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Abstract
In this work, the Global Energy Balance (GEB) of a 1.6 L compression ignition engine 
is analysed during WLTC using a combination of experimental measurements and 
simulations, by means of a Virtual Engine. The energy split considers all the relevant 
energy terms at two starting temperatures (20◦C and 7◦C) and two altitudes (0 and 
1000 meters). It is shown that reducing ambient temperature from 20◦C to -7◦C 
decreases brake efficiency b y 1 % a nd i ncreases f uel c onsumption b y 4 %, mainly 
because of the higher friction due to the higher oil viscosity, while the effect of 
increasing altitude 1000 m decreases brake efficiency by 0 .8% a nd i ncreases fuel 
consumption by 2.5% in the WLTC mainly due to the change in pumping. In addition, 
GEB shows that ambient temperature is affecting exhaust enthalpy by 4.5%, heat 
rejection to coolant by 2% and heat accumulated in the block by 2.5%, while altitude 
does not show any remarkable variations other than pumping and break power.
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Nomenclature

ACS Ambient cold start
CI Compression ignition
DI Direct injection
ECU Engine control unit
EGR Exhaust gas recirculation
GEB Global energy balance
HPEGR High pressure exhaust gas recirculation
HSDI High speed direct injection
ICE Internal combustion engines
IMEP Indicated mean effective pressure
LPEGR Low pressure exhaust gas recirculation
LTCS Low temperature cold start
NEDC New european driving cycle
1D One-dimensional
VEMOD Virtual engine model
WLTC World harmonized light vehicles test cycle
WLTP World harmonized light vehicles test procedure
0D Zero-dimensional

Introduction

For decades, CI engine has dominated market because of their fuel efficiency and
reliability. They have been extensively used in the transport sector whose development is
aimed at achieving high efficiency1,2 and low emission3,4. Nowadays, CI engines have
to face challenges including improved thermal efficiency and real driving emissions5,6.
In fact, important efforts have been made in the recent years to improve the combustion,
emissions and performance of CI engine, mainly in warmed conditions7–10.

Engines are mostly used under transient conditions and only a small proportion of
daily driving schedules involve steady-state operation11. When compared to the steady-
state conditions, the transient operation is closer to the real-world engine operation and
thus, new driving cycles are based on this operation mode12,13. The global concern
regarding environmental pollution has led to the increase in the interests on transient
operation and real driving emissions, which led to the World harmonized Light vehicles
Test Procedure (WLTP)14. It came into force in September 2017 in Euro 6d-Temp and
has more realistic testing conditions, including the extended ambient temperature ranges
covering low temperature operation15 . WLTC has forced the automotive industry to
optimize different technologies15,16, but research in transient operation is still limited
when compared to the steady-state operation. However, different engine phenomena
still require improving predictive modelling performance in transient, beyond the results
extrapolated from steady-state conditions17–19.
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When considering the engine behavior in transient operation, ambient, coolant and oil
temperatures, are important as they affect the heat rejection and in-cylinder conditions,
thus affecting combustion, emissions formation and mechanical losses. Moreover,
usually engine calibration changes according to the coolant and oil temperatures20.
Because of the dramatic spatial and temporal thermal variation, the initial stage after the
cold starting is one of the most important transient processes of CI engines. Moreover,
low ambient temperatures during start process have a notable influence on the combustion
process 21–23. Research on cold-start in CI engines have shown that emissions tend
to increase when ambient temperature diminishes6,24. Also, low ambient temperature
leads to enhance incomplete combustion6,25,26. Fuel consumption also increases with
the lower combustion efficiency and higher mechanical losses6. The reduction of cold
start emissions in CI engines has become an increasingly important issue, because the
fuel consumption and exhaust gas emissions associated with cold-start conditions are
higher than those associated with warmed engine conditions6,27. Due to the regulations
requirement, cold-start has received the attention of the researchers, in particular engine
operation under WLTC and real driving emissions 24,28–33. Some researchers focused on
the cold start performance of CI engines and had investigated the impacts of exhaust
gas recirculation on engine performance28–30,33–36. Thus, Christos Dardiotis et al.24

experimentally investigated CO, HC and NOx emissions of Euro 4/5/6 CI passenger cars
at low temperature of -7◦C based on the cold start driving cycle, whose research results
proved emission pollutants increased remarkably at low temperature (-7◦C) compared to
the ambient test. Apart of temperature conditions, altitude is a second key issue affecting
engine operation. Liu et al.37 investigated the change of intake oxygen content caused
by altitude variation and its affect on the performance of CI engines. They found that
the brake specific fuel consumption (BSFC) decreases with the increase of atmospheric
pressure.

Reduction of consumption and emissions requires evaluating new strategies in the
transient operation. In this framework, Global Energy Balance (GEB)38,39 is a useful
approach for the assessment of parameters affecting engine consumption. Various paths
followed by the chemical energy can be identified and quantified using GEB. A simple
energy balance can be carried out by considering the fuel power, brake energy, heat
transfer, mechanical losses and the exhaust gas energy. Some works dealing with
experimental and theoretical energy balance can be found in the literature40–43. Abedin
et al.41 did a thorough study on GEB using various alternative fuels42 and determining
the key variables effecting GEB and performance of the engine. In few previous works,
various injection strategies at different operating conditions were studied with the help
of the analysis of energy repartition40,44,45. The energy balance can be performed in
a more detailed way by considering the heat transfers to the coolant and oil44. The
neglected terms that account for energy losses with minor impact include unburnt fuel,
heat rejection to the ambient and blow-by enthalpy46.

In order to perform the engine thermal balance in detail, 0D/1D simulation tools have a
large potential, as showed at43,47,48. Also the combination of experiments and theoretical
analysis provides a deep insight in the key issues controlling the energy degradation in
the engine as shown in two previous works 43,47–49.
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Steady-state conditions are the main focus in most of the described publications and
thus, very few works can be found dealing with the analysis of energy balance in transient
operation50, and with the effect of ambient conditions, including the temperature or
altitude51. Moreover, the few available works do not offer a deep analysis of the energy
balance from experimental or modeled point of views. This leaves a gap in the engine
research that this work tries to cover.

The first contribution is the methodology used to perform the analysis of the energy
balance by combining experimental and simulated information. On the one hand,
experimental fluid temperatures are used to validate the model performance, while some
experimental settings (such as instantaneous fuel and air mass flows) are imposed as
targets, for the engine control, during simulations. On the other hand, detailed simulated
energy split is assessed along WLTC by means of a 0D/1D tool called VEMOD. The
tool, once validated in cold conditions (validation in ambient conditions was carried out
in a previous work52), provides information that is hard or even impossible to obtain
experimentally such as, among others, the heat rejection to different engine parts or the
mechanical loses split.

A cumulative approach has been applied to plot the energy terms along WLTC, thus
each of them has been averaged from the start until a determined instant to provide a
mean transient evolution. Although not conventional in other works, this approach is
necessary to avoid the excessive noise of raw instant evolution.

The second main contribution of the work is the results and discussion on the effect
of ambient temperature and engine altitude on the GEB in transient operation in a 1.6
L CI engine. Thus, two starting temperatures, 20◦C (Ambient Cold Start -ACS-) and
-7◦C (Low Temperature Cold Start -LTCS-) and two altitudes (0 and 1000 meters),
both at LTCS are considered. The analysis is performed, on the one hand, discussing
the instantaneous evolution of the energy terms at different conditions, justifying the
observed trends, and highlighting the most interesting differences along WLTC. On
the other hand, a final comparison of the total cumulated terms, at the end of WLTC,
allows providing a clear summary of the main effects. For the sake of clarity, the analysis
includes some in-cylinder and combustion parameters, and finally NOx emissions.

The work is organized in different sections devoted to firstly describe the experimental
and modeling tools, followed by the methodology description. Thereafter, a brief
description of the Global Energy Balance and the model validation is provided. Then
the GEB discussion for different ambient conditions is carried out, finishing the work
with the most relevant conclusions in the last section.
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Experimental and modeling tools

Experimental tool

The research was carried out in a multi-cylinder, HSDI Diesel engine. The engine is a
1.6L four-stroke Euro 6 compliant engine. The specifications of the engine can be seen
in Table 1.

Table 1. Engine specifications

Type HSDI Diesel engine
Displacement 1598 cm³
Bore 80 mm
Stroke 79.5 mm
Compression ratio 15.9:1
Number of valves 4 / cylinder
Number of cylinders 4
Air
management VGT, HP-EGR, LP-EGR

Maximum power @ speed 96 kW @ 4000 rpm
Maximum torque @ speed 320 Nm @ 1750 rpm
Engine oil 0W-30
Engine coolant 50% glycol-50% water

The test cell as shown in Figure 1, is fully equipped to measure main operation mean
variables (e.g. air and fuel mass flows, temperature and pressure at intake and exhaust
lines, etc.), some liquids (oil and coolant) temperatures, coolant mass flows and in-
cylinder pressures in the four cylinders. Table 2 summarizes the relevant instrumentation
used for this study.
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Figure 1. Test cell scheme

Table 2. Test cell instrumentation

Variable Instrument Range Accuracy
Crank angle Encoder 0-360° ±0.02º
Torque Dynamometer 0-400 Nm ±0.5 Nm
Gas temperature k-type thermocouple 70-1520 K ±2 K
Air mass flow Sensyflow DN80 0-1700 kg/h ±2 %
Coolant flow Krohne 4010 Optiflux 4.5-90 L/min ±0.5 %

Oil pressure
Piezoresistive
transducer 0-10 bar ±25 mbar

In-cylinder pressure AVL GH13P 0-200 bar Linearity 0.3%

The steady-state tests for calibration were performed at 26 operating points. They
cover a wide range of the engine map and testing points belonging to the WLTC as
shown in Table 3.
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Table 3. Steady-state tests performed

Engine speed in rpm Load in %
1000 Motoring
2000 Motoring
3000 Motoring
4000 Motoring
850 idle
1000 21, 44, 66, 88
1250 13, 26, 50, 76, 100
1500 11, 25*, 50, 75*, 100
2500 25, 50, 75, 100
3500 25*, 50, 75, 100

* Both conventional (20◦C) and cold ambient conditions (-7◦C)

The test bench in which the engine is installed includes a control of ambient
temperature and also of the temperature of the water in a large reservoir. This water
is used to cool down the intercooler, fuel and coolant. In the case of LTCS, the water
temperature is at -7◦C and in the case of ACS, it is around 20◦C. The control of the
coolant temperature, which is a key parameter for thermal performances, is carried out
automatically through the engine thermostat, thus mimicking real operation. The coolant
temperature is around 85 ± 5◦C in hot conditions. In the case of motoring tests, the
temperature of the coolant will stabilize at a determined temperature that depends on the
engine speed.

To measure and simulate WLTC, the instantaneous load and engine speed was obtained
from the vehicle speed profile of a vehicle class 3 (W/kg>>34), which is a multi-purpose
vehicle, powered by the 1.6 L Diesel engine. The transient analysis is performed in three
WLTC tests, measured with ACS and LTCS conditions (starting at -7◦C) at 0 m. Table 4
summarizes the different engine temperatures at these conditions at the beginning of the
test. Three repetitions of each steady-state point and WLTC were measured.

Table 4. Initial temperatures in the WLTC tests performed

Test
conditions

Room
temperature

Initial block
temperature

Initial Coolant
temperature

Initial Oil
temperature

ACS 20◦C 20◦C 20◦C 20◦C
LTCS -7◦C -7◦C -7◦C -7◦C

Predictive tool
The Virtual Engine Model (VEMOD)15 is a home-developed standalone tool aimed at
simulating new standard testing cycles. It covers the calculation of different processes
as outlined in Figure 2, where the sub-models included are summarized. The entire
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sub-models used are shown in Figure 2. The 1D gas dynamics model computes air
management and by means of explicit sub-models, it is able to calculate the processes in
all the engine components such as heat exchangers, turbocharger, aftertreatment systems
etc. The gas dynamics model is combined with a cylinder model that predicts in-cylinder
conditions taking into account the injection-combustion process. The whole set of sub-
models, marked with a blue box in Figure 2, make up the engine model15. The red
boxes in Figure 2 represent the various control sub-models. They have been developed
in Matlab/Simulink15. The control sub-model allows controlling the operating points
(during steady-state and transient conditions) of the engine model. The vehicle dynamics
model allows calculating the instantaneous vehicle velocity taking into account the
engine torque, road characteristics and driver behavior. However, as in this study the
focus is put on the engine performances, the vehicle calculation has been omitted by
imposing the engine speed and target torque to follow the WLTC.

Figure 2. Flow-chart of Virtual Engine Model (VEMOD) subsystems
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Steady-state operating points can be simulated by VEMOD without the control system
sub-model, by imposing the target value of actuator, in the engine model. Whereas, for
transient operation, control system sub-model is needed to follow certain targets by acting
on the different actuators related to air management (turbine rack position, EGR valve...)
and injection settings (pressure and injection timing and fuel mass injected in each pulse).
Virtual ECU allows mapping the injection settings as a function of speed and fuel mass.
Different energy terms will be modelled to complete the energy balance of the system
using VEMOD.

Combustion diagnosis tool
A combustion diagnosis tool called CALMEC38,53, developed at CMT-Motores Térmicos
was used to calculate the heat release and to calibrate the in-cylinder heat transfer in
VEMOD53–55, based on the experimental measurements in steady-state conditions as
described in 54.

Methodology
The scheme of the methodology followed is shown in Figure 3. It was structured as
follows:

Figure 3. Methodology

1. The steady-state and WLTC transient tests were measured in the installation
described in the experimental tool section. The parameters required for the analysis
(engine speed, torque, air and fuel mass flows, oil and coolant temperatures,
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temperature and pressure at intake and exhaust lines, coolant mass flows and in-
cylinder pressures in the four cylinders) were measured as described.

2. Calibration of the combustion sub-models15, in-cylinder heat transfer54 and
mechanical losses38 were carried out using the set of steady-state points. As the
results were presented in Olmeda et al52, a brief description of the results is
included to avoid reccurence.

3. The VEMOD validation in various transient tests is performed by comparing
simulated WLTC cycle with experimental result. The validation was performed
using experimental data of the evolution of fluid temperatures and brake torque.

4. An extensive analysis of the energy repartition was carried out to assess the
effect of different variables on the Global Energy Balance (GEB) and engine
performance. GEB during WLTC was obtained at different altitudes (0 m and 1000
m) and thermal conditions, using some experimental data to set target conditions
during simulation, as detailed below.

For the calculation of both steady-state points and WLTC, the experimental values of
the torque, air mass flow and boost pressure were set as targets and the injection settings
and engine speed were directly imposed along the cycle.

Global Energy Balance (GEB)
The basis of the analysis is the first law of thermodynamics. Different paths followed
by energy terms are represented in Figure 4, where all the energy transformations taking
place in a turbocharged engine are considered 38,39,52,56,57.

Figure 4. Schematic representation of GEB

The energy flows entering the engine are the sensible enthalpy of air ṁah
sens
a , the

sensible enthalpy of fuel ṁfh
sens
f and the chemical energy of the fuel ṁfHv . The
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outlet energy flows are the brake energy Nb, the power to run auxiliary elements58 Na,
the heat flow to the coolant59,60 Q̇cool , the flow of sensible enthalpies of the exhaust
gases ṁexhhexh, the heat rejection to oil59 Q̇oil, the heat cumulated in the engine block
Q̇mat, the heat rejection in the intercooler Q̇WCAC , the heat rejection in the EGR heat
exchangers, Q̇LPEGR and Q̇HPEGR, the heat from the external walls of the engine to
the ambient due to the heat rejection in the pipes Q̇pipes and turbo case59,60 Q̇turbo−amb,
and finally the enthalpy flow of blow-by losses, Hbb

38,39,56.
In order to perform the detailed analysis of energy repartition, sensible enthalpy terms

are rearranged to obtain the net flow of sensible enthalpy, Hexh, determined by means
of a balance between the enthalpy flow of incoming air and fuel and outgoing exhaust
gases. Thus, the first law of thermodynamics can be expressed as:

ṁfHv =Nb +Na +Hexh + Q̇cool + Q̇oil + Q̇mat + Q̇WCAC + Q̇HPEGR

+ Q̇LPEGR + Q̇pipes +Hbb + Q̇turbo−amb

(1)

More details about the terms and how they are determined in the GEB analysis is
explained in Olmeda et al52.

Model calibration and validation

Calibration in steady-state conditions
In order to proceed with the analysis of energy balance, the calibration of the Virtual
Engine, VEMOD, was previously performed. The calibration includes the determination
of the fitting constants of different sub-models of VEMOD. It was performed using
motoring tests, which were used to perform an initial convective heat transfer tuning and
combustion tests, which were used for commissioning the rest of sub-models, in steady-
state conditions. Experimental matrix used for the calibration is detailed in Table 3.

Experimental heat release is the main source of information for combustion model
calibration; however, it is affected by the heat transfer rejection. Thus, the combustion
model calibration was performed after the calibration of the heat transfer model.
The combustion model is composed of three main sub-models: ignition delay, premix
combustion and diffusion combustion models; along with a 1D model describing the
mixing process. The approach for the mixing process, key issue for both the heat release
and emissions predictions, is a physical model based on the turbulent gas jet theory61.
The ignition delay (ID) model is based on a simplification and parameterization of a
complete n-heptane chemical kinetics description from62. The premixed combustion
model is an empirical model based on the propagation velocity of a premixed flame that
considers in-cylinder conditions (pressure, temperature and composition). The diffusion
combustion phase is assumed to be mixing controlled: the fuel mass in each fuel parcel
will be burned when it reaches stoichiometric conditions, and mixing model determines
when these conditions are reached. It is necessary to indicate that to achieve an accurate
prediction of the diffusion combustion, quasi-steady conditions and transient processes
at the start and end of the injection are considered separately. The calibration of the
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combustion model includes the determination of the different constants of the three sub-
models. The criterion for the determination of the sub-model fitting constants was to
minimize the difference between the experimental heat release and the simulated one.

The detailed description of the calibration can be found in the previous work of
Olmeda et al52. Some brief results can be seen in Figure 5. Top two plots of Figure
5 show the experimental and modeled heat release at engine speed of 2500 rev/min at
different loads (25% and 100%). The dotted lines represent the modeled values from
VEMOD for one cylinder and the solid lines represent the experimental values of the
four cylinders. As shown, the heat release evolutions are quite well predicted and the
discrepancy is, in general, similar to differences between cylinders. Bottom two plots of
Figure 5 represent the heat release at engine speeds of 1250 and 3500 rev/min and load of
50%. Also, a good global agreement of modeled vs experimental results can be seen. It
can be highlighted that the modeled heat release is slightly slower than the experimental
ones at high speed and load. The reason for the slightly poorer performance at these
conditions is because the focus was put on the low-mid ranges because they are critical
for the WLTC simulation, main objective of the work. In the previous work of Olmeda et
al52 the pressure and heat release evolutions at various speeds and loads were shown in
detail, they have been omitted here for the sake of brevity.

Figure 5. Heat release at different loads (top) and speeds(bottom) in steady-state conditions.

The analysis was extended to other key outputs in the complete engine map such as
IMEP, with a mean error about 3%, turbine inlet temperature, with a mean error of 2.5%
and coolant temperature, which mean error is 0.5%. In any case, the global performance
of the model was shown to be good, with a slightly higher uncertainty at high load
conditions that are less critical for WLTC simulation.
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Transient validation of at low temperature cold start
In order to ensure the good performance of the model in transient conditions before
performing the energy balance, the validation at low temperature cold start (at -7◦C) is
presented in this section. Validation at ambient cold start (at 20◦C) was presented in
a previous work52. As mentioned in the methodology section, the experimental speed
and torque, injection settings, air demand and boost pressure are set as targets for the
control system during the WLTC, while brake torque and some key temperatures of
gas and liquids circuits are compared with their experimental values to check the model
performance.

Tests performed at ambient conditions by Olmeda et al52 were conducted with engine
settings calibrated for Euro 5 regulation. In that calibration, no EGR strategy is applied
until almost half of the cycle for low temperature start. However, in this work, calibration
has been updated in order to face upcoming Euro 7 regulation. Thus, in the current
calibration high pressure EGR is used from the very beginning, to promote the increase
of inlet temperature and later, when coolant temperature reaches 80◦C, low pressure EGR
strategy is applied.

For the sake of brevity, the following four relevant variables are shown for validation
in Figure 6 to Figure 8 : torque, turbine outlet temperature, coolant and oil temperatures.

Figure 6 shows the torque and cumulated brake energy during a complete WLTC,
starting at -7◦C. It can be seen that the evolution of the torque is well followed by the
model, in particular during the fast load changes. The torque prediction has a mean error
of 10 Nm (mean relative error is about 7%), having 90% of the total points an error below
11 Nm. Even though some discrepancy can be observed at the low load variations, the
cumulative effect at the end of the complete cycle is only 4%.
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Figure 6. Brake torque and brake energy in transient at LTCS conditions
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Figure 7 and Figure 8 shows the coolant and oil temperature in transient conditions,
key parameters to track the thermal performance of the engine in low temperature
conditions. The mean error of the coolant temperature is 3◦C and the relative error is 1%.
Whereas, the mean error of the oil temperature is 4◦C and the relative error is about 1.5%.
Also, 90% of points show relative error below 6◦C for both coolant and oil temperatures,
which shows a good model prediction. The good performance of the coolant and oil
temperatures allow ensuring the accuracy of heat rejection prediction, key issue in the
energy balance in low temperature conditions. Results at ambient cold start conditions
have been omitted for the sake of brevity, but they are pretty similar to those shown for
low temperature cold start and even though with a different calibration, Euro7 target vs
Euro 5, also similar to those reported by Olmeda et al.52 in ambient conditions.

Figure 7. Coolant temperature in transient at LTCS conditions

Figure 8. Oil temperature in transient at LTCS conditions
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GEB analysis
It is interesting to provide an initial discussion before starting with the GEB analysis.
If the energy balance was performed in steady-state conditions, the addition of all the
energy flows would provide a residual close to zero, and only an small unbalance would
remain due to some experimental uncertainty54(if analysis is based on measurements) or
numerical error. However, as detailed in a previous work52, a ”delay” phenomenon have
to be considered in the energy balance during transient conditions. System response is
almost instantaneous when the engine cylinder and ports are considered for the energy
balance. If the complete engine including heat exchangers and all the gas lines are
considered, there is an apparent inconsistency between the instantaneous heat release
in the cylinders due to the combustion process (main term at the left in Equation (1) and
main input for the GEB) and the addition of the rest of energy terms. This inconsistency
tends to be negligible when the enthalpy is integrated during a long time, as discussed
below.

In the GEB analysis, the cumulative energy terms are plotted by integrating the power
of each term and dividing it by the the cumulated fuel energy until a determined instant.

Low temperature cold start conditions

Figure 9 shows the energy balance considering the complete engine during WLTC
starting at -7◦C. The analysis includes all the elements from engine inlet (ambient
conditions) to the exhaust. As stated, there is an apparent unbalance from the beginning
of the cycle. Thus, there is no perfect agreement between the input fuel energy and the
addition of the exhaust energy, brake energy, auxiliary power, heat transfer to coolant,
oil, cumulated heat in the material, heat rejected at high pressure and low pressure EGR
coolers, WCAC (intercooler) and to the ambient. As justified, this can be explained
because of the non-synchronized phenomena taking place in the pipes and the in-cylinder
leading to a delay in the calculation of the enthalpy flows, that causes a global lag of
energy at the beginning. This effect diminishes as the time increases and is small at the
end of the WLTC, after 1800 seconds, where the total cumulated energy reaches 85%
of the injected energy. However, when the cycle is extended and run for a longer time,
energy balance tend to stabilize gradually to reach the agreement of about 100% between
input and output energies of engine. This can be seen in Figure 10, where simulation
has continued after the WLTC, repeating the cycle until 5700 s. This effect is similar at
ambient cold start conditions, where the total cumulated energy reaches about 86% of the
injected energy, after 1800 seconds and stabilizes gradually when the cycle is extended.

In Figure 9, at the end of cycle, brake energy, Nb constitutes about 29% of total
fuel energy (mean brake efficiency of 29%). However, it is clearly lower during initial
operation and increases during the second part of the cycle, where engine operates at
higher loads. This can be justified because of the large mechanical losses and the high
amount of energy rejected to the walls and used to heat the metal and liquids at the
beginning of the cycle, because of the low initial temperatures. The heat rejected to
coolant (Q̇cool), oil (Q̇oil) and material (Q̇mat) contribute about 30% of the total energy
output at the end of the cycle. However, initially, Q̇mat is the most important term,
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Figure 9. Total cumulative energy repartition in WLTC at LTCS conditions

reaching about 50% of total energy because of the block temperature during the initial
operation is cold. As the metal and fluids temperatures increase, the power used to heat
the block tends to reduce. A slight increase in the heat rejected to coolant (Q̇cool) was
obtained from around 1200 seconds on, because of the thermostat opening. Q̇cool is quite
stable and slightly lower to 7% until this point. However, at 1250 seconds the value starts
to be higher to 7% and a continuous increase takes place until 1800 seconds, when Q̇cool

is about 11%. Q̇oil is slightly higher at the first half of the cycle due to the higher friction
losses at the beginning, due to the lower oil temperature. Q̇oil is about 7% at the end of
the cycle.

Figure 10. Extended cycle of Total cumulative energy repartition in WLTC
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The net exhaust enthalpy, Hg,exhaust (calculated between engine intake and
downstream the low pressure EGR pipe), contributes about 13% of total engine energy
output at the end of the cycle. A trend to increase Hg,exhaust can be seen in the second
half of the WLTC mainly due to the higher load and speed during the high and extra-
high parts of the cycle but also due to the progressive reduction of the relative effect of
heat accumulation in the block56. Cumulated heat rejected to the intercooler is about 4%
of the fuel energy, being negligible until 500 seconds after cycle beginning due to the
small difference of the air temperature between the compressor outlet and the intercooler
coolant because of the low boost pressure in this part of the cycle. HPEGR and LPEGR
loops are activated depending on the coolant temperature, thus LPEGR is activated when
coolant reaches 70◦C. At the end of the cycle only about 4% of the total energy is rejected
in the EGR coolers. About 4% of heat is rejected to ambient through turbocharger and
pipes (Q̇turbo−amb and Q̇pipes).

Going deeper in the analysis of the efficiencies, Figure 11 shows the percentage of
accumulated indicated and brake energies at LTCS conditions along the WLTC. Indicated
energy ranges from 40% at the beginning to 44% at the end of the cycle, while brake
energy ranges from about 10% at the WLTC start to 29% at the end, showing a clear
trend to increase with time. Having in mind that indicated efficiency is not affecting
dramatically brake efficiency, its evolution must be understood by analysing mechanical
losses that are shown in Figure 12.

Figure 11. Cumulative indicated and brake energies in WLTC at LTCS conditions
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Top of Figure 12 shows that there is a large reduction of the mechanical losses weight,
in particular due to the friction, reaching about 30% of the fuel energy at the start of
the WLTC and diminishing to 11% at the end of the cycle, while pumping (Np) is only
about 3% and auxiliaries (Na) are 1% both of them with a negligible variation along the
cycle. Having a look to these results, the lower values of brake energy at the beginning of
the operation can be explained by the higher mechanical losses, because of low coolant
and thus oil temperatures during the beginning of the operation, thus affecting the oil
viscosity.

As shown in the bottom of Figure 12, piston friction, Nfr piston, is the main
component of the friction. It is about two thirds of the total friction (7% of the fuel
energy). Bearing friction has the intermediate contribution and the valve train is the
less important one among all the three. This friction repartition is consistent with some
previous analysis performed in steady-state conditions 56.

Figure 12. Cumulative mechanical losses (top) and friction split (bottom) in WLTC at LTCS
conditions
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Ambient cold start conditions

Main purpose of this work is to compare the energy split starting at LTCS conditions
with ACS conditions, which energy balance considering the complete engine can be seen
in Figure 13. At a first glance, Figure 9 and 13 are similar, but a deeper analysis will
show differences in detail, specially for brake efficiency and exhaust enthalpy that are
quite different, in particular during the first half of the cycle. Nb at the beginning of
WLTC is clearly higher with ACS (about 25%) than with LTCS (about 15%). As shown
in Figure 14 and 15, even though the indicated efficiency during first half of the WLTC is
slightly lower to LTCS (39% vs 40%), the differences in Nb has to be majorly attributed
to mechanical losses that are comparitively lower in ACS as shown in Figure 15. When
comparing Figure 15 and top figure in Figure 12 it can be concluded that the difference
is mainly due to the friction term, up to about 10% of the fuel energy higher at LTCS at
the beginning of the WLTC; even though this discrepancy is later reduced.

Figure 13. Total cumulative energy repartition in WLTC at ACS conditions
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Figure 14. Cumulative indicated and brake energies in WLTC at ACS conditions

Figure 15. Cumulative mechanical losses in WLTC at ACS conditions
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The comparison of energy terms at the end of the WLTC in LTCS and ACS at an
altitude of 0 m, is summarized in Figure 16. The first change when comparing with results
starting at LTCS conditions can be seen in the brake energy, which is about 30% in ACS
conditions, 1% higher than in LTCS. This can be mainly explained because of the higher
mechanical losses in LTCS, that is partially compensated by indicated efficiency, which is
also higher, as seen in the Figure 17, where friction is about 9% in ACS (2% lower than in
LTCS) and Ni is about 43%. It is interesting to highlight that Ni during ACS is 1% lower
than during LTCS. This result is apparently strange because at a first approach lower
ambient temperature is expected to reduce indicated efficiency because of, among other
effects, the higher heat transfer. Figure 18 shows some key in-cylinder parameters such
as temperature and oxygen concentration at intake valve closing (the key observers to
follow the air path changes due to the ambient conditions) and also combustion duration,
key parameter effecting the indicated efficiency. As shown, the temperature and oxygen
(O2) concentration are higher in ACS than in LTCS. The effect of the temperature is
directly related with the ambient temperature, while higher O2 is due to higher EGR with
LTCS because the air setting is kept and intake density is higher (the effect is partially
compensated in altitude, as later discussed). Higher temperature and O2 concentrations
should enhance combustion and lead to shorter durations in ACS. However, this trend
is not observed during the initial low part of the WLTC, where combustion duration is
slightly higher for ACS. This can be explained because the injection pressure, which
is higher for LTCS due to the higher fuel mass injected (Figure 19 top) to compensate
mechanical losses. According to the calibration, this has a positive effect specifically in
the initial low part of the cycle, where the effect of oxygen is not critical because of
low load. Later, as the load increases, thermal and friction differences diminish, relative
variation in the injection settings becomes smaller and then ACS shows a shorter average
combustion duration, as expected. Hence, after 600 seconds, the combustion of ACS
becomes faster than LTCS at 0 m. This combustion performance is affecting the indicated
efficiency. However, the effect of the higher fuel injected seems to be the key. As seen in
Figure 19 (top), fuel injected is clearly higher for LTCS and thus also the total indicated
energy (Figure 19 middle). The ratio between them is the average indicated efficiency
(Figure 19 bottom) that is clearly lower for ACS. As stated, the reason justifying this
trend is the higher load (in indicated parameters terms) because of the more fuel injected
(which is burned faster than in ACS). As the cycle advances, the combustion performance
described can also be seen in the indicated efficiency: ACS and LTCS difference tends to
diminish.

The noticeable changes can be seen in the heat rejection to coolant and oil along with
the heat cumulated in engine structure. There is higher heat accumulation in the material
at LTCS conditions because of the low initial temperature of fluids and metal. As the
temperature of the material increases, the accumulated energy of the metal decreases,
slightly increasing the heat rejected to the coolant. Also, the thermostat opens earlier
for ACS, leading to the higher heat transfer. Hence, there is high heat rejection to the
coolant at ACS than in LTCS (13% vs 11%). On the other hand, the heat rejection
to oil does not show such an important variation (7% in ACS vs 6.7% in LTCS). The
final cumulated values of the heat rejected to coolant and oil are slightly higher in ACS
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Figure 16. Comparison of energy terms in WLTC in LCTS 0 m and ACS 0 m conditions at
the end of the cycle

conditions. Whereas, the heat rejected to material (Q̇mat) is higher in LCTS (12.5% vs
10%).
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Figure 17. Comparison of energy and losses in WLTC in LCTS 0 m and ACS 0 m conditions
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Figure 18. Temperatue at IVC, O2 at IVC and combustion duration in WLTC at LCTS 0 m,
LTCS 1000 m and ACS 0 m conditions
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Figure 19. Fuel, indicated energy and indicated efficiency in WLTC at LCTS 0 m, LTCS 1000
m and ACS 0 m conditions
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The energy term with higher variation is net exhaust enthalpy, Hg,exhaust, which is
higher in ACS conditions ( 18% vs 13.5%). This can be considered as a result of the
reduction of cumulated heat in the block and lower cumulated EGR in ACS (2.5% vs
3.5%). In the Figure 13, it can be seen that the rejected heat in the LPEGR heat exchanger,
Q̇LPEGR, is low (less than 1%) when compared to Q̇HPEGR. This can be explained
by the low temperature at the LPEGR cooler. As shown in Figure 20, despite of only
having a net mass flow through the LPEGR cooler during the LPEGR operation, natural
convection, pulsing effect and much higher temperature of the gas at the HPEGR cooler,
lead to higher heat rejection in it. The rest of the terms, heat rejection in the intercooler,
to ambient ( pipes, turbo) do not show any important variation.

Figure 20. Mass flow and heat at HPEGR and LPEGR in WLTC at ACS conditions

Analysis of altitude effect

After analysing the effect of the starting temperature, this section is devoted to
complete the analysis by assessing the effect of altitude in the engine operation. WLTC
simulations were launched for LTCS conditions at the altitude of 0 m and 1000 m above
the sea level. The LTCS at 0 m is considered the baseline case for the analysis.

Instantaneous energy balances similar to those shown in Figure 9 and 13 were obtained
for simulations at altitude of 1000 m. As instantaneous evolution is similar to that
presented for LTCS at 0 m, the analysis is going to be focused only on the final results
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at the end of the WLTC, to highlight main cumulated differences. In general, it can
be observed that differences are small and only one term is changing more than 0.5%.
Comparison of energy terms at the end of the WLTC in LTCS at 0 m and 1000 m is shown
in Figure 21. It can be seen that cumulated brake efficiency at LTCS 1000 m conditions is
slightly lower than LTCS 0 m conditions, but the difference is only about 0.8%. As shown
in Figure 22, mean indicated efficiency is similar in both conditions. This can be justified
because accordingly to the calibration, VEMOD control follows the same boost pressure
target at the two altitudes and thus trapped mass at the inlet valve closing is similar at 0
m and 1000 m. The additional fuel required to reach the demanded torque, even though
affecting the combustion process, doesn’t affect importantly the indicated performance
at the end of the WLTC. As seen in Figure 18, O2 concentration at intake valve closing
is slightly higher at 1000 m in comparison to 0 m. This can be explained because the
boost pressure is the same, but not the temperature. Due to the higher compression ratio
in the compressor, the outlet temperature is higher and hence the intake temperature, thus
diminishing EGR (for the same air demand). More O2 and slightly higher temperatures
enhance the combustion. As in this case, total fuel is not very different from 0 m, injection
settings are similar and thus combustion duration is slightly shorter for 1000 m. This has
an effect on indicated efficiency shown in Figure 19 (bottom), where there is a slight
higher value at LTCS 1000 m with respect to LTCS 0 m. Hence, the lower mechanical
losses during LTCS at 0 m, can be considered as the main reason for the lower brake
efficiency. If mechanical losses split is analysed in detail, it can be seen in Figure 22 that
both auxiliaries and friction are almost constant because coolant, oil and fuel pumps don’t
change their operation and oil temperature, main variable for friction, is very similar, as
confirmed by the constant heat to oil shown in Figure 21. Thus, the main reason for the
brake efficiency diminution is pumping, that increase from 2.9% to 4% of the total fuel
energy.

Among the rest of energy terms plotted in Figure 21, there are other two that show a
significant increase: heat rejected in the intercooler and coolant heat exchanger. Both of
them increase about 0.5%. Heat rejected to the intercooler increases due to the higher
compressor outlet temperature because of the higher compression ratio (boost pressure
is maintained while compressor inlet pressure is lower due to the ambient conditions).
The higher heat rejection to coolant is justified because of the slightly higher intake
temperature which is also consequence of higher temperature at the compressor outlet.
The rest of variables does not show a remarkable variation.

Having in mind the results discussed in the previous section and here, it can be
concluded that the engine response is mainly affected by the ambient temperature while
the effect of the altitude is lower.
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Figure 21. Comparison of energy terms in WLTC in LTCS 0m and LTCS 1000m conditions at
the end of the cycle
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Figure 22. Comparison of energy and losses in WLTC in LTCS 0m and LTCS 1000m
conditions at the end of the cycle
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Analysis of NOx emissions

Figure 23 shows the NOx at different operating conditions. It can be seen that NOx is
higher in LTCS 0 m conditions (with respect to ACS) until around 1300 seconds, and then
the trend changes to lower NOx until the end of the cycle. This can be explained with
the NOx dependency on temperature and EGR. When the temperature is lower, as air
target is kept in the settings, the EGR rate will be higher due to the higher intake density;
this should reduce NOx. The higher NOx in LTCS during the initial part of the cycle can
be explained because of the higher injected fuel to compensate higher mechanical losses
and thus maintaining the torque. However, as the fluid temperature increases along the
cycle, the effect of the ambient conditions diminishes (it can be seen in Figure 19 that,
in the last part of the cycle, fuel consumption difference between LTCS at 0 m and ACS
does not increase) and thus the benefits of LTCS can be seen in NOx in the last part of
the WLTC. When comparing LTCS 0 m and LTCS 1000 m, a continuous NOx increase
for higher altitude can be seen. The effect can be explained because of the lower EGR
rate for 1000 m, as described in the previous section.

Figure 23. NOx in WLTC at ACS and LTCS conditions

Prepared using sagej.cls



32 Journal Title XX(X)

Conclusions

The calibration and validation of the simulation tool, VEMOD have been using a 4-
cylinder 1.6 L DI Diesel engine. Key parameters such as pressure, heat released, coolant
temperature, oil temperatures and torque have been considered. In both steady-state and
transient conditions, a good global performance has been found between the modeled
and experimental results.

An extensive analysis of the Global Energy Balance (GEB) has been carried out
to assess the effect of various operating conditions on the energy repartition during a
transient operation. The GEB was performed considering the complete engine with two
starting temperatures : ambient cold start (ACS) and low temperature cold start (LTCS)
and two altitudes (0 and 1000 meters).

In all the above mentioned conditions, a “delay” effect due to the unsynchronized
phenomena in the gas lines and cylinders has been shown and discussed. This effect
diminishes with time, improving the apparent unbalance. It has been shown that the
energy balance is reaching around 85% when it was run until 1800 seconds. However,
when the simulation is extended, the energy balance reaches about 100%.

It has been shown that at LTCS conditions, the indicated energy is quite stable along
the WLTC, while reaching about 44% at the end of the cycle, while brake energy is 29%,
showing a clear trend to increase along the WLTC. The lower values of brake energy at
the beginning of the operation, can be explained by the higher mechanical losses, being
friction the main component, which reaches about 30% of the fuel energy at the start
of the WLTC and diminishes to 11% at the end. The higher friction has been justified
because of the low oil temperatures during the initial part of WLTC. Also, it has been
found that the piston friction is the most important component, accounting for 60% of
the total friction losses. Pumping (Np) and auxiliaries (Na) are only about 3% and 1% of
the fuel energy respectively.

The energy split starting at LTCS conditions has been compared with ACS conditions
at 0 m altitude. It has been shown that important changes take place in Ni, Nb, Q̇oil,
Q̇cool and Q̇mat due to the different initial temperatures in LTCS and ACS conditions. It
has been shown that air path changes are affecting IVC conditions both in temperature
and composition terms. This is changing the combustion duration, but the main effect
is the change of fuel injected, that is leading to operate in LTCS at slightly higher load
(from the point of view of in-cylinder conditions). Thus indicated efficiency is lower in
ACS. Nb is slightly higher in ACS conditions, when compared to LTCS (30% vs 29%)
mainly because of the friction variation. In spite of the small variation in Nb, the fuel
consumption increases by 4% in LTCS. It has been seen that Q̇cool is higher in ACS
conditions (13% vs 11%) and Q̇oil is higher as well in ACS conditions (7% vs 6.7%).
The heat rejected to material (Q̇mat) is lower in ACS (12.5% vs 10%). It has been found
that the energy term with higher variation is the net exhaust enthalpy, Hg,exhaust, which
is higher in ACS conditions ( 18% vs 13.5%). The rest of the terms, Q̇WCAC , Q̇pipes and
Q̇turbo−amb do not show any important variation.
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The assessment of altitude was done in LTCS at 0 m and 1000 m. It has been found
that apart from the change in pumping and brake energy, the rest of variables does not
show a remarkable variation.

The analysis of NOx emissions was done in ACS at 0 m, LTCS at 0 m and 1000 m. It
has been found that cumulative NOx is higher in LTCS 0 m when compared to ACS 0 m
at the beginning of the cycle, due to the higher fuel required. However, in the last part of
the WLTC, NOx has become lower for LTCS 0 m due to the higher EGR achieved. It has
been shown that there is a continuous NOx increase for higher altitude when comparing
LTCS at 0 m and 1000 m because of the lower EGR rate due to the slightly higher intake
temperature, that is also promoting NOx formation.

As a brief summary, it can be concluded that reducing ambient temperature from 20◦C
to -7◦C decreases brake efficiency by 1% mainly due to the higher friction. The effect of
increasing altitude 1000 m decreases brake efficiency by 0.8% in the WLTC because of
the change in the pumping, while the fuel consumption increases by 2.5%. Altitude does
not seem to have any important effect on the rest of the energy terms. However, different
inital temperatures are majorly effecting the exhaust enthalpy, heat rejected to coolant
and heat accumulated in the block as discussed.
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