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The air pressure change as a function of the driving altitude affects negatively the engine performance and
emissions as well as the efficiency of the exhaust aftertreatment systems (ATS). These detrimental effects have
driven the emissions standards to account for the altitude as boundary condition in type-approval tests. The new
requirements demand to balance the recovery of the engine performance as the altitude increases by means of
control strategies avoiding negative effects on tailpipe emissions, i.e. combination of engine-out emissions and
ATS performance. In this context, this study identifies experimentally the need of optimisation of the active
regeneration strategies applied to wall-flow particulate filters for altitude driving. Firstly, a particulate filter
was subjected to active regenerations at altitudes ranging from sea-level to 2500 m for a variety of initial soot
loads. As boundaries, the engine worked according to the series calibration, which was found to be a function
of the altitude for the boosting system actuation. The results evidenced a noticeable deterioration of the soot
oxidation rate as the altitude increased. In fact, some operating conditions showed an early balance between
filtration and oxidation that avoided the completeness of the regeneration process. The root causes of the soot
depletion rate reduction, which involved thermal and transport phenomena, are reasoned from the combined
analysis of experimental and modelling approaches. The conclusions provided a guide to successfully conduct
the turbine actuation for an optimum exhaust thermal management during the regeneration event at altitude.

1. Introduction

The European energy policies for air quality protection has led to
the inclusion of type-approval real driving emission (RDE) tests [1]
for passenger car and light duty vehicles that must take into account
the ambient temperature and driving altitude as boundary conditions.
While Euro 6d accounts for sea-level to 1300 m and —7 to 35°C [2] as
ranges for the extended ambient conditions, different limits are defined
worldwide according to the characteristics of every country. Thus,
warmer ambient conditions are considered in India (8-45°C) or higher
upper limit for altitude (2400 m) are imposed in Chinese regulations.

The altitude variation, which involves different ambient pressure,
has been already studied in terms of effects on the combustion [3] and
gas exchange processes [4], as well as the aftertreatment systems (ATS)
performance [5]. Different studies in heavy duty engines have reported
a penalty in specific fuel consumption [6], especially as the vehicle
speed increases [7]. The fuel consumption deterioration has been also
observed in passenger car diesel engines operating at high altitude,
again with a progressive penalty from urban [4] to extra-urban driving
conditions [8]. Regarding pollutants, NO, emission tend to increase as
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altitude does [8]. In particular, the exhaust gas recirculation (EGR) rate
is decreased as the engine load increases to keep the compressor surge
margin while the turbine inlet temperature and turbocharger speed lim-
its are prevented [4]. Consequently, these strategies result in a relevant
penalty in NO, emission [9]. Along with the NO, emission penalty,
Wang et al. [10] also showed the increase of CO and particulate matter
(PM) in tests performed up to 3000 m, in agreement with Serrano et al.
till 2500 m [4]. These effects were governed by the oxygen shortage
promoting the formation of soot precursors [11].

The increase of the PM emissions and the lower O, availability
harms the particulate filter (PF) response [12] in altitude operation
compared to the sea-level case. The direct consequence is the delay
of the balance point between filtration and passive regeneration [13]
due to the need of high soot loads to produce the increase of the
oxidation rate. As a result, the exhaust back-pressure tends to increase.
The consequences are penalties in engine performance and the need of
more frequent active regeneration events, which adversely affect the
fuel economy [14] and engine-out emissions [15,16]. Regarding the
dynamics of active regenerations in altitude, an additional concern can
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Definitions/Abbreviations

As filtration area in the control volume
cas gas flow molar concentration

¢ specific heat

E, activation energy

Ep; efficiency of the post-injection strategy

Hyy enthalpy of formation of species k

k, kinetic constant of the oxidation reaction

with reactant n

K, adsorption equilibrium constant

I mass flow

m soot mass

My 1oq regenerated soot mass

M molar mass of chemical species

n, moles of reactant n

p pressure

Pn partial pressure of reactant n

P, pre-exponential factor

Py adsorption pre-exponential factor

Greg power released by soot oxidation
) soot specific surface

t time

T temperature

Uy, filtration velocity

X molar fraction

z tangential dimension

Acronyms

ATS aftertreatment system

BSFC brake specific fuel consumption

CA aTDC crank angle degree after top dead centre

DOC diesel oxidation catalyst

DPF wall-flow diesel particulate filter

ECU engine control unit

EGR exhaust gas recirculation

HP high pressure

HSDI high-speed direct injection

LHV lower heating value

LP low pressure

MEDAS multifunctional efficient dynamic altitude

simulator

MTM MEDAS temperature module

PF particulate filter

PM particulate matter

RDE real driving emission

SCR selective catalytic reduction

SCRf selective catalytic reduction filter

SOI start of injection

VGT variable geometry turbine

appear related to the PF inlet temperature. A common actuation when
operating at altitude consists of closing the variable geometry turbine
(VGT) to increase the boosting pressure and compensate the reduction
in ambient density with respect to sea-level [17]. Consequently, the
higher turbine expansion ratio involves a greater decrease on tempera-
ture across the turbine. Despite the effect of VGT closing on the turbine
inlet temperature, this strategy tends to decrease the aftertreatment
inlet temperature [18]. Nevertheless, the final response during the

Greek letters

a completeness index
5 partial derivative

A variation

AHg adsorption enthalpy
Nint internal pore diffusion efficiency
v stoichiometric coefficient
0 surface coverage
Subscripts

c Carbon

exh exhaust

ext external

f fuel

in inlet

int internal

k gaseous species

max maximum

n gaseous reactant

pl particulate layer

PI post-injection

reg regeneration

regular engine regular mode
s soot

w porous wall

active regeneration also depends on a complex interaction with the
post-injection strategy [19]. In this regard, the objective is to maximise
the efficiency of the post-injection process, i.e. to make the post-
injected fuel to increase the PF inlet temperature being directly burned
out in the oxidation catalyst. Although this process is traditionally set
up by means of the post-injected fuel amount and the post-injection
angle [20], the air management also plays a key role.

In parallel to the engine actuation, the variation of the PF bound-
ary conditions as a function of the altitude affects the regeneration
process. The soot oxidation mechanism involves the reactant diffusion,
adsorption and, finally, reaction [21]. The reaction kinetics depends
simultaneously and non-linearly on the temperature [22], the concen-
tration of the reactants [23] and the intrinsic soot properties [24].
In this regard, the dependence of the soot depletion rate on the re-
actant concentration and the selectivity of the oxidation process has
been widely explored in the literature [25] and key aspects of the
regeneration analysis by modelling tools [26]. On the one hand, some
studies assume that the reaction rate has a linear relationship with
the oxidant concentration for Diesel soot [27] and soot from other
sources [28]. This approach has been proved valid within a limited
range of temperatures and compositions. Studies carried out in broader
ranges have shown that this dependence is not really linear [29] and
shows different behaviour as a function of the soot source and O,
concentration [30]. Along with the soot reactivity dependence on the
reactant concentration for modelling proposals, the composition of
the reaction products has been also discussed [31]. This way, models
accounting for the CO selectivity during soot oxidation has been pro-
posed [32], usually in the form completeness index of the oxidation
reaction [33].

In this work, the impact of series calibrated active regeneration
strategies on the soot oxidation dynamics of a diesel PF was eval-
uated as a function of the driving altitude. Sea-level, 1300 m and
2500 m were considered along with different thresholds in soot load
to trigger the regeneration event. The experiments were carried out
in a Euro 6d-Temp passenger car Diesel engine coupled to an altitude
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Table 1
Main specifications of the engine.
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Table 3
DPF pressure drop and soot mass load at the beginning of the regeneration events.

Engine type HSDI Diesel
Emissions standards Euro 6d-Temp
Number of cylinders 4 in line
Displaced volume [cm?] 1461

Stroke [mm] 80.5

Bore [mm] 76

Number of valves 2 per cylinder
Compression ratio 15.2:1

Rated power @ speed 81 kW @ 4000 rpm
Rated torque @ speed 260 Nm @ 1750 rpm

Fuel Injection Common-rail direct injection

Turbocharger VGT
EGR HP-and cooled LP-EGR
ATS Closed-coupled DOC+DPF
Table 2
Main DOC and DPF geometric parameters.
DOC DPF
Monolith diameter [mm] 120 170
Monolith length [mm] 140 80
Channel cross-section Square Square
Cell density [cpsi] 400 400
Cell size [mm] 1.04 0.95
Wall thickness [mm] 0.23 0.32
Catalytic area [m?] 3.95
Filtration area [m?] 2.1
Porosity [-] 0.40
Mean pore diameter [pm] 20.4
Permeability [x10'3 m?] 7.59

simulator Horiba MEDAS [34,35]. Next, the regeneration process was
reproduced computationally by a one-dimensional compressible flow
solver for wall-flow PFs including the diffusion and adsorption of the
reactants [26]. The experimental results evidenced the reduction of
the soot depletion rate as the altitude increased. In most cases, the
balance point was reached early leading to a high soot mass remaining
within the filter. The reasons for the deterioration of the regeneration
dynamics are discussed disclosing thermal from mass transfer and O,
adsorption effects. From this analysis, the potential of the boosting
strategy in altitude to bring soot oxidation benefits was explored.
Besides the recovery of the soot depletion rate to sea-level values, the
engine efficiency and emissions during the regeneration processes were
also improved with respect to series calibration.

2. Experimental setup

The study was carried out in a series production Euro 6d-Temp
Diesel passenger car engine. The main characteristics of the engine
are summarised in Table 1. With respect to air management, the
engine was equipped with a VGT, water charge air cooler as well
as high pressure (HP) and water cooled low pressure (LP) EGR. The
aftertreatment system was composed of a close-coupled diesel oxidation
catalyst (DOC) followed by a wall-flow diesel PF (DPF) coated as
selective catalytic reduction (SCRf). Nevertheless, the urea injection
and the series underfloor selective catalytic reduction (SCR) system
were omitted in this work. The geometry of the DOC and DPF is
described in Table 2.

As sketched in Fig. 1, the engine crankshaft was connected to an
asynchronous dynamometer controlled by the automation system AVL
PUMA Open to set the engine torque and speed. The air supply was
handled by an altitude simulator coupled to the engine intake, exhaust
and sump to impose and control the required ambient boundary con-
ditions [36,37]. In particular, Horiba MEDAS, which was developed
at CMT-Motores Térmicos [34,35] in partnership with Horiba Europe
GmbH, was used. It was coupled to the extension MEDAS temperature
module (MTM) providing precise pressure and temperature emulation
capabilities within sea-level to 5000 m between —15 and 45°C.

Pressure drop [mbar] Soot load [g/1]

Sea-level 1300 m 2500 m
80 3.75 3.65 3.32
120 7.23 7.05 6.63
175 10.03 9.71 9.06
230 13.12 12.82 12.03

The engine hardware accounted for an open engine control unit
(ECU) whose calibration was accessed through ETAS INCA software. In
particular, the LP-EGR rate and the post-injection strategy set in series
calibration were kept, coinciding in all altitudes. Opposite, the VGT
position was variable with altitude. In a final step, its actuation was
modified with respect to the series calibration in order to optimise the
soot oxidation rate, what is forward described in Section 4.

The engine and aftertreatment system responses were monitored
during the tests. The engine torque and speed were registered by the
dynamometer and the in-cylinder pressure was measured by glow-
plug piezoelectric pressure transducer Kistler 6055B. The air mass flow
was measured by the on-board mass flow sensor whilst the fuel mass
flow was obtained by an AVL 733S gravimetric balance together with
a temperature and pressure control device AVL-753, ending up by
reaching the common-rail. The complete fuel line is illustrated in the
upper part of Fig. 1. The fuel mass flow repartition according the
injection pattern was obtained from the ECU. The flow path along the
engine intake and exhaust systems, including the inlet and outlet of the
DPF, was instrumented with K-type thermocouples and piezoresistive
pressure sensors.

The gaseous emissions were monitored with a Horiba Mexa ONE
gas analyser measuring upstream and downstream of the exhaust af-
tertreatment brick. Besides the engine out CO, emission, a gas sample
from the intake manifold was also taken to measure the CO, molar
fraction in that location and determine the EGR rate. Only LP-EGR rate
was applied during the tests since HP-EGR was only considered during
warm-up conditions. The O, molar fraction was measured by a lambda
sensor placed between the DOC and the DPF. Lastly, the engine-out
opacity was measured with an AVL 439 Opacimeter placed upstream
of the DPF as well.

2.1. Test campaign

The active regeneration events were performed in the engine test
bench varying the altitude and the DPF pressure drop at the beginning
of the regeneration to account for the case sensitivity effect of different
engine operating conditions and DPF boundaries. Sea-level, 1300 m and
2500 m were considered. The thresholds of pressure drop to trigger the
active regeneration and their corresponding soot load as a function of
the altitude are listed in Table 3. The trends in soot load showed a
decrease with altitude for the same pressure drop, which was mainly
caused by the exhaust density reduction according to the ambient one.
Assuming constant exhaust mass flow, the reduction of the gas density
as the altitude increases produces the velocity increase. As described by
Payri et al. [38], it makes Darcy’s pressure drop increase because of its
linear dependence on the filtration velocity. In addition, the pressure
drop also increases across the DPF due to the inertial contributions
due to these depend squarely on the velocity and linearly on the
density. Therefore, since the regenerations were triggered at the same
pressure drop at all altitudes, the soot load was expected to decrease
as the altitude increased to offset the density impact. Nevertheless,
the specific soot load corresponding to every tested condition was also
determined by the exhaust mass flow and temperature, which were not
the same at all altitudes. These flow conditions also affected the gas
velocity, density, and Darcy’s pressure drop in the particulate layer and,
hence, set the resulting soot load.
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Fig. 1. Scheme of the engine test cell.

The engine was run at 2000 rpm and constant pedal (37%) along
every regeneration event. Although a constant torque approach would
have been representative of the driver’s behaviour, the resulting op-
erating conditions would have been different between regular and
regeneration modes, initial pressure drop for regeneration and, among
the different altitudes considered in the study. This strategy would
have led to 24 operating points with the same engine speed but a
different pedal. Consequently, the analysis would have been much more
complex because the engine actuation would have been affected by
the case and calibration of each different point. Probably it would
have avoided clarifying some key hints on the limitations that can
arise during DPF regeneration in altitude, as discussed in the following
sections. By contrast, constant engine speed and pedal, and hence fuel
at every engine mode (Table 4), for all operating points means that the
resulting engine response was due to combustion mode, altitude and,
DPF pressure drop threshold, i.e., due to the differences in calibration
of the parameters that define the study.

The injection profile and the in-cylinder pressure corresponding to
the sea-level case with 175 mbar as DPF pressure drop are depicted in
Fig. 2(a) for regular mode, i.e. prior to trigger the active regeneration
strategy. The fuel mass per injection event is listed in Table 4. Two pilot
injections close to the main one can be identified, mainly used to con-
trol emissions and noise, and a post-injection with the aim to reduce,
specially, NO, emissions [39]. The regeneration mode was activated
once the target DPF pressure drop was reached applying the series
ECU calibration. The injection profile during the active regeneration
events and the in-cylinder pressure corresponding to sea-level case are
represented in Fig. 2(b). The total injected fuel mass was increased
from 18.25 mg/cc to 26.32 mg/cc during the active regenerations. Along
this mode, the two pilot injections were also advanced to increase
the premixed combustion phase whilst the main injection was delayed
increasing its amount of fuel according to Table 4. In addition to the
fuel quantity increase in the post-injection, this was split into two
events to minimise oil dilution. The first post-injection was delayed

Table 4
Fuel injection profile in regular and regeneration modes at 2000 rpm and pedal 37%.

Injection Regular mode Regeneration mode

SOI Mass Angle Mass

[CA aTDC] [mg/cc] [CA aTDC] [mg/cc]
Pilot 1 -8.9 1.52 -14.3 1.2
Pilot 2 -2.9 1.27 -4.7 1.29
Main 2.5 13.57 7.3 17.03
Post 1 15.1 1.89 44 3.42
Post 2 - - 140 3.38
Total 18.25 26.32

with respect to the regular mode while the second one was placed at
the very end of the expansion stroke aiming to prevent its combustion
into the cylinder, thus promoting the oxidation of the unburned HCs in
the DOC and take advantage of the subsequent DPF inlet temperature
increase [40].

Besides the change of the injection profile when triggering the
regeneration, the LP-EGR rate and VGT position were also modified
during this operating mode. The impact of the control actuation on
these parameters is analysed in Section 4.

3. PF regeneration model

The PF regeneration model [26] applied in this study to anal-
yse the impact of the engine operation at variable altitude was im-
plemented into a thermo-and fluid dynamic single-channel lumped
solver for wall-flow monoliths [41], which integrated the modelling
of pressure drop [42], heat transfer [43], soot filtration and meso-and
micro-geometry variation in the wall-flow monolith [44].

The model accounts for the soot oxidation in the presence of O, and
NO, [45],

C + 10,0, = 2(ag, — 0.5)CO, +2(1 - ag,)CO 1
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Fig. 2. Fuel injection profile and in-cylinder pressure in (a) regular and (b)
regeneration modes at 2000 rpm and pedal at 37%.

C + ayo,NO, = ayg,NO + (2 = ayo,)CO + (ayo, — 1)CO, )

where «, stands for the oxidation completeness index of the reactant
n according to the proposal of Jeguirim et al. [46]. Assuming the
regeneration as a quasi-steady process [47], the one-dimensional con-
servation equation of the reactant species across every porous medium
(particulate layer and ceramic substrate) is then written as [26]:

op,
uwz = (Sp,ext + ”inr,, Sp,im) anknen’ (3)

In Eq. (3), S, represents the external soot specific surface, S,,;,
accounts for the internal one and 7;,, is the internal pore diffusion ef-
ficiency of reactant n as a way to consider the effective specific surface
of the soot particles [26]. Besides, the reaction rate is proportional to
the soot oxidation kinetic constant (k,), which is calculated according
to the Arrhenius expression [48], and the gas reactant surface coverage
(6,) defined by the Langmuir isotherm,

KSnpn

=— 4
1+Ksnp,, Q)

n
which has been proved to provide a good estimate of the surface
concentration of NO, [49] and O, [26]. In particular, the Langmuir
isotherm provides good results in O, excess conditions, whilst the
Dubinin-Radushkevich isotherm captures better the soot oxidation dy-
namics for very low O, concentration [30]. Thus, the surface coverage
in Eq. (4) represents the reaction dependence on the reactant partial
pressure (p,) and the substrate temperature (7,,) by means of the
adsorption equilibrium constant (K Sn)'

Eq. (3) is solved applying a 4th-order Runge-Kutta method in the
particulate layer and the porous substrate. The mole variation of each
reactant (O, and NO,) at each layer of the porous medium is obtained
from the solution of the reactant transport equation as

on,
ot

= XUy Aoy 5)
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where c,,, is the gas flow molar concentration. The soot oxidation rate

is finally determined from the O, and NO, depletion rates

ams,reg M 1 aHNOZ 1 a"oz (6)
— M| -—— - = ,

ot ano, Ot ag, Ot
where M is the carbon molecular weight. Finally, the heat power
released during the soot oxidation process in every layer of the porous
medium is determined considering the gaseous reactants depletion rate

and the enthalpy of formation (H ) of the involved species in each
soot oxidation reaction:

qreg = Z qreg,n = Z Z
n n  k

4. Discussion of the results

Vicn an,,
~—H 7
a, Ik o @

Fig. 3 shows the change in VGT position and LP-EGR rate from
regular to regeneration mode cases applying series ECU calibration in
plots (a) and (b), respectively. A variety of altitudes and DPF pressure
drops at the beginning of the active regeneration events were consid-
ered. Being 100% the fully closed position, the VGT was gradually
closed as the altitude increased, as observed in Fig. 3(a). During the
active regeneration, the results showed a tendency of VGT opening but
highly dependent on the altitude. The VGT position was opened from
74% to 49% at sea-level case when the regeneration was triggered.
However, this variation was lower at 1300 m and, finally, the VGT was
kept fully closed at 2500 m. The differences in LP-EGR rate before and
during regeneration were also narrowed as a function of the altitude.
In regular operation, the ECU decreased the LP-EGR rate as the altitude
increased from 30% at sea-level to 12% at 2500 m. However, during
active regeneration events, it was kept constant at 9%, regardless the
DPF mass load and driving altitude.

As shown in Fig. 3(c), the air mass flow during regular operation
increased with altitude as a consequence of the VGT and LP-EGR
control. The objective was to avoid the engine torque derating [5].
Fig. 3(d) shows the boost pressure change with altitude. It was kept
within a narrow range for regular operation regardless the altitude,
i.e. the ambient pressure decrease was compensated by the pressure
ratio increase due to the closer VGT position. In addition, the boost
pressure in regular mode showed sensitivity to the DPF pressure drop,
whose increase penalised the boost pressure. By contrast, the boost
pressure was higher in regeneration mode than regular one as well
as increasing with altitude due to the closer VGT position and higher
VGT inlet temperature, as shown in Fig. 4(a). This strategy made the
fresh air mass flow to remain constant in regeneration mode regardless
the altitude. Hence, the equivalence ratio also remained constant (iso-
fuel tests), as well as the exhaust mass flow since the LP-EGR rate
was also kept constant with altitude in regeneration mode (Fig. 3(b)).
Consequently, the exhaust gas residence time across the DPF during the
regenerations was exclusively dependent on the exhaust gas density as
a function of the altitude, as forward discussed.

Concerning torque and brake specific fuel consumption (BSFC),
their complementary variations with altitude are observed in Figs. 3(e)
and (f), respectively. As already evidenced in boost pressure, more
sensitivity to the DPF pressure drop was reflected on engine perfor-
mance deterioration as altitude increased. The same trends as in regular
mode were obtained during the active regeneration processes for torque
and BSFC. The torque increased during the regeneration mode with
respect to regular operation because of the opener VGT and LP-EGR rate
decrease and even despite the constant air mass flow boundary with
altitude. However, the new torque did not compensate the fuel mass
increase related to the active regeneration strategy. As a result and the
BSFC was increased, with further penalisation in altitude operation.

Fig. 4 shows additional exhaust flow properties. As suggested by
the VGT trend with altitude, both VGT inlet temperature and pressure
increased in regular and regeneration modes, as presented in Figs. 4(a)
and (b). Nevertheless, further sensitivity was observed in regeneration
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Fig. 3. Actuation on VGT and LP-EGR due to active regeneration strategy and effects on engine performance, air mass flow and boost pressure as a function of altitude and initial
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mode due to the injection setup. Therefore, higher temperature and
pressure were found at the VGT inlet during regeneration mode that in
regular one, with increasing differences as the altitude increased. The
very high VGT inlet pressure caused an increase in the BSFC due to the
increased pumping work, despite of the boost pressure increase.

As regards to the DPF, the regeneration strategy produced a relevant
increase of the gas inlet temperature with respect to the regular mode,
but with decreasing benefit as the altitude increased, as represented in
Fig. 4(c). Despite the higher VGT inlet temperature with altitude, the
also higher VGT expansion ratio (higher VGT inlet pressure and lower
DPF inlet pressure with altitude) along with low VGT efficiency related

to the very closed position produced a temperature drop that limited
the DPF inlet temperature. The temperature gain due to the activation
of the regeneration strategy dropped from 275°C at sea level (675°C
in DPF inlet temperature) to 175°C (625°C in DPF inlet temperature)
at 2500 m. This trend indicates a deterioration of the efficiency of
the post-injection strategy as the altitude increased. The variation of
this parameter, which is computed in temperature terms according to
Eq. (8) [20], is shown in Fig. 4(d).
TppF,in = TDPF inyeqar

Ep; = T T , (€©)]
DPFinyqx DPF .inyegyiar
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The post-injection efficiency is computed from the actual tempera-
ture at the DPF inlet during the regeneration (Tppf ;,,), the DPF inlet
temperature before the regeneration strategy is triggered (T p Fy,-,,mguw)
and the maximum temperature that might be reached at the DPF inlet
if all post-injected fuel was oxidised adiabatically within the DOC
assuming constant the regular exhaust mass flow (Tppr s, ):

m LHV
L ©
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In addition to the lower DPF inlet temperature as the altitude
increased, the O, partial pressure at the DPF inlet and the residence
time also played a role in the effective soot oxidation rate. Figs. 4(e)
and (f) represent these variables as a function of the altitude. The
equivalence ratio reduction in regular operation as altitude increased
allowed the O, partial pressure to be kept in similar levels at all
altitudes, offsetting the ambient pressure decrease. However, the O,
partial pressure was clearly reduced during the regeneration process,
being this trend more important as the altitude increased due to the
ambient pressure reduction while keeping constant the equivalence
ratio. Likewise the DPF inlet temperature, this tendency contributed
to the soot oxidation rate decrease as the altitude increased. A similar
conclusion is obtained from the analysis of the residence time. On the
one hand, it decreased at constant altitude during the regeneration
mode because of the higher temperature and exhaust mass flow than in
regular mode. On the other hand, the decrease of ambient pressure as
the altitude increased did not compensate the slightly lower DPF inlet
temperature and made the residence time, which is shown in Fig. 4(f),
lower during the regeneration and minimum at 2500 m.

According to these boundary conditions, the evolution of the DPF
pressure drop along several regeneration cases is represented in Fig. 5.
The extreme thresholds of DPF pressure drop to trigger the regeneration
mode, i.e. 80 and 230 mbar, are shown at each column comparing
experimental and modelled DPF pressure drop and outlet temperature
for the three studied altitudes. Regarding the model setup, Table 5 lists
the pre-exponential factors and activation energies to calculate the Ar-
rhenius kinetic constants for soot oxidation. These were calibrated from
the complete set of experiments for the case of O, but imposed from
previous literature data obtained by the authors for NO, [26]. Although
the calibration of soot oxidation by NO, came from a different DPF
and engine, this decision was taken because of the negligible impact
of NO, on the total soot oxidation rate during active regenerations,
which O, governs. This is due to the O, contribution itself, especially
compared to the low NO, concentration because of the low NOx
emission and the high temperature (equilibrium NO,/NOx ratio was
assumed at the outlet of the DOC, i.e., the most favouring conditions
for NO,). Therefore, calibrating the NO, kinetic constants exclusively
based on active regeneration would have led to a low-accurate result.
Nevertheless, the authors checked that the soot oxidation entirely
depleted the NO, with the proposed kinetic constants, thus confirming
the negligible impact on the results that lower NO, activation energy
would have had. Finally, it is also interesting to highlight that the re-
generation model described in Section 3 accounts for two stages before
the chemical reaction: the diffusion of the reagents (0,/NO,) within
the soot particles and their adsorption on the surface. As explained by
Macian et al. [26], to account explicitly for these stages leads to the
increase of the apparent activation energy of the reaction. It justifies
that these values fall into the upper range of typical values found in
the literature [50].

Additionally, Table 5 provides the adsorption equilibrium constant
parameters, i.e. the adsorption enthalpy (4Hj ), which is defined as
the adsorption to desorption activation energy difference, and the ad-
sorption pre-exponential factor (Pg ). Finally, the external and internal
soot specific surfaces used in this work [26] are also detailed.

Fig. 5 shows in plots (a) and (b) very good agreement between ex-
perimental and modelled pressure drop during the regeneration process
as a function of altitude, especially for the lowest initial DPF pressure
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Table 5
Soot oxidation kinetic parameters in DPF model.
o) 27
P, [m 2 2
> [m 2] NO, :
0, 1.2x10°
E, [J/mol 2
a [/mol] NO, 9.5x 10
_ o) 1x 1074 [51]
Pg [bar™ 2
s, [bar] NO, 5% 1075 [49]
o, 77 % 10* [52]
AHg [I/mol
s, H/mel] NO, ~7.5%10* [53]
Spextp M 6.72 x 107
S extio M~ 3.67x 106
Spinpr M7'] 1.897 x 108
S, [m™'] 1.039 x 107
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drop cases (80 mbar). Nonetheless, the trends at 230 mbar were also
captured accurately despite predicting a lower pressure drop reduction
rate at sea-level conditions. The ability of the model to reproduce the
soot oxidation was also evidenced in the prediction of the DPF outlet
gas temperature, which is represented in Figs. 5(c) and (d). Again, the
main deviations appeared at the 230 mbar case for sea-level conditions,
where the temperature peak appearing during the maximum reactivity
phase was smoothed by the underestimated oxidation rate. In fact,
these deviations are related to the model dependence on the lumped
estimate of the wall temperature, which averaged the local thermal
gradients along the monolith [26].

As regards the regeneration behaviour, the rate of reduction of the
pressure drop suffered a significant decrease as the altitude increased,
as outlined from the analysis of the flow properties at the DPF inlet
during the regeneration process. The pressure drop is directly related
to the soot depletion rate, which is represented in Fig. 6 along with its
cumulative soot oxidised mass. The low soot loading case (80 mbar in
initial pressure drop) was the most affected one by the altitude. The
peak soot depletion rate reached 13.9 mg/s at sea-level operation for
this soot loading condition, whilst it was reduced to 6.9 mg/s at 1300 m
and dropped to ~ 4 mg/s at 2500 m. In addition, the soot depletion rate
became very flat along time for these altitude cases. An earlier balance
point was reached as the altitude increased as a consequence of the low
reactivity in the described conditions.

By contrast, the higher soot depletion rate reached as the soot
mass load increased, what is observed comparing plots (a) and (b)
in Fig. 6, contributed to delay the balance point. In fact, increasing
the soot mass load to trigger the active regeneration almost allowed
the completeness of the oxidation process at 1300 m, as observed
in Fig. 5(b). The results from Fig. 6 also highlight another relevant
feature of these regeneration processes. The peaks of soot depletion
rate for the maximum soot load (initial pressure drop of 230 mbar)
shown in Fig. 6(b), i.e., 99.4 mg/s, 49.4 mg/s and 27.4 mg/s at sea-level,
1300 m and 2500 m, respectively, kept the same altitude-to-altitude
ratio as for 80 mbar cases (Fig. 6(a)). This means that the maximum
reactivity phases were kinetically controlled for all the pressure drop
thresholds and altitudes. On the one hand, the maximum depletion rate
was not high enough, even in sea-level cases, to make the mass transfer
phenomena limit the reaction rate. On the other hand, these results
also underline that the reduction of the residence time as the altitude
increased, which was previously shown in Fig. 4(f), did not condition
the regeneration response. This is a positive result for real life since the
regeneration optimisation in altitude from state-of-the-art calibrations
is limited to a thermal problem primarily.

In this regard, the lack of mass transfer limitations can be also
understood as constant oxygen surface coverage across the particulate
layer, as discussed next. Firstly, Fig. 7 presents the oxygen surface
coverage as a function of the substrate temperature and the O, partial
pressure computed according to the Langmuir isotherm (Eq. (4)). The
specific oxygen surface coverage for the regeneration processes corre-
sponding to 80 mbar in initial DPF pressure drop are also depicted in
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Fig. 5. Experimental and modelled DPF pressure drop and outlet gas temperature as a function of the altitude during active regeneration processes with initial DPF pressure drop
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Fig. 6. Soot depletion rate and cumulative oxidised soot mass as a function of the

altitude during active regeneration processes with initial DPF pressure drop (a) 80
mbar and (b) 230 mbar.

Fig. 7. Despite the lower O, partial pressures in altitude (Fig. 4(e)), the
decrease of the substrate temperature, which was related to lower DPF
inlet temperature (Fig. 4(c)), and the subsequent lower soot oxidation
rate gave as a result higher oxygen surface coverage, which increased
from 0.21 at sea level to 0.24-0.28 in altitude cases. Therefore, an
enhancement of the oxidation rate was found from the O, point of
view in altitude operation, but not enough to compensate the thermal
conditions at the DPF inlet. This behaviour and the lack of influence
of the mass transfer demonstrate that the thermal management was
responsible for the regeneration process deterioration.

In order to quantify the coverage variation across the particulate
layer, Fig. 8 shows the oxygen surface coverage at its inlet and outlet
interfaces during active regenerations performed different altitudes and
triggered at DPF pressure drops of 80 mbar and 230 mbar. Fig. 8(a)
shows that the coverage barely varied from the inlet to the outlet
regardless the altitude for 80 mbar in initial pressure drop. The low
soot load corresponding to this case, and hence the small particulate
layer thickness, contributed to almost constant oxygen concentration
along the particulate layer, even during the maximum reactivity phase.
In comparison, the higher temperature and soot depletion rate corre-
sponding to the 230 mbar initial pressure drop case (Fig. 8(b)) made
the coverage decrease with respect to the 80 mbar case. However, only
small differences in oxygen surface coverage were found across the
particulate layer again. In these cases, the coverage variation reached
its maximum (9.4%) during the maximum reactivity phase at sea
level (+200s) and was progressively lowered as the altitude increased
because of the soot depletion rate drop.

The deterioration of the regeneration process with altitude was also
manifested in tailpipe CO and unburned HC emissions. As shown in
Fig. 9(a), the CO emissions remained unaltered with respect to regular
mode during the regeneration at sea-level. However, a huge increase
at 1300 m (~ 3.5 times) and 2500 m (~ 4.5 times) was observed.
Opposite to CO, the tailpipe unburned HC emission increase even took
place during the regeneration at sea-level, reaching 8 times the regular
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Fig. 7. Oxygen surface coverage as a function of the O, partial pressure and the
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Fig. 8. Evolution of oxygen surface coverage as a function of altitude during active
regeneration processes with initial DPF pressure drop of (a) 80 mbar and (b) 230 mbar.

mode emission, as observed in Fig. 9(b). As the altitude increased the
unburned HC emission showed a linear increase in regeneration mode.
The HC emission reached up to 35 times the corresponding to regular
mode in the regenerations taking place at 2500 m. These trends in HC
and CO emissions agreed with the post-injection efficiency reduction as
the altitude increased, as shown in Fig. 4(d).
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As regards tailpipe NO, emissions, which are represented in
Fig. 9(c), the regeneration strategy played a significant role due to its
impact on the air management. Thus, the NO, emissions increased in
the regenerations performed at sea-level and 1300 m due to the LP-
EGR rate reduction (Fig. 3(b)) with respect to regular mode. However,
the LP-EGR rate was already very low in regular mode at 2500 m
and its additional reduction in the regeneration mode was small. This
slight reduction in LP-EGR rate at 2500 m combined with the lower
equivalence ratio during the regeneration resulted in constant NO,
emissions for all pressure drop thresholds. Finally, Fig. 9(d) shows a
decrease of the engine-out opacity when the regeneration mode was
activated. This result was governed by the tendencies in LP-EGR rate
and equivalence ratio. Despite the extremely low soot oxidation rates
that were reached in altitude operation, the low opacity favoured the
DPF balance point. It was delayed as the altitude increased due to the
displacement of the equilibrium towards the soot oxidation caused by
the low filtration rate.

4.1. VGT position impact on the soot oxidation rate

The trend to close the VGT as the altitude increases in regular
mode has been already discussed to be negative for the engine and
aftertreatment performance at partial loads [18]. The expected benefits
from air mass flow increase because of the higher boost pressure are
penalised by a high engine back-pressure. In fact, these operating con-
ditions might be benefited by opener VGT with respect to sea-level in
terms of both torque, BSFC and aftertreatment inlet temperature. In this
context, the results shown in this work have also demonstrated that the
VGT closing strategy as the altitude increases is also considered during
the regeneration mode. As a result, poor soot oxidation performance is
obtained at high altitude, even avoiding the regeneration completion.
Evidence of the importance of VGT position optimisation to improve
the thermal management of active filter regenerations is presented next.

Fig. 10 shows the engine performance sensitivity to the VGT posi-
tion in regeneration mode. The engine was run in this mode at each
altitude under steady-state conditions with clean DPF. Next, the VGT
position was swept in a row. The fuel post-injection strategy and the
LP-EGR valve position were kept the same as in the baseline tests,
i.e. set by the series ECU calibration. Figs. 10(a) and (b) represent
the torque and BSFC dependence on the VGT position at 1300 m and
2500 m. The VGT positions corresponding to baseline and those pro-
viding the maximum torque are highlighted. At the view of the results,
an optimum VGT position exists in terms of torque maximisation (BSFC
minimisation). The results also indicated that the higher the altitude the
closer the VGT, as applied in series calibration. However, the optimised
setting pointed out that the VGT position should be placed at 53%
instead of 73% at 1300 m and at 73% instead of 100% at 2500 m.
These new settings provided an increase in torque that exceeded 6.5%
at 1300 m and almost 19% at 2500 m the baseline value. This result
was due to, mainly, the reduction of the pumping work, as suggested
by the huge reduction of the difference between the VGT inlet pressure
and the boost pressure which are represented in Figs. 10(c) and (d).
Despite these positive results, the boost pressure reduction brought
by the optimum VGT position also produced the decrease of the air
mass flow and the LP-EGR rate (Figs. 10(e) and (f)). Its impact on the
emissions is analysed forwards.

Fig. 11(a) shows how extreme closed VGT positions contributed
to increase the VGT inlet temperature, related to the high exhaust
manifold pressure. However, an intermediate opening minimised the
VGT inlet temperature. From this point on, higher VGT opening led
again to higher VGT inlet temperature because of the gradual increase
of the equivalence ratio. In parallel, the DPF inlet temperature, which is
represented in Fig. 11(b), was also benefited by the VGT opening in the
tested range due to an snowball effect bounded by the higher VGT inlet
temperature and the lower VGT expansion ratio. These boundaries also
improved the fuel post-injection efficiency, as plotted in Fig. 11(c). It
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Fig. 10. Engine performance sensitivity to VGT position at 1300 m and 2500 m operating in regeneration mode.

was increased around 20 percentage points with respect to the baseline
VGT position for both altitudes. In fact, the fuel post-injection efficiency
reached values above the corresponding to sea-level, what resulted in
higher DPF inlet temperature: 733.2°C and 718.3°C at 1300 m and
2500 m, respectively (Fig. 11(b)), compared to ~ 670°C at the sea level
case shown in Fig. 4(c)).

Regarding other parameters influencing the soot oxidation rate, the
DPF inlet O, partial pressure was lowered due to the opening of the
VGT, as depicted in Fig. 11(d). The cause was the increase of the
equivalence ratio produced by the air mass flow reduction. According
to Fig. 7, this trend and the higher temperature across the DPF de-
teriorated the oxygen surface coverage under the new DPF boundary
conditions. By contrast, the DPF residence time, which is presented in
Fig. 11(e), was not very sensitive to the VGT position. Nevertheless,
it showed a positive increasing tendency at both altitudes compared

10

to the baseline VGT position. Nevertheless, it still remained below
the corresponding counterpart at sea-level, which reached 0.0052 s
(Fig. 4(D).

With the boundaries set by the VGT position that maximised the
torque at each altitude, in particular the higher temperature, the DPF
regenerations were improved as shown in Fig. 12. The regenerations
at sea-level are compared with those performed in altitude for the 120
mbar threshold of DPF pressure drop. A great increase of the soot deple-
tion rate was obtained for altitude operation. As observed in Figs. 12(a)
and (b), the proposed VGT position made the pressure drop profile
converge to the trace corresponding to the baseline case at sea-level for
both 1300 and 2500 m. The higher DPF inlet temperature required in
altitude with respect to sea-level to reach this result was revealed as the
most important parameter. However the oxygen surface coverage still
impacted on the results. Although this parameter was proved in Fig. 7
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to be unable to compensate a low DPF inlet temperature, its decrease
in the new regeneration strategy resulted in a snowball effect. The
required temperature increase along with O, partial pressure decrease
reduced the surface coverage what, in turn, led to the need of even
higher exhaust temperature than the sea-level case to obtain a similar
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Fig. 12. Optimised active regenerations at high altitude to keep sea-level soot oxidation dynamics based on VGT position recalibration.

soot oxidation rate.

Finally, the new air management settings proposed to enhance the
filter regeneration in altitude also affected the pollutant emissions. As
summarised in Fig. 13, the opening of the VGT led to the decrease of

the gaseous emissions in altitude operation. As a result, the tailpipe CO
and unburned HC emissions at 1300 m (Euro 6 maximum altitude in
RDE cycles) reached the same order of magnitude as the corresponding
to the sea-level case during the regeneration. If the series calibration of
the regeneration did not involve any issue to the fulfilment of Euro 6 CO

and HC limits at least at sea-level, the proposed strategy to optimise the
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VGT actuation in this work should also contribute to avoiding issues at
1300 m. In parallel, the results corresponding to 2500 m evidenced that
high altitude driving might impose more severe CO and HC emission
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control challenges, even after optimising the VGT control. With respect
to the engine-out opacity, the new VGT positions produced an increase
from ~ 2.5% to ~ 7.5% for both altitudes. This was conditioned by
the gradual increase of the equivalence ratio as the VGT was opened.
Despite this tendency, its value was still kept below the baseline one at
sea-level conditions (~ 11%).

5. Summary and conclusions

This study has highlighted the importance of VGT actuation during
active regeneration processes of wall-flow monoliths when operating
at high driving altitudes. The experimental results obtained from series
calibration in a Euro 6d-Temp Diesel engine evidenced a dramatic
deterioration of the soot depletion rate. The balance point was reached
in some tested cases, especially as the threshold soot mass load to
trigger the active regeneration was low and the altitude increased. The
VGT actuation was the main difference in engine control as a function
of the altitude since the same fuel post-injection was applied by the
series ECU calibration. The analysis of the experimental response along
with the modelled results revealed that to close the VGT as the altitude
increased failed during active regenerations. The main consequence
was the reduction of the fuel post-injection efficiency, which was
manifested by the decrease of the DPF inlet temperature. The modelled
results demonstrated that this temperature governed the oxidation rate,
although minor effects caused by the O, mass transfer and adsorption
were also observed. In fact, the oxygen surface coverage was improved
due to the lower temperature with respect to the sea-level case despite
the also lower O, partial pressure in altitude operation. However, it did
not compensate for the worsening of the exhaust thermal management.

In light of this baseline response, the optimisation of the air man-
agement, and in the VGT position, were identified as fundamental to
improve the active regeneration strategy in altitude operation. Keeping
constant the series ECU calibration as regards the fuel post-injection
and LP-EGR rate, the opening of the VGT with respect to the series

O Baseline setting
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emissions at 1300 m and 2500 m operating in regeneration mode.

calibration setting provided relevant benefits in engine torque. Simul-
taneously, the higher VGT opening increased the exhaust temperature
due to the combined effect of a higher equivalence ratio and lower
VGT expansion ratio, thus improving the fuel post-injection efficiency.
Consequently, the increase in soot depletion rate resulted in a DPF pres-
sure drop along the regeneration equivalent to the one corresponding
to the baseline operation at sea-level. The tailpipe pollutant emissions
were also kept in the same order of magnitude as those at sea-level,
and clearly decreased compared to altitude series calibration cases.
Nevertheless, the regenerations performed in altitude required higher
DPF inlet temperature than the sea-level cases to obtain the same
results. This was due to the need to compensate for the lower residence
time and oxygen surface coverage found at higher temperatures and
equivalence ratios. Despite this constraint, the experimental results
demonstrated that the penalties in the dynamics of active DPF regen-
eration related to altitude operation can be avoided provided that the
VGT control strategy is adapted, which is in turn in synergy with engine
performance and emissions enhancement.
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