport in the fluid
done in StarCCM+, synchronized with an unsteady solution of heat transfer in the solids
executed in GT-SUITE. Exchanged between the different simulations are coefficients of
heat transfer and information for surface temperature. The constructed simulation setup
accommodates the possibility to run combined drive-cycles, which include periods when
the vehicle is parked with the engine turned off. An automation routine that controls
the execution of the different simulations and their coordination is developed in Java. A
description of the actions performed by this software is given next.

The simulation is typically started with a stage of dynamic driving with variable
demand for vehicle speed, which imposes an unsteady requirement for engine speed and
torque and initiated from ambient temperature. During this stage when the engine
is running the 1D representation of the engine and powertrain cooling systems run
independently from the 3D CFD model. Calculated is the dynamic development of
temperatures in solids and fluids in the cooling systems. Upon engine shutdown the
surface temperatures of the solids in the 1D thermal engine representation are extracted
and imposed as boundary conditions on the 3D representation of buoyancy-driven heat
transfer in the engine bay. The 3D CFD simulation is then run until convergence and
results for heat transfer coefficient from all participating surfaces are exported and imposed
in the 1D thermal engine model, which is consequently run for a defined period before a
new cycle of exchange between the softwares is completed. The process is described as a
flowchart in Figure 2.9.

2.6 A proposed concept of thermal engine encapsula-
tion for a passenger vehicle

An engine-mounted thermal engine encapsulation concept is proposed for the purposes of
the investigation, see Figure 2.10. The presented design concept features two separate
openings equipped with air shutters: one located on the front of the encapsulation,
immediately behind the cooling fan, and another one - located near the exhaust routing.
Such a setup is applicable in cases of high load driving when the air shutters can be
opened in order to allow for additional cooling air flow to mitigate the undesirable effects
of hot spots and to provide extra cooling in situations when this is needed. Closing the air
shutters, on the other hand, would prevent ambient air from entering the encapsulation
and consequently this would increase its capability to retain engine heat. In this manner
the proposed design offers an effective solution to the most serious shortcomings of thermal
engine encapsulation (hot spots and increased blockage in the underhood) by enabling a
selective variation in the degree of encapsulation. The presented encapsulation concept
is designed with a number of unsealed openings to allow passage for brackets, cooling
hoses and drive-shafts. These openings are not sealed or insulated in order to explore a
scenario of possible air leakage through the encapsulation. The ratio of the open surface
area to the complete outer surface coverage of the encapsulation with closed shutters is
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Figure 2.9: Flow chart describing the coupling procedure between 1D and 3D models.

97%. The outlet of the proposed design is shaped to channel the cooling air stream along
the surfaces of the exhaust components in order to increase the rate of convective cooling
during the initial stages of thermal soaking, while also providing radiation shielding. Its
downwards orientation is selected to prevent buoyancy forces from transporting hot air
outside the encapsulation when the shutter is open. A lightweight melamine resin with
low thermal conductivity is selected for the encapsulating panels.

2.7 Drive-cycle simulations

To evaluate the effectiveness of the presented thermal engine encapsulation it is proposed
to construct a dedicated drive-cycle, which consists of sequences of WLTC, separated with
periods of inactivity, initialized from ambient temperature. This allows for a prediction of
the initial temperature of engine solids in the beginning of the cool-down phase. Similarly,
the computed temperatures of the engine components after the cool-down, that takes
place in the period of engine inactivity, are used as initial conditions for the second WLTC.
Computed values for fuel consumption are obtained during the analysis. Sequences of
WLTC with periods of inactivity of 0.5, 1, 2, 4, 6, 8, 12, and 16 hours are used, as
shown in Figure 2.11. In order to obtain knowledge about the effect of different ambient
temperatures on the effectiveness of the encapsulation, simulations were performed at
temperatures of 5 and 20°C, representing moderately cold and warm climate conditions
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Figure 2.10: Thermal engine encapsulation concept.

respectively.

Simulated are cases with closed and open shutters to observe the effect of the degree of
engine encapsulation. The main performance parameters, monitored and reported during
the analysis, are among others the temperatures of engine oil and the instantaneous and
accumulated fuel consumption. Table 2.2 presents an overview of the simulated cases and
their characteristics.
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Figure 2.11: Simulated drive-cycle consisting of sequences of WLTC with different periods
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Table 2.2: Overview of simulated combinations
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3 Summary of results

This section contains a summary of the most important findings from the research work.
More detailed information about the results can be found in the appended papers.

3.1 Simulations of transient cool-down of a simplified
engine

This investigation is performed as an initial validation of the proposed computational
strategy, which utilizes a direct coupling between a 1D representation of heat conduction
in the engine structures and a 3D CFD model of buoyancy-driven flow and heat transfer
in the engine bay. The measurements used for this investigation originate from an
experimental study of natural convection in a simplified engine bay performed by Davis [9]
and Merati et al. [23] that employs a simplified engine bay in full scale. It consists of a
trapezoidal shaped engine, two exhaust cylinders with diameter of 45.7 mm and length
of 0.56 m, identical in size mounted on the left and right sides of the engine block, and
an enclosure with openings to the surrounding air with approximate size of 0.85 m in
hight, 0.92 m width and 0.9 m in length, see Fig. 3.1. The enclosure has two 5 mm wide
openings on the top side and two 153 mm wide openings in the bottom of the left and
right sides. The two openings at the top represent the gaps between the vehicle hood
and the fenders, while the side openings at the bottom facilitate the thermal interaction
with the quiescent surrounding air to occur. Moreover, the complete setup was placed
in a containment area with dimensions of 4.9 m in width and length and 3 m in height,
which is sufficiently larger than the dimensions of the enclosure to avoid disturbances
of the thermal and flow phenomena involved [9]. The exhaust manifolds, the simplified
engine and the enclosure are relevant components of a typical vehicle underhood which
mark the maximum temperature range that occurs during thermal soak. Therefore, this
setup provides a suitable experimental ground for conducting a validation of the coupled
computational method for predicting underhood buoyancy-driven flow and heat transfer.

The experiment replicates a thermal process governed by buoyancy-driven flow and
heat transfer. The surface temperature of the exhaust manifolds was maintained at
600°C with inbuilt electrical heaters. Meanwhile the engine walls were cooled by internal
water jet system, ensuring that the temperature of the engine is close to 100°C. It was
determined that the heaters, mounted in the exhaust manifolds, dissipated approximately
2500 W of heat each, which corresponds to a heat flux of 31 kW/m?. These conditions
were maintained constant until readings from temperature sensors mounted on the walls of
the simplified engine stabilized, indicating steady heat fluxes. At this situation of steady-
state heat transfer, surface temperature measurements were obtained on all solids. The
locations of the thermocouples, used for these measurements, are given in subsection 3.1.1.
After performing the steady temperature measurements, all heat and cooling sources were
shut down and transient cool-down was started. Surface temperatures of all solid parts in
the setup were monitored for a period of 35 minutes after shutdown.
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(a) Representation of the experimental setup
under enclosure. (b) Simplified engine and exhaust manifolds.

Figure 3.1: A CAD model of the experimental setup comprising of the simplified engine
and two exhaust manifolds under the open enclosure.

3.1.1 Numerical setup

An exact CAD model of the engine bay, placed in the containment volume, see Fig.3.2,
was built according to the presented experimental setup.

It is important to note that the domain consists of the solid and the fluid subdomains.
The solid subdomain comprises the engine, the exhaust manifolds, and the enclosure. The
fluid subdomain includes the air, which fills the volume under the enclosure, as well as
the surrounding containment area. This concept of two separate subdomains makes it
possible to employ the most suitable models for the fluid and solid parts, respectively,
and to establish a direct coupling between these models.

Figure 3.3 presents schematics of the 1D thermal model of heat transfer in the engine
solids. The simplified engine and the exhaust manifolds are represented by lumped thermal
masses, as shown in Fig. 3.3a. The concept of lumped thermal masses is based on the
assumption that the temperature differences within a solid, participating in heat transfer
with a surrounding medium, can be neglected as compared to the temperature difference
between the solid and the fluid. Previous experimental and numerical results have shown
that this approach is valid for the exhaust manifolds and for all engine surfaces except
the right and left engine walls, see Merati et al. [23] and Chen et al. [8] for more details.
A good example of solids which can be accurately modeled using a single lumped thermal
mass are the exhaust manifolds, for which experimental observations confirmed negligible
internal temperature differences and uniform temperature distribution on their surfaces.
The surfaces of the left and right engine walls, on the other hand, exhibit significant
temperature gradients due to high radiative heat flux from the adjacent exhaust manifolds.
Therefore, each of the engine side walls is represented by a network of 55 interfaced
lumped thermal masses to provide sufficient spatial discretization to accurately capture
the temperature distribution, see Fig. 3.3b. The specific topography and dimensions of
the thermal masses comprising this network are chosen so that their centers coincide with
the locations of the thermocouples from the experiment, as illustrated in Fig. 3.4. The
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Figure 3.2: Computational domain comprising the simplified engine and two exhaust
manifolds under the open enclosure (black area) placed in the containment room (gray
area,).

lumped thermal masses in the model are defined with the physical properties, dimensions
and weights of the actual materials used to build the experimental engine. It should be
noted that each row of interfaced thermal masses in the network representing the engine
side wall corresponds to one row of adjacent sectors of the physical wall from top to
bottom.

The governing equations of the fluid flow are numerically solved in STAR-CCM+. A
polyhedral computational mesh with a total cell count of 25 million is generated from the
CAD model of the enclosure and the containment area. The average spatial discretization
varies within the limits of 2 and 120 mm depending on the location. Denser mesh is
used in the vicinity of the exhaust manifolds and in the upper part of the enclosure to
more accurately resolve the temperature gradients and the buoyancy-driven flow field.
The maximum cell size is 3mm for all the surfaces located above the exhaust manifolds.
The thickness of the first prismatic layer on the surfaces is approximately 0.3 mm, which
results in maximum y* values of close to 1. The temperature development in the solid
structures is consequently computed using the described 1D-3D coupled procedure.

3.1.2 Results

A coupled 1D-3D simulation is carried out to predict the temperature development in
the engine solids during the thermal soak and cool-down period after turning off the
heating and cooling systems. The coupled simulation is initiated from a fully developed
solution of steady heat transfer. The data exchange between 1D and 3D computational
domains takes place every 5 seconds. The coupled simulation predicts the temperature
development in each thermal mass. Figure 3.5 presents the development of the average
surface temperature of the engine walls and the exhaust manifolds during the cool-down
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Figure 3.3: Schematics of the 1D thermal model in GT-SUITE.

cycle of 35 minutes. The results from the actual experimental study are included for
the purpose of validation. A very good agreement between the computed and measured
temperature results is seen for both exhaust manifolds and the right engine wall. The
surface temperature of the left engine wall is underpredicted by approximately 3% as
compared to the experimental results. This discrepancy is attributed to the fact that the
simulations do not accurately account for the presence of the gaskets that are used to

seal the adjacent metal plates that comprise the simplified engine.
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Figure 3.4: The simplified engine with indicated locations of the thermocouples from the
experiment.

3.2 Simulation of transient engine cool-down in a pas-
senger vehicle

The following investigation is undertaken in order to provide a further validation of the
presented computational procedure for an experimental setup that involves the original
geometry of a passenger vehicle. The current investigation utilizes data from thermal
measurements obtained from complete vehicle dynamometer tests in a climatic wind
tunnel for the purpose of correlation with simulated values and model validation. The
drive cycles replicated in these measurements included steady-speed and high load driving,
as well as dynamic driving with varying engine loads and speeds. The powertrain system
was equipped with sensors to obtain various measurements: inlet and outlet temperatures
of all heat exchangers, coolant and flow rates, fan speeds, and all signals to the ECU were
logged. Most relevant for the analysis are the temperatures of the coolant and the engine
oil during the transient process of engine warm-up and cool-down.

3.2.1 Numerical setup

Included in this simulation model are functional blocks which allow to replicate the
instantaneous heat input from the engine during a continuous drive-cycle in addition to a
complete 1D representation of the powertrain cooling systems, including the coolant and
oil circuits, as described in chapter 2. The described coupled 1D-3D numerical strategy
has been applied to obtain predictions for engine oil and coolant temperature development
after key-off.

3.2.2 Results

The simulation models of the coolant circuit and the cooling air path were first calibrated to
ensure correct prediction of the coolant flow and the cooling air flow mass rates at different
vehicle and engine speeds. Figure 3.6 shows a comparison between the measured and the
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Figure 3.5: Comparison between the computed and experimentally measured average
surface temperatures of the engine solids during cool-down.
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simulated coolant flow rate through the radiator. Observed is an accurate correlation
between the measured and the predicted values for the coolant mass flow rate through the
radiator. A computation of the oil temperature variation during engine cool-down after a
high-load driving is performed for validation purposes. Figure 3.7 presents a comparison
between the simulated and the measured oil and coolant temperatures. The dynamic
vehicle model combined with the mapped engine are active during the initial 1500 seconds
of the simulation cycle, when they supply information for the instantaneous heat rate to
the thermal engine representation. Upon key-off this signal becomes zero. After engine
shutdown the variation in temperature of engine solids and fluids depends on the heat
transfer rate from the respective engine surfaces to the ambient air, captured by the 3D
CFD modules and synchronized with the 1D thermal engine representation.

—— Measured
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Coolant flow rate (kg/s)
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| |
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Figure 3.6: Comparison between measured and simulated coolant flow rate through the
radiator.

Figure 3.7a presents a comparison between the predicted and the measured values for
the coolant temperature in the engine block during high load driving and immediately
after engine shutdown. Captured is the abrupt temperature drop after key-off due to a
temporary fan engagement. This is followed by an increase and a peak in the coolant
temperature as a result of the thermal soaking after fan disengagement. The discrepancy
in the prediction for the coolant temperature is explained with the shortcomings of the 1D
thermal engine model that fails to appropriately capture the physics of the low-Reynolds-
number thermal phenomenon that occurs in the engine block in the absence of forced
coolant flow. Furthermore, the measured values are affected by the exact placement of the
temperature probe, which cannot be adequately replicated with the employed 1D setup of
the thermal engine model. However, the obtained prediction for the coolant temperature
correctly reflects the trend of variation. Figure 3.7b shows a close correlation between the
measured and the simulated values for the oil temperature variation after key-off. The
advantages of employing a detailed 3D representation of heat transfer in the oil sump are
evident.
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Figure 3.7: Comparison between the measured and the simulated fluid temperatures in the
powertrain cooling systems.

3.3 Simulation of heavy-duty engine cool-down

The current section presents a similar validation of the computational method, however,
now the comparisons between measured and simulated values for the temperatures of
fluids and engine structures are performed over an extended time period for a commercial
vehicle.

3.3.1 Experimental setup

The presented validation is based on temperature measurements obtained from thermo-
couples mounted on the surfaces of the cylinder head, block, crankcase, and gearbox of
a Volvo FM distribution truck. The temperature readings are monitored for over nine
hours after engine shutdown. The temperature of the oil in the sump is also measured
during the cool-down period. The measurements were performed in a climatic windtunnel
at an ambient temperature of 25°C at the absence of any forced flow. Figure 3.8 shows
the locations of the thermocouple probes during the measurements.

3.3.2 Numerical setup

A 1D representation of heat transfer in the engine structures is set up by following the
methodology described in section 2.1.4. The latter is coupled with a 3D CFD representation
of the complete vehicle in the climatic wind tunnel. The previously described 1D-3D
coupled procedure is applied to simulate the continuous variation of the temperatures of
engine structures. The temperature variation in the engine oil is captured by a separate
transient CFD model of the crankcase and the oil. This model is also coupled and
synchronized with the 1D model of conduction in the engine structures.

32



Figure 3.8: Locations of the thermocouples for measuring the extended engine cool-down
i a Volvo FM truck.

3.3.3 Results

Presented below are comparisons between the measured and the computed variations in
the temperature of the engine oil, the cylinder head, the engine block, and the crankcase
at an ambient temperature of 25°C after the vehicle is turned off.
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Figure 3.9: Comparison between the measured and the simulated temperatures of the
cylinder head after key-off at an ambient temperature of 25°C.

Figure 3.9 presents a good agreement between the measured and the simulated
temperatures of the cylinder head. The simulated temperature variation begins with
a short-term increment, which corresponds with the measured values and occurs due
to the sudden interruption of the cooling fluid streams, combined with the radiation
and conduction heat transfer from the hot exhaust manifold and other components of
the exhaust system. The physical properties of the thermal masses, used to represent
the cylinder head in the 1D model, are obtained from available geometric data. The
heat transfer and the flow in the oil sump are calculated from a separate transient CFD
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representation, which is synchronized and coupled with the main simulation.
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Figure 3.10: Comparison between the measured and the simulated temperatures of the
engine block after key-off, at an ambient temperature of 25°C.

A good correlation between the simulated and the measured values is observed for the
temperature of the engine block, Figure 3.10.

T T
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Figure 3.11: Comparison between the measured and the simulated average temperature of
the crankcase wall at an ambient temperature of 25° C.

A minor discrepancy (of approximately 4°C) is observed in the prediction of the mean
temperature of the crankcase wall. This may be a result of the the fact that in reality
there is a considerable temperature difference across the surface of the crankcase, which
results from the strong presence of temperature stratification in the contained oil. The
plotted temperature is the surface-average boundary temperature, which differs from the
local measurement taken by the surface-mounted probe.
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Figure 3.12: Comparison between the measured and the simulated local temperatures of
engine oil after key-off at an ambient temperature of 25°C.

An overprediction of the oil temperature is observed towards the end of the simulated
cool-down period on Figure 3.12. This is explained by a minor difference in the simulated
total oil mass in the crankcase and the actual oil content in the physical test. Despite
some minor inaccuracies, the simulated temperature variations of the engine structures
and the oil are consistent with the measured values up to 9 hours after key-off.

3.4 Simulation of a combined drive-cycle with a pe-
riod of engine inactivity

Presented next are the results from simulations of a sequence of two WLTC separated
by different lengths of engine inactivity for a passenger vehicle, Volvo S80, with and
without engine encapsulation at two different ambient temperatures. Furthermore, the
encapsulated variants are simulated in two configurations: with closed shutters and with
an open outlet shutter. This study demonstrates the full functionality of the combined
model, that was developed by the author, for analyzing the effects of engine encapsulation
on engine cool-down. Simulated readings for fuel consumption are also reported.

3.4.1 Numerical setup

A complete numerical representation of the vehicle featuring a 1D—-3D representation
of buoyancy-driven heat transfer in the engine bay is set up according to the method
described in chapter 2.

3.4.2 Results

Figure 3.13 shows the variation in the temperature of the engine oil during a sequence of
WLTC separated by 16 hours of inactivity, at ambient temperatures of 5°C and 20°C.
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Figure 3.13: Variation in the engine oil temperature during a sequence of simulated WLTC
with 16 hours of inactivity in a quiescent ambient.

The temperature of the engine oil in the non-insulated engine decreases to ambient
level within approximately 6 hours after key-off. On the other hand, the encapsulated
configuration, with closed shutters, extends the cool-down time significantly, retaining
the oil temperature to approximately 19°C 16 hours after engine shutdown at an ambient
temperature of 5°C, and to 32°C at an ambient temperature of 20°C. The thermal
engine encapsulation contributes to reduced friction losses during engine warm-up by
retaining a higher initial temperature for engine start. Figure 3.14 shows the increase
in the initial temperatures of the engine parts as a result of the thermal encapsulation
at an ambient temperature of 5°C. The solid curves represent the temperature increase
in the encapsulated setup with closed shutters and the dashed curves show results
from the encapsulation with open outlet shutters. As a result of the thermal engine
encapsulation, the temperatures of the engine oil, the cylinder head and the block 4 hours
after engine shutdown are 51, 51 and 43°C higher than their corresponding levels in the
non-encapsulated engine (at an ambient temperature of 5°C), respectively.

Figure 3.15 shows the variation in the engine oil temperature upon engine start after
4 hours of inactivity. The obvious effect from the higher initial temperature of the engine
oil and structures is a faster engine warm-up. The encapsulated configuration with closed
shutters achieves approximately 10 minutes faster warm-up compared to the non-insulated
engine. The effects of this heat storage capability on the fuel consumption are presented
in Figure 3.16 as a percentage of the total fuel burned by a cold-started non-encapsulated
engine during the WLTC at ambient temperature of 5°C. The encapsulated engine with a
closed outlet achieves a peak of 3.1% reduction of fuel consumption 3 hours after key-off.
The potential for fuel saving gradually increases after engine shutdown in proportion with
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Figure 3.14: Increase in the temperature of engine parts as a result of the encapsulation
after key-off in a quiescent ambient of 5° C.

the temperature increase in the engine components shown in Figure 3.14. The highest
potential for fuel savings (larger than 2.5%) is yielded for applications where cold starts
occur every 2 to 8 hours. The completely enclosed encapsulation delivers 2% fuel savings
up to approximately 10 hours after key-off at 5°C ambient temperature.

Due to its superior insulating capability the closed encapsulation effectively retains
engine heat within its boundaries. The low thermal conductivity of the insulating material
minimizes conductive heat fluxes through the encapsulating wall. This is confirmed by
only a minor increase of the air temperature in proximity to the external wall of the
encapsulation with closed shutters in Figure 3.17. The minor temperature change along
the vertical direction inside the encapsulation indicates little amount of mass transfer
across its gaps. This is different in the case of open encapsulation, where the temperature
field within the walls of the encapsulation varies in a wider span, see Figure 3.18. Cold
air occupies the lower part of the encapsulation as a result of the increased mixing and
mass transfer through the open shutter.
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engine during WLTC at 5 and 20° C ambient temperature.
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mately 2 hours after key-off, 5°C ambient temperature.
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4 Conclusions

The presented studies form a framework for numerically modeling the effects of thermal
engine encapsulation on engine cool-down and fuel consumption during a continuous drive-
cycle with engine stops. Thermal engine encapsulation can help reduce fuel consumption
by retaining heat in the engine after it has been switched off. This slows engine cool-down
and increases the chance for higher initial temperatures of the engine structures and
fluids at the following engine start. Consequently, the friction losses in the cold-started
encapsulated engine, which has retained heat from a previous engine start, would be lower
during the shorter warm-up period, resulting in less fuel burned.

To obtain an analytical prediction for the fuel saving potential of a given encapsulation
design, for a certain drive-cycle, the presented work utilizes a combined simulation platform.
This consists of a complete 1D transient thermal representation of the powertrain and
powertrain cooling systems coupled with a longitudinal vehicle dynamics model with
drive-cycle input, a temperature-dependent engine friction model, and a coupled 1D-3D
CFD model of engine cool-down after key-off. The 1D transient model of heat transfer in
the engine and the powertrain cooling systems enables the prediction of temperatures of
fluids and different engine components over the course of the entire drive-cycle. A coupled
1D-3D computational approach is used to predict the continuous variation of temperatures
of the engine solids and fluids after engine shutdown. 3D CFD simulations compute
the buoyancy-driven flow and heat transfer in the engine bay and oil sump after engine
shut-down. In an iterative automated procedure, the heat transfer coefficients are updated
in the 1D thermal representation of heat conduction in the engine solids. With the aid of
a temperature-dependent engine friction model the energy savings due to decreased oil
viscosity are accounted for and an instantaneous reading for fuel consumption is obtained.

The presented simulation strategy is applied to predict the fuel savings resulting from
a proposed engine-mounted encapsulation designed for a passenger vehicle at different
ambient temperatures. The results show that a fully-encapsulated engine is capable of
retaining the temperature of engine oil at 19°C for up to 16 hours after engine shut-down in
an ambient environment of 5°C. As a result of this heat-retaining capability of the
encapsulated engine, it is possible to gain up to a 3.1% fuel saving from the total fuel
burned during a WLT'C with a cold-started engine. The results from simulations show that a
minimum of 2.5% can be obtained for an encapsulated engine (with 97%degree of
coverage) for engine starts occurring 2 to 8 hours after key-off at ambient temperature of
5°C.

The performed analysis shows that the degree of coverage is important for the heat-
retaining capability of the encapsulation. The overall applicability and usefulness of
thermal engine encapsulation for a certain vehicle application depends on the length of
the time periods when the engine is inactive, i.e. the time from the moment when the
vehicle is parked to the moment when the engine is re-started. The more frequently a
vehicle is subjected to cold-starts during its lifetime, the higher the fuel-saving potential
an encapsulation would have. The concept of thermal encapsulation of the powertrain
is most beneficial in vehicle applications with short and frequent drive-cycles in cool
climates.
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5 Summary of papers

5.1 Paper A

”Study of Software Integration for Transient Simulation of Future Cooling System for
Heavy Truck Application”

The first paper in this thesis considers transient simulations of the cooling system in
a heavy-duty vehicle. The work investigates the integration between tools for analysis
and simulation of cooling systems at Volvo Group Trucks Technology. The focus is on 1D
simulation tools, which are generally preferred in the context of transient simulations of
engine and powertrain installation systems. This work delivers two transient models of
FH 13L cooling system integrated with a predictive model of the engine and a detailed
model of the main coolant circuit. Also included is a representation of the underhood
cooling air path. The simulation models deliver satisfactory level of accuracy for the
predictions of the coolant temperature at different parts of the cooling system for the
investigated drive-cycle. The computational speed of the model run on a single CPU is
approximately 1xRT.

5.2 Paper B

”Numerical Investigation of Natural Convection in a Simplified Engine Bay”

This paper presents results from numerical investigations of buoyancy-driven flow in
a simplified representation of an engine bay. A main motivation for this study is the
necessity for a valid correlation of the results from numerical simulations with physical
measurements in order to evaluate the accuracy and feasibility of the available numerical
tools for predicting natural convection. This analysis is based on previously performed
PIV and temperature measurements in a controlled physical setup, which reproduced
thermal soak conditions in the engine compartment as they occur for a vehicle parked in
a quiescent ambient after sustaining high thermal loads. Thermal soak is an important
phenomenon in the engine bay primarily driven by natural convection and radiation after
there had been a high power demand on the engine. With the cooling fan turned off and
in quiescent environment, buoyancy driven convection and radiation are the dominating
modes of heat transfer. The unsteady and turbulent nature of this complex phenomenon
requires high spatial and temporal resolutions and an effective computational strategy. A
CFD procedure for modeling buoyancy driven flow in vehicle underhood is demonstrated.
The computed temperature and velocity of the air under the enclosure are compared with
experimental data at a number of different locations in the control volume. The numerical
results exhibit satisfactory consistency with the measured values.
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5.3 Paper C

"Direct Coupled 1D-3D Approach for Simulations of Buoyancy-driven Heat Transfer in a
Simplified Engine Bay”

The objective of this work is to present and validate a detailed numerical procedure for
predicting buoyancy-driven heat transfer (BDHT) inside a simplified vehicle underhood
during thermal soak and cool-down events. A direct coupled 1D-3D approach is employed
to carry out transient 1D thermal analysis in the engine solids synchronized with sequences
of steady-state 3D CFD simulations of the fluid flow. The boundary heat transfer
coeflicients and averaged fluid temperatures in the boundary cells, computed in the 3D
CFD model, are provided as input data to the 1D analysis to compute the resulting
surface temperatures which are then fed back as updated boundary conditions in the CFD
simulation. The presented numerical procedure is validated using relevant experimental
measurements. The computed temperatures of the simplified engine and the exhaust
manifolds during the hot-soak and cool-down period are in favorable agreement with the
experimental measurements. The present study illustrates the capabilities of the coupled
thermal methodology to conduct accurate and cost-effective computations of BDHT for
industrially relevant thermal management applications.

5.4 Paper D

” A Numerical Investigation of Thermal Engine Encapsulation Concept for a Passenger
Vehicle and its Effect on Fuel Consumption”

Thermal engine encapsulation is an effective design choice to reduce engine friction
in applications with frequent cold starts. In the present work, a coupled 1D-3D system-
level approach is used to investigate the effects of a novel engine-mounted encapsulation
concept featuring air shutters on the fuel consumption of a Volvo S80 passenger vehicle.
Simulations are performed for sequences of the WLTC, which include different time
intervals of engine inactivity when the car is parked in a quiescent ambient. The results
show that the engine encapsulation with high area coverage (97%) can retain engine oil
temperature above 19°C for up to 16 hours after engine shutdown at ambient temperature
of 5°C leading to 2.5% fuel saving during engine warm-up when cold starts occur between
2 and 8 hours after key-off.
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