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Abstract: Worldwide emission standards are extending their requirements to cover engine operation
under extreme ambient conditions and fill the gap between the type-approval and real driving
conditions. The new ambient boundaries affect the engine performance and raw emissions as well as
the efficiency of the exhaust aftertreatment systems. This study evaluates the impact of high altitude
and low ambient temperature on the light-off temperature and conversion efficiency of an oxidation
catalyst. The results are compared in a common range of exhaust mass flow and temperature with the
baseline sea-level operation at 20 °C. A reduction of CO and HC conversion efficiencies was found at
2500 m and —7 °C, with a relevant increase of the light-off temperature for both of the pollutants.
The analysis of the experimental data was complemented with the use of a catalyst model to identify
the causes leading to the deterioration of the CO and HC light-off. The use of the model allowed
for identifying, for the same exhaust mass flow and temperature, the contributions to the variation
of conversion efficiency caused by the change in engine-out emissions and tailpipe pressure, which
are, in turn, manifested in the variation of the reactants partial pressure and dwell time as governing

parameters.

Keywords: internal combustion engine; exhaust aftertreatment system; conversion efficiency; altitude;
ambient temperature; light-off

1. Introduction

Increasingly tightened emission standards progressively reflect the societal demand
for clean sustainable transport [1]. This process is making the optimization of the internal
combustion engine not sufficient in meeting the new requirements and demanding a
robust matching between engine and exhaust aftertreatment system (ATS) [2]. In Europe,
the current regulations include real driving emission (RDE) tests for passenger cars and
light duty vehicles with the aim of reducing the gap between the emissions during vehicle
tests at type-approval and real-life ones. These tests complement the lab-based one, i.e., the
World harmonized Light vehicle Test Cycle (WLTC) as type-approval test of the Worldwide
harmonized Light vehicle Test Procedure (WLTP). In compliance with these regulations,
the new generation of diesel engines still guarantees the most robust alternative for low
CO, emissions of internal combustion engines, which encourages further research on
this topic.

RDE tests include the ambient conditions as additional boundaries. In particular,
moderate and extended ranges are defined [3], while considering altitude from 0 to 700 m
and ambient temperature from 0 °C to 30 °C in the moderate case and altitude between
700 and 1300 m with temperature ranging from —7 °C to 35 °C for the extended conditions.
These ranges bring the regulations closer to real-life, since about 60% of the European
population live in or close to massifs and 20% in mountain municipalities [4]. Furthermore,
cities that are located at high altitude face severe temperatures in winter, which justifies
considering the ambient temperature in combination with altitude [5]. Similar boundaries
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are being adopted in other countries, like China, where the altitude range is extended until
2400 m, or India, which defines a temperature range shifted toward warmer conditions
(845 °C).

Under this context, the effect of extreme ambient conditions on the engine performance
must be faced, due to their potential negative impact on emissions and fuel consumption [6].
Ko et al. [7] showed that a low ambient temperature highly affected NOy and CO emissions
in a Euro 6 diesel engine. Lujén et al. [8] also discussed this result, who also found a
penalty in fuel consumption close to 10% running driving cycles at —7 °C. Despite the
interest for the combination of high-pressure (HP) and low-pressure (LP) exhaust gas
recirculation (EGR) [9], extremely cold temperatures can also lead to a decrease the EGR
rate, as discussed by Galindo et al. [10] regarding condensation in the LP-EGR path. In a
similar way, operation at high altitude penalizes the engine performance concerning the
combustion [11] and gas exchange processes [12], as well as emissions [13]. In this regard,
Table 1 summarizes the contributions of different works from the literature regarding
the impact of the driving altitude and ambient temperature on the pollutant emissions,

including the main conclusion of this work, as discussed later in detail.

Table 1. Comparison of results reported in the literature regarding the impact of altitude and ambient temperature on emissions.

Reference Engine Legislation 8) ijfttlléf’s Contribution
WLTC. Higher engine-out emissions
. . O0mé&20°C,0m & at —7° than at 20 °C along with
Lujan etal. [6] Diesel 1.6 L Euro 5 —7°C decrease of DOC conversion
efficiency.
o o NEDC and WLTC. Higher NOy and
Ko et al. [7] Diesel 2.2 L Euro 6 Om &;rﬁ SE,CM c CO emissions at low ambient
temperature.
150 m to 3000 m &
Bermudez et al. [12] Diesel 2.0 L Euro 4 Ambient temperature NEDC. In.cre.ase on.CO, HC and
n/a NOy emissions with altitude.
. ) WLTP + RDE-LDV test. At high
. I?lesel 20L; O'm t02500 m, altitude NOy emissions were higher.
Ramos et al. [13] Biodiesel 2.0 L; GTL Euro 4 ambient temperature .
20L n/a Effect of fuels agrees with cetane
o number.
1000 m & 25 °C: RDE test. Increase of CO, HC and
Wang et al. [14] Diesel 2.8 L Chinese National III 2400 m & 27 °C; PM with altitude. Higher NOx
3000 m & 19 °C emissions at 2400 m than at 1000 m,
but lower at 3200 m.
RDE test under regulation
. . 30 m t0 2990 m & requirements (1200 m /100 km).
Wang etal. [15] Diesel 20 L China TV 20 °Cto33°C Higher CO and PN emissions in
altitude but lower NOx.
RDE test w/o catalytic converter.
Giraldo et al. [16] Diesel 10.8 L US EPA 2004 2200 mztg 03 313 m & Values for CO higher than allowed
by the legislation.
McCaffer GDI2017 2.0 L; GDI 0 m to 1524 m, RDE test. Higher PM emissions in
otal [17]}7 2017 1.5 L; GDI Tier 3 ambient temperature altitude. PM reduction by adding
' 2018 3.6 L n/a catalyzed GPF.
Steady-state conditions. Reduction
Current work Diesel 1.6 L Euro 6d-Temp 0m & 20 °C; 2500 m of CO and HC conversion

& -7°C

efficiencies at 2500 m and —7 °C and
increase of the light-off temperature.




Appl. Sci. 2021, 11,1283

3of21

To this extent, the effect of the environmental conditions on the engine operation
also modifies the boundary conditions of the ATS. The exhaust temperature is the main
parameter governing the ATS response [18]. Thus, numerous efforts have been conducted
for reducing the long warm-up periods [19] looking for faster catalyst light-off. Arnau et
al. explored engine-based techniques, such as exhaust line thermal insulation [20] and
variable valve timing [21] in diesel engines as a way to increase the exhaust temperature
during transient operation. Regarding ATS focused solutions, Serrano et al. [22] discussed
the potential and limitations of pre-turbine small-sized catalysts in accelerating the catalyst
activation under real driving conditions. Hamedi et al. [23] evaluated the capability to keep
the catalyst warm during low temperature periods while using phase change materials.
The results showed the interest for this technology in increasing the conversion efficiency
in recurrent cold-start cases, as those in hybrid vehicles [24].

However, thermal solutions are not only justified by the increasing periods at low
temperature in incoming powertrain systems, but also by the variability of the light-off
temperature, which is not the same in all of the operating conditions. ATS boundary
conditions, such as pollutants mole fraction or dwell time [25], vary the light-off response
of the catalysts [26]. In particular, the exhaust pressure dependence on the driving altitude
is reflected in a relevant variation of the pollutants’ partial pressure. The volumetric flow
rate of the exhaust gas also suffers a direct variation and, consequently, the flow dwell
time [27]. The dwell time increase improves the mass transfer of the pollutants toward the
catalyst active sites, which implies higher conversion efficiency [28] and a reduction of the
light-off temperature [29]. On the contrary, an increase in the volumetric flow rate reduces
the dwell time, which decreases the conversion efficiency of the catalysts [30]. Apart
from this, the resulting exhaust gas composition due to the adapted engine calibration
to altitude [15] also has an impact on the pollutants conversion. The O, partial pressure
can be affected in parallel to the change in inhibition that is related to the CO and HC
engine-out emission [31]. In fact, the same criteria for torque maximization applied to a
variety of altitudes entail a CO increase to extreme high levels along with minimum O,
availability, which can even cancel the catalytic activity [32].

In this work, the CO and HC conversion efficiencies in an oxidation catalyst were
studied under steady state conditions running the engine at two different ambient con-
ditions that were generated by the altitude simulator Horiba MEDAS (Multifunctional
Efficient and Dynamic Altitude Simulator) [33,34]. The contour maps of the experimental
conversion efficiencies were obtained at sea-level and 20 °C as the baseline condition and
at 2500 m and —7 °C for the same exhaust mass flow and temperature ranges. The use
of these common boundaries allowed for underlining the role of the dwell time and the
partial pressure of the reactant species, which changed due to the ambient pressure and
engine operation variation. The analysis of the experimental results was completed with
the modeling of the catalyst in order to account for additional insights on the physical and
chemical processes taking place in the monolithic reactor. In this regard, the CO and HC
light-off curves were modeled to include progressively the effect of dwell time, O, partial
pressure, and pollutants partial pressure on the conversion efficiency from warm sea-level
to cold altitude operation.

2. Material and Methods

In this section, the main characteristics of the engine and the experimental setup are
firstly provided. Next, the catalyst model thta was used in this study is briefly presented.
Finally, the test and modeling procedure that was followed for determining the CO and HC
conversion efficiencies as a function of the exhaust mass flow and catalyst inlet temperature
is described in detail.

2.1. Experimental Setup

A HSDI diesel Euro 6d-Temp engine for passenger car applications was used to carry
out this work. Table 2 summarizes the main characteristics of the engine. The engine
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was equipped with variable geometry turbine (VGT) as well as HP- and cooled LP-EGR.
The aftertreatment system was composed by a close-coupled diesel oxidation catalyst
(DOC) and a wall-flow particulate filter coated as selective catalytic reduction system
(SCRf) [35]. This study is focused on the DOC, whose main characteristics are listed in

Table 3.

Table 2. Main specifications of the engine.

Engine type
Emissions Standards
Number of cylinders
Displaced volume [em3]
Bore [mm]

Stroke [mm)]

Number of valves
Compression ratio
Rated power @ speed
Rated torque @ speed
Fuel Injection
Turbocharger

EGR

ATS

HSDI diesel
Euro 6d-Temp
4 in line
1461
76
80.5
2 per cylinder
15.2:1
81 kW @ 4000 rpm
260 Nm @ 1750-2500 rpm
Common-rail direct injection
VGT
HP- and cooled LP-EGR
Closed-coupled DOC + SCRf

Table 3. Main characteristics of the oxidation catalyst.

Substrate

Washcoat

Coating

Monolith length [mm]
Monolith diameter [mm]
Channel cross-section
Cell density [cpsi]

Cell size [mm)]

Wall thickness [mm)]
Catalytic area [m?]

Cordierite
Alumina oxide and B-zeolite
Pt
140
120
Square
400
1.04
0.23
3.95

The engine was installed in a test bench that was equipped with an Elin EBG dy-
namometer controlled by AVL PUMA Open 2. According to the scheme that is shown in
Figure 1, the most relevant characteristics of the experimental facility was the coupling of
the engine with Horiba MEDAS, an altitude simulator that was developed by CMT-Motores
Térmicos [33,34]. MEDAS provides variable working pressure to the engine as a function of
the requested driving altitude. This simulator is coupled to the engine intake, exhaust, and
sump, and it communicates with the engine control unit [36,37]. Additionally, the ambient
temperature was imposed by means of the MEDAS temperature module (MTM), which
was placed upstream of the MEDAS core module. With this setup, the driving conditions
can be emulated in conventional test cells, with a variable altitude from sea-level to 5000 m
and ambient temperature ranging between —15 and 45 °C.
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Figure 1. Scheme of the engine test bench.

The engine was fully instrumented to evaluate its performance and the abatement of
CO and HC in the DOC. The engine speed and torque were set by the dynamometric brake.
The air mass flow was obtained from the flow-meter that was monitored by engine control
unit and accessed by ETAS INCA software. The fuel mass flow was measured with an AVL
733S gravimetric balance. The temperature and pressure were also measured along the flow
path in the intake and exhaust lines while using K-type thermocouples and piezorresistive
sensors, respectively. The exhaust gas composition was measured using Horiba Mexa-One
gas analyzers, which sampled the exhaust gas upstream and downstream of the DOC in
order to determine the CO and HC conversion efficiencies. A gas sample was also obtained
at the intake manifold allowed for measuring the CO; concentration and determining the
EGR rate. Only LP-EGR was used in this work.

2.2. Catalyst Model

A flow-through monolith model [38] comprising a reaction mechanism to deal with
CO and HC abatement was employed in this work. The heat transfer was solved by
means of a lumped nodal discretization [39], which considered gas to wall heat exchange
as well as the heat that is released by the CO and HC oxidation, the heat losses toward
the ambient and the effect of the thermal effect due to the ceramic substrate, the mat and
the external canning. This way, the substrate temperature variation during every time-
step was computed solving the general heat transfer equation by explicit centered finite

differences as
At T, —T
ATw—c<Zw’+qr>, 1

- r
w i 1

where At represents the time-step, T is the temperature, and r stands for the thermal equiva-
lent resistance between i and the substrate. In these terms, the subscript i represents the gas
or internal canning surface. The thermal inertia of the substrate was considered by means
of the thermal capacitance (cy). Finally, 4, represents the thermal power that is related
to the reaction mechanism. This consisted of the CO and HC oxidation reactions in the
presence of O,, as well as the HC adsorption and desorption on the zeolite washcoat [40]:

1

CO + E02 — CO, )

CnHum + (n + 9)02 — nCO, + 2H,0 3)
4 2

CaHpm + Zeolite = C,Hyy, - Zeolite 4)

The HCs were represented by decane, as the most representative HC compound in
diesel applications [41]. The CO and HC conversion efficiencies were determined solving
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the one-dimensional chemical species transport assuming quasi-steady flow, flat velocity,
and negligible concentration gradients in the washcoat [42], according to [25]:

0
uin% = —Sp,gaskm,n(pn - Pn,wc) 5)
ZVnRi + Sp,wckm,n(Pn - Pn,wc) =0 (6)
i

Equation (5) represents the bulk gas transport, which involves the advective transport
of species n along the monolith channels and its diffusion toward the washcoat interface.
Although the use of the mole fraction to write the species conservation equations [25] is
convenient in aftertreatment applications [42], the partial pressure (p,) was considered
in this work to make the impact of the gas pressure on the reaction rate explicit. In
Equation (5), Sp,qss represents the specific surface, which accounts for the catalytic surface
to gas volume ratio, and k;; is the bulk mass transfer coefficient [43]. In a similar way,
Equation (6) refers to the species n balance in the washcoat, with S pwe being the washcoat
specific surface, i.e., the inverse of the effective washcoat thickness [44] defined as the
washcoat volume to catalytic surface ratio. The term R refers to the reaction rate, which is
defined as a function of the reactants partial pressures for every reaction:

k
Roxn = Gox'n Po,Pnwe, wheren = CO,HC (7)
ox
Regs, e = kads,ac (1 — Onc) YHCPHC we 8)
Ries,HC = Kdes, HCOHCWHC )

In Equations (7)—(9), the kinetic constant k is defined according to the Arrhenius
expression, 8 and ¢ represent the HC surface coverage and specific storage capacity,
respectively, and Gy is the inhibition term for CO and HC oxidation reactions, as proposed
by Voltz et al. [45]:

Gox = Tw(l + KlpCO,wc + KZPHC,wc)2(1 + K3p2CO,wcp%{C,wc) (1 + K4p?\']70,wc) (10)

2.3. Test and Modeling Procedure

The test campaign was conducted under steady state conditions to obtain the contour
maps of the CO and HC conversion efficiencies as a function of the DOC gas inlet tempera-
ture and exhaust gas mass flow bounded by two different ambient conditions. Every test
was carried out, keeping the engine under constant torque and speed [46], thus ensuring
that the DOC boundary conditions were stable once thermal stabilization was reached.
Firstly, the conversion efficiency of the pollutants was measured at sea-level and 20 °C,
which will be referred as warm sea-level case and used as the baseline for comparison
with the results at 2500 m, i.e., 0.747 bar in ambient pressure and —7 °C (cold altitude
case). To do this, the engine speed was run at 1000 rpm, 1250 rpm, and 1500 rpm in warm
sea-level, moving the speed range to higher values in cold altitude to cover similar exhaust
mass flow in both cases. The gas temperature at the inlet of the catalyst was also controlled
within the same range (100 to 300 °C) for both atmospheres by acting on the engine pedal.
For every tested point, the measurement of the pollutants was carried out continuously
following the measurement procedure that is sketched in Figure 2. The example represents
the pedal position and the DOC inlet temperature for operating conditions at 1500 rpm
and 200 °C in DOC inlet temperature for sea-level operation.



Appl. Sci. 2021, 11,1283

7 of 21

400 40

e |
300 - 30

1 Pre heating Cool down Measurement |

200 - /‘F__- 20

100 4 / - 10

[%] 1epad

Catalyst inlet temperature [°C]

0 —T — —T T 0
0 300 600 900 1200 1500 1800 2100
Time [s]

Figure 2. The test procedure for every steady state operating point considered to obtain the CO and
HC conversion efficiency contour maps.

The procedure consisted of an initial preheating stage providing a DOC inlet tem-
perature above 300 °C. This operating condition was maintained for 10 min. to ensure
the desorption of all accumulated HC in the DOC due to previous tests [47]. Afterward,
a cooling phase followed for another 10 min., during which the DOC inlet temperature
converged to 100 °C. This way, all of the tests started at the same DOC state. Finally, the en-
gine was run at the desired steady state conditions that aimed to complete the contour
maps. The measurements were taken continuously during 15 min. to ensure the exhaust
thermal stabilization.

The continuous measurement of emissions was required to identify the synergy
between the oxidation and adsorption mechanisms on HC abatement. The adsorption
is responsible for the high HC conversion efficiency at low temperature. In order to
quantify the contribution of each HC abatement mechanism along the test, the modeling
task consisted of the simulation of every steady state operating point along the entire test
duration. Therefore, the calibration of the kinetic constants, which is summarized in Table 4,
considered the influence of the thermal transient (effect on oxidation and adsorption-
desorption equilibrium) along with the impact of the gradual HC accumulation (effect on
adsorption—desorption reaction rate). This way, a steady state picture was taken at the
end of the tests distinguishing HC oxidation and adsorption conversion efficiencies as a
function of the ambient condition.

Table 4. Calibration of the reaction rate parameters.

Kinetic Constants

P [—] E, [J/mol]
HC adsorption 0.67 0
HC desorption 1x 10° 110,000
HC oxidation 1 x 1016 85,000
CO oxidation 9 x 101 80,000

Inhibition Terms

P [—] Ea [J/mol]
Ky 455 —7990
K> 1x 103 -3 x 103
K3 2.98 —96,534
K4 4.79 x 10° 31,036

Figure 3 compares the experimental and modeling HC conversion efficiency from
several operating points that were evaluated at warm sea-level and cold altitude. These
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points cover low ( 100 °C) and high ( 250 °C) catalyst inlet temperature, so that the HC
adsorption role can be identified.

Figure 3a represents the HC conversion efficiency along the test at 1000 rpm and
10 Nm (39 kg/h and 100 °C) for ambient conditions corresponding to warm sea-level.
Complementary, Figure 3b provides the results at 1250 rpm and 3 Nm (42 kg/h and
100 °C) tested in cold altitude. Both of the operating conditions represent the minimum
temperature region of the study, in which the adsorption processes of HC are more relevant,
and low load engine operation, such as those occurring in transitory periods in RDE
cycles [48] or in certain urban driving conditions [49].

As observed, all of the cases were modeled with good accuracy from initial conditions,
with empty HC surface coverage, to the end of the test, once thermal stability was reached
in the engine exhaust. The model was able to capture the progressive reduction of HC
conversion efficiency along the test. The gradual increase of the HC surface coverage
governed this decrease, which moved the equilibrium toward the desorption and decreased
the adsorption contribution.

On the other hand, Figure 3c shows the HC conversion efficiency in the test at
1500 rpm and 50.5 Nm (75 kg /h and 250 °C) for warm sea-level conditions, whilst Figure 3d
corresponds to 1500 rpm and 39.4 Nm (70 kg/h and 250 °C) at a cold altitude. At these
higher mass flows and catalyst inlet temperatures, the conversion efficiency became con-
stant over time after the thermal stabilization cut-off period, unlike what was shown for
the low temperature tests. This is because the HC oxidation, which is the one that governs
the chemical reaction in these tests, is independent of the state of the zeolite loading, but is
only dependent on the temperature.

— Experiment — Model
a) 0 m and 20°C - w/ adsorption b) 2500 m and -7°C - w/ adsorption
100
g J
& 80 -N
£ J
g 601
% -
2 40 4 Exh. mass flow = 39 kg/h Exh. mass flow = 42 kg/h
o 1 Cat inlet temp. = 100°C Cat inlet temp. = 100°C
S 20 Engine speed = 1000 rpm Engine speed = 1250 rpm
T 1 Torque =10 Nm Torque =3 Nm
0 Y T Y T Y 1 T ¥ T v T v 1
¢) 0 m and 20°C - w/o adsorption d) 2500 m and -7°C - w/o adsorption
100 - -
) < L
SN
S 80- L~
) 4 J
S 607 7
% - -
> 40 Exh. mass flow = 75 kg/h 7| Exh. mass flow = 70 kg/h
5 1 Cat inlet temp. = 250°C 1 Cat inlet temp. = 250°C
S 20 Engine speed = 1500 rpm - Engine speed = 1500 rpm
I 0 q Torque =50.5 Nm q Torque = 39.4 Nm
Y T Y T Y 1 ¥ T v T M 1
1200 1500 1800 21001200 1500 1800 2100

Time [s] Time [s]

Figure 3. Comparison between experimental and modeled HC conversion efficiency during the tests
at: (a) 0 m and 20 °C with 39 kg/h in exhaust mass flow and 100 °C in catalyst inlet temperature;
(b) 2500 m and —7 °C with 42 kg/h in exhaust mass flow and 100 °C in DOC inlet temperature;
(c) 0 m and 20 °C with 75 kg/h in exhaust mass flow and 250 °C in catalyst inlet temperature; and,
(d) 2500 m and —7 °C with 70 kg/h in exhaust mass flow and 250 °C in DOC inlet temperature.

3. Discussion of the Results

This section is first devoted to the description of the experimental and modeled results
concerning CO and HC conversion efficiencies. Next, the causes leading to the change in the
conversion efficiency pattern from warm sea-level to cold altitude conditions are discussed.
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3.1. CO and HC Conversion Efficiency

Figure 4 shows the CO conversion efficiency contour maps for the two tested ambient
conditions as a function of the exhaust mass flow and DOC inlet temperature. The upper
row represents the experimental (Figure 4a) and modeled (Figure 4b) CO conversion
efficiency at sea-level and 20 °C, whilst Figure 4c,d do the same at 2500 m and —7 °C.
The black dots on the contours represent the measured steady state points.

The comparison of Figure 4a,b reveals that the model was able to capture the trends in
CO conversion efficiency in warm sea-level. The CO conversion efficiency was lower than
20% below 100 °C in the DOC inlet temperature, regardless the exhaust mass flow. However,
as the DOC inlet temperature increased, the CO conversion efficiency and its sensitivity
to the exhaust mass flow also did. The CO light-off showed a marked dependence on the
exhaust mass flow, increasing from ~120 °C at 40 kg /h to ~150 °C at 68 kg/h, according
to the experimental and modeled results. From this threshold, the light-off temperature
showed even higher sensitivity to the mass flow. The model also accurately predicted
the region reaching 100% of CO conversion efficiency. Again, the maximum conversion
efficiency was reached earlier for minimum mass flow, increasing slowly from ~160 °C
in DOC inlet temperature at 40 kg/h to ~210 °C at 71 kg/h. In this temperature range,
a further increase of the exhaust mass flow at constant temperature also led to a faster
deterioration of the CO conversion efficiency.

a) 0 m & 20°C - CO conversion efficiency [%] b) 0 m & 20°C - CO conversion efficiency [%]

Experimental Modeled
350 - - - - - - - - - - 100

(%]

I=3

o
.

n
(&)
o

:

Catalyst inlet temperature [°C]
n
o
o

] _/- 7 o

f==50=
50 :

o
o

c) 2500 m & -7°C - CO conversion efficiency [%] d) 2500 m & -7°C - CO conversion efficiency [%]

Experimental Modeled

350 T T T T T 100
9
e, 300 e -
[} . . . . . . 80
=
© 250 * *
g . . 60
£
2
E 40
g
[v}
g 20
(&)

30 40 50 60 70 80 90 30 40 50 60 70 8 90
Exhaust mass flow [kg/h] Exhaust mass flow [kg/h]

Figure 4. CO conversion efficiency as a function of the exhaust mass flow and catalyst inlet tempera-

ture: (a) experimental results at 0 m and 20 °C; (b) modeled results at 0 m and 20 °C; (c) experimental

results at 2500 m and —7 °C; and, (d) modeled results at 2500 m and —7 °C.

When comparing warm sea-level results with those corresponding to cold altitude
(Figure 4c), which were also reproduced with high accuracy by the model (Figure 4d),
the change in CO conversion efficiency fashion is evidenced. For these extreme ambient
conditions, the CO light-off temperature was delayed until ~165 °C at 40 kg/h and
remained almost constant until 60 kg/h. This involves an increase of light-off temperature
ranging between 45 and 15 °C with respect to the warm sea-level. The complete CO
abatement was also reached at higher temperatures, which varied linearly from ~190 °C to
~230 °C between 40 kg /h and 78 kg /h. The deterioration of the CO conversion efficiency
in cold altitude was extensible to the entire exhaust mass flow range, although it was more
penalized at low exhaust mass flows.



Appl. Sci. 2021, 11,1283

10 of 21

Figure 5 presents the experimental and modeled contour maps of the HC conversion
efficiency at each ambient condition in the same manner. An overview of the results
confirms that the model was also accurate regarding HC abatement prediction, with high
sensitivity to the exhaust mass flow and DOC inlet temperature for both ambient conditions.

Cold altitude conditions also moved down the HC conversion efficiency, although with
different trends to the CO case. The adsorption on the zeolites provided the HC with higher
conversion efficiencies at low temperature than those that were found for CO. In warm
sea-level, the HC conversion efficiency was over 60% and reached 80% at ~170 °C. This
temperature was kept almost constant until 70 kg/h, from which a decrease of the HC
conversion efficiency started, as also found in CO case. The model provided similar fashion
of the results, although with a slightly conversion efficiency variation with the exhaust
mass flow. Above 170 °C in DOC inlet temperature, the HC conversion efficiency increased
very slowly and it was only greater than 90% for temperatures that were above ~250 °C.

a) 0 m & 20°C - HC conversion efficiency [%] b) 0 m & 20°C - HC conversion efficiency [%]

Experimental Modeled

350 100
€ 300 i 0 i .
e 80
=1
T 250 4 . . . . .
9]
Q
£ & . & .
o 200 . V2 . 60
% f}/@ S
2 : g w0
g 100 '$. . . “ = .

50 . . . . . 20

c) 2500 m & -7°C - HC conversion efficiency [%] d) 2500 m & -7°C - HC conversion efficiency [%]
Experimental Modeled
350 T T T T T 100

n w
o [=]
o o
.

.
.

.
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Figure 5. HC conversion efficiency as a function of the exhaust mass flow and catalyst inlet tempera-
ture: (a) experimental results at 0 m and 20 °C; (b) modeled results at 0 m and 20 °C; (c) experimental

results at 2500 m and —7 °C; and, (d) modeled results at 2500 m and —7 °C.

The HC was not completely depleted in the tested DOC inlet temperature window,
which was most probably due to the existence of very low reactivity HC species [50]. This
result was similar for warm sea-level and cold altitude at high temperature. However,
higher DOC inlet temperature was required to reach the same conversion efficiency in cold
altitude. As example, 200 °C were required to reach 80% of HC conversion efficiency in
cold altitude, i.e., 30 °C above the conditions in warm sea-level. In fact, the HC conversion
efficiency in cold altitude fell fast below this temperature, with a clear dependence on the
exhaust mass flow. Whilst the HC conversion efficiency remained around 60% between
and 100-150 °C at a low exhaust mass flow, it sharply decreased as the mass flow increased,
reaching 30% at 70 kg/h and 125 °C.

The phenomena leading to the decrease of the conversion efficiency are common for
CO and HC, as later discussed in Section 3.2. However, as previously stated, the CO and
HC conversion efficiency patterns were different because of the HC adsorption. This was
contrasted computing the HC conversion efficiencies due to adsorption and oxidation
phenomena separately. Figure 6 represents these contributions as a function of the exhaust
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mass flow and the DOC inlet temperature. Plots (a) and (b) in Figure 6 are related to the
HC oxidation conversion efficiency in warm sea-level and cold altitude, respectively. Com-
plementary, plots (c) and (d) in Figure 6 show the adsorption contribution. As observed,
the trends in Figure 6a,b, i.e., HC oxidation, were exactly the same as those that were ob-
tained for CO conversion efficiency (comparison with Figure 4) at each tested atmosphere.

Table 5 numerically exemplifies the trends in conversion efficiency. The CO and HC
conversion efficiency are considered. In the case of HC, the oxidation and adsorption
contributions to the total HC conversion efficiency are distinguished. The CO and HC
oxidation conversion efficiency increase with the DOC inlet temperature, while the HC
adsorption conversion efficiency shows decreasing values. Because the same expressions
govern the oxidation reaction rate for CO and HC, the quantitative differences come
mostly from the lower HC reactivity and the CO/HC partial pressures to a lesser extent,
as forward discussed. Therefore, the adsorption was indeed the main source of discrepancy
between CO and HC conversion efficiencies. Noting that the results correspond to the
conditions after 15 min. of operation (the adsorption is a time-governed process), the HC
adsorption conversion efficiency in warm sea-level was ~60% until ~125 °C (point B in
Table 5), regardless of the mass flow and it dropping quickly as the DOC inlet temperature
increased (~20% at ~150 °C). Equivalently, Table 5 shows how the adsorption conversion
efficiency drops by increasing the DOC inlet temperature. In cold altitude, these orders of
magnitude were only obtained at very low mass flow (Figure 6d and point F in Table 5).
In these conditions, the adsorption HC conversion efficiency was highly penalized as
the mass flow increased, in contrast to the warm sea-level (Figure 6¢). The adsorption-
desorption equilibrium is determined by the HC partial pressure and the HC surface
coverage evolution over time, according to Equations (8) and (9). Section 3.2 discusses their
impact on the resulting adsorption HC conversion efficiency.
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Figure 6. Adsorption and oxidation contributions to HC conversion efficiency as a function of the

exhaust mass flow and catalyst inlet temperature: (a) oxidation at 0 m and 20 °C; (b) oxidation at

2500 m and —7 °C; (c) adsorption at 0 m and 20 °C; and, (d) adsorption at 2500 m and —7 °C.

3.2. Role of Flow Properties in Conversion Efficiency Variation

The DOC inlet temperature and exhaust mass flow are engine parameters that are
intimately related to the air and thermal management. In addition, the results that are
presented in Section 3.1 have shown that they have a relevant impact on the pollutants
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Table 5. Oxidation and adsorption conversion efficiencies at selected points.
Point Condition Temp. Mass Flow CO eff. HC ox. eff. HC ads. eff.  Total HC eff.
[°Cl [kg/h] [%] [%] [%] [%]
A 0m &20°C 98.17 66.00 1.09 0.00 68.83 68.83
B 0m&20°C 124.40 38.72 32.25 522 62.60 67.82
C 0m &20°C 159.61 38.64 93.89 79.44 11.35 90.79
D 0m&20°C 253.22 76.29 100.00 89.52 0.00 89.52
E 2500 m & —7 °C 92.53 54.22 0.17 0.00 3741 37.41
F 2500 m & —7 °C 128.13 33.02 14.64 3.45 58.62 62.07
G 2500 m & —7 °C 158.78 60.33 44.27 12.35 18.52 30.87
H 2500 m & —7 °C 230.25 78.31 99.19 78.33 0.00 78.33

abatement. However, since the tested ranges are equivalent for warm sea-level and cold
high altitude cases, the underlying causes explaining the change in conversion efficient
must be found in additional parameters, namely dwell time and reactants partial pressure.

Figure 7 represents the dwell time as a function of the exhaust mass flow and DOC
inlet temperature for the tested ambient conditions. The dwell time is evidently lower
when working in altitude conditions for the same exhaust mass flow and DOC inlet
temperature, as expected from the lower exhaust pressure after the VGT expansion in
altitude operation. In this particular study, the altitude dwell time was decreased by a
~25% with respect to sea-level, according to the ambient pressure reduction from sea-level
to 2500 m. Consequently, this parameter is negatively affecting the conversion efficiency in
the cold altitude case in an homogeneous way throughout the tested range.

a) 0 m & 20°C - Dwell time [s] b) 2500 m & -7°C - Dwell time [s]
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Figure 7. Dwell time as a function of the exhaust mass flow and catalyst inlet temperature: (a) 0 m
and 20 °C; (b) 2500 m and —7 °C.

Opposite to dwell time, the reactants partial pressures can differently affect as a
function of the exhaust mass flow and DOC inlet temperature because of their relation
with the engine operating point. Partial pressure provides dual sensitivity because of the
exhaust pressure at the VGT outlet, which is mostly given by the altitude, and the mole
fraction, which is determined by the engine management as a function of both altitude and
ambient temperature.

Figure 8 plots the O, partial pressure. At very low temperature, the O, partial pressure
was lower in cold altitude than in the warm sea-level. This was expected from the lower
ambient pressure in altitude conditions. As a consequence, it contributed to lower CO and
HC reactivity in the oxidation light-off and warm-up regions during altitude operation.
This result is in agreement with the trends in conversion efficiency that are described in
Section 3.1. If the ratio of O, partial pressures between altitudes was exclusively related to
ambient pressure variation, its ratio should be 1.356 (sea-level to 2500 m ambient pressure
ratio) in the entire contour map. However, this ratio was lower everywhere and variable
with exhaust mass flow at constant DOC inlet temperature. At very low temperature,



Appl. Sci. 2021, 11,1283

13 of 21

the O, partial pressure at sea-level was very sensitive to the exhaust mass flow, although
higher than at altitude; at high temperatures, the O, partial pressures at sea-level and
altitude tended to converge. In fact, the O, partial pressure resulted in being lower at
sea-level above 250 °C for low exhaust mass flows than in the altitude counterpart.

a) 0 m & 20°C - O2 partial pressure [mbar] b) 2500 m & -7°C - O2 partial pressure [mbar]
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Figure 8. O, partial pressure as a function of the exhaust mass flow and catalyst inlet temperature:

(a) 0m and 20 °C; (b) 2500 m and —7 °C.

These trends evidence that additional engine variables conditioned the DOC perfor-
mance. Figure 9 represents the fields of equivalence ratio and LP-EGR rate in the tested
conditions. According to plots (a) and (b) shown in Figure 9, the equivalence ratio was
higher for warm sea-level in the entire tested range, but especially at high DOC inlet tem-
perature. Comparatively, it contributed to offsetting the expected differences in O, partial
pressure due to altitude operation. The increasing O, partial pressure with exhaust mass
flow at constant DOC inlet temperature corresponding to warm sea-level (Figure 8) was
also dictated by the inverse trend in equivalence ratio. As a remark, the operation in cold
altitude required higher engine speed and fuel mass flow, besides higher boost pressure
(closer VGT, and higher turbine inlet pressure and temperature), for the same exhaust mass
flow and DOC inlet temperature. In addition, the differences in the equivalence ratio were
also influenced by the huge variation in LP-EGR rate between the sea-level and altitude
cases. The engine control closed the LP-EGR valve, which, besides the increase of the
boost pressure, offset the air mass flow reduction with respect to sea-level driving [12] and
contributed to setting an adequate equivalence ratio [13]. Figure 9¢,d show that the fields
of LP-EGR are equivalent in trend in warm sea-level and cold altitude. The LP-EGR rate
increases with the exhaust mass flow (engine speed), but the increasing rate is lower as
the mass flow increases. It also contributes to explaining the lower equivalence ratio and
higher O, partial pressure at high exhaust mass flow.

Regarding the CO conversion efficiency, Figure 10 represents the engine-out CO partial
pressure for the two tested ambient conditions. A change in the sensitivity of the CO partial
pressure with exhaust mass flow and catalyst inlet temperature is observed between the
warm sea-level and cold altitude cases. In the warm sea-level condition, the CO partial
pressure was highly dependent on the temperature at low exhaust mass flow. However,
the CO emission became increasing as the exhaust mass flow did. By contrast, the CO
partial pressure was mostly dependent on the DOC inlet temperature in cold altitude
operation. It is very interesting to note that, despite the lower ambient pressure, the highest
CO partial pressure was found in these conditions at a low DOC inlet temperature.

When considering the engine-out HC partial pressure, which is represented in
Figure 11, the trends are very similar to those that are found for CO. Again, the maxi-
mum HC partial pressure took place at low DOC inlet temperature in the case of altitude
operation. The fact that the CO and HC partial pressures were higher in a cold altitude than
the warm sea-level counterparts evidenced higher engine-out emission (mole fraction).
This trend covers the entire engine-out HC field but only the medium-low DOC inlet
temperature range for CO. In the case of HC, it is also remarkable that the high engine-out
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HC emission at low temperature determined the adsorption efficiency along time. Higher
HC emission at altitude conditions meant higher HC adsorption conversion efficiency at
the beginning of the test. However, the faster increase of the HC surface coverage as time
went by made the desorption rate increase. This is the reason why the HC adsorption
conversion efficiency was lower in cold altitude than in warm sea-level at the end of the
tests (Figure 6¢,d), especially as the exhaust mass flow increased, since it caused greater
HC surface coverage.
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Figure 9. Equivalence ratio and low-pressure-exhaust gas recirculation (LP-EGR) rate as a function
of the exhaust mass flow and catalyst inlet temperature: (a) equivalence ratio at 0 m and 20 °C;
(b) equivalence ratio at 2500 m and —7 °C; (¢) LP-EGR rate at 0 m and 20 °C; and, (d) LP-EGR rate at
2500 m and -7 °C.

Regarding a first-order reaction kinetic term, high CO/HC partial pressures at low
temperature in altitude operation should contribute to offset the decrease in conversion
efficiency caused by the lower dwell time and O, partial pressure. However, a high partial
pressure of pollutant species also produces a penalty in inhibition [25]. Figure 12 depicts
the oxidation inhibition term for two tested exhaust mass flows as a function of the DOC
inlet temperature and ambient condition. The high CO and HC partial pressures at low
temperature caused high inhibition in the cold altitude conditions. In both of the tested
cases, the inhibition decreased as the temperature was increased because of the reduction
in CO and HC partial pressures. The reduction of the engine-out emission combined
with the lower ambient pressure gave, as a result, even lower inhibition than at sea-level.
Therefore, the trends in partial pressures at low temperature (lower O,, and higher CO
and HC partial pressures in altitude) explain the decrease of the CO and HC conversion
efficiency at high altitude, along with the dwell time decrease. Complementary, the DOC
performance at high temperature was only damaged by the dwell time, with its penalty
being reduced by the lower inhibition and the null influence of O,. Hence, CO and HC
conversion efficiencies resulted in being very similarly above ~170 °C, regardless of the
ambient condition.
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Figure 10. Engine-out CO partial pressure as a function of the exhaust mass flow and catalyst inlet

temperature: (a) 0 m and 20 °C; (b) 2500 m

and —7 °C.
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Figure 12. Inhibition term as a function of the DOC inlet temperature and ambient conditions for
(a) 40 kg/h and (b) 70 kg/h in exhaust mass flow.

3.3. Light-Off Curves Sensitivity Analysis

Light-off curves of CO and HC were computed in order to evaluate the impact of
the dwell time and the reactants partial pressure on the conversion efficiency separately.
A set of light-off simulations were carried out for two exhaust mass flows (40 and 70 kg/h),
imposing a DOC inlet temperature ramp of 1°C/min from 100 °C to 300 °C. This small
temperature ramp makes the efficiencies shown in the light-off curve equivalent to those
that would be obtained when the catalyst operates under steady state conditions at every

temperature. The gas composition was

taken from the contour maps for every reactant.
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Figure 13. Progressive CO and HC light-off curves variation from warm sea-level to cold altitude case considering dwell
time and reactants partial pressure separately: (a) CO light-off curve at 40 kg/h; (b) HC light-off curve at 40 kg/h; (c) CO
light-off curve at 70 kg/h; and, (d) HC light-off curve at 70 kg /h.

Figure 13 represents the CO and HC light-off curves. In the case of HC, the adsorption
mechanism was canceled, since it depends not only on temperature, but also time through
the instantaneous surface coverage. Therefore, only the HC oxidation light-off curve
was computed. Figure 13a,b represent the CO and HC light-off curves, respectively,
corresponding to 40 kg /h, whilst plots (c) and (d) correspond to 70 kg/h. Four modeled
series are compared in every plot to analyze, step-by-step, the change in conversion
efficiency from warm sea-level to cold altitude conditions:

¢ The black series corresponds to the baseline warm sea-level case, i.e., experimental
dwell time and gas composition at 0 m and 20 °C.

*  Asa first step, the dark gray series represents the results of a simulation where the
warm sea-level setup was modified, imposing the dwell time that corresponds to cold
altitude.

*  Next, the light gray series was obtained from warm sea-level case, but imposing both
the dwell time and O, partial pressure of the cold altitude case.

. Finally, the red series corresponds to the baseline cold altitude, i.e., dwell time, O,
partial pressure, and pollutants partial pressure (kinetic term and inhibition) impact
with respect to warm sea-level results.

As a common trend in every plot of Figure 13, the decrease of dwell time in altitude
conditions produced a shift of the light-off curves toward higher temperatures (~5.5 °C,
on average). The decrease of the O, partial pressure also shifted the curves toward higher
temperature in the light-off region. In this case, the penalty depended on the engine
operating conditions, due to the variation of the O, partial pressure difference between
warm sea-level and cold altitude as a function of the exhaust mass flow. The light-off
temperature was further delayed ~4.5 °C at 40 kg /h increasing the penalty until ~7 °C at
70 kg/h. Nevertheless, the higher O, partial pressure at high temperature in cold altitude
canceled its negative impact and slightly increased the HC conversion efficiency above
~225 °C, as observed in Figure 13b.
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Despite the deterioration of the light-off temperature due to dwell time and O, con-
tributions in cold altitude, the red series evidenced that the most relevant parameters are
the pollutants partial pressures due to the inhibition effect. At low exhaust mass flow
(40 kg/h) and DOC inlet temperature, the CO and HC light-off curves were moved toward
very high temperature, given rise to a substantial delay of the light-off temperature. It
was more marked in the CO case (Figure 13a) due to its baseline low light-off temperature,
which corresponds to an operating region where the CO and HC partial pressures were
much more higher in the cold altitude than warm sea-level conditions. By contrast, the CO
and HC partial pressures at a high temperature were lower in cold altitude than in warm
sea-level. Consequently, the HC conversion efficiency improved with respect to the warm
sea-level case above 200 °C, offsetting both the dwell time and O, partial pressure penalties.
This result was not observed for CO in the 40 kg /h case due to the fact that its conversion
efficiency was almost 100% at this temperature range.

As the mass flow increased (70 kg /h), the CO and HC partial pressures in cold altitude
were only higher than in warm sea-level for a very low temperature, but rapidly decreased
below the baseline condition. As a result, the light-off curves underwent a very fast increase
of their slope in the cold altitude case (Figure 13c,d). The resulting CO light-off temperature
was not further damaged and partially compensated the dwell time and O, partial pressure
effects. Above this temperature, the benefits of the lower pollutants partial pressure became
more evident and the light-off curves of the two tested ambient cases were even coincident
from 185 °C on. The HC light-off benefited more from these boundary conditions, taking
place earlier in cold altitude than in warm sea-level. In any case, both of the light-off curves
converged from 50% in conversion efficiency.

4. Summary and Conclusions

This study has presented the trends of the CO and HC conversion efficiency variation
in an oxidation catalyst, due to the change of the ambient conditions from standard warm
sea-level to extreme operation in cold altitude (2500 m and —7 °C). The evaluation of
the catalyst performance was carried out in a Euro 6d-Temp diesel engine run under
steady-state conditions within a common range of exhaust mass flow and catalyst inlet
temperature in both ambient conditions.

The CO and HC conversion efficiencies were deteriorated at low temperature, increas-
ing the light-off temperature, but with different trends in CO and HC. The CO conversion
efficiency suffered a very marked decrease in the low exhaust mass flow region, where the
light-off was delayed approximately 45 °C. This penalty progressively decreased as the
exhaust mass flow increased. The HC abatement was more damaged. Being the HC conver-
sion efficiency above 50% in the entire tested field for warm sea-level, very low conversion
efficiency regions were found in cold altitude operation, specially at high mass flow. In this
case, the HC light-off was not reached until 150 °C from 50 kg /h onward in exhaust mass
flow. The modeling of the DOC response revealed that the differences that were found in
the variation of the CO and HC conversion efficiencies were exclusively due to the role of
the adsorption process. This was highly influenced by the change in HC emission at a low
temperature. The HC partial pressure in cold altitude became much higher than the one
in warm sea-level, despite the lower ambient pressure. Consequently, the adsorption was
very high at the beginning of the test. However, once the engine reached the steady-state
conditions, the high HC surface coverage penalized the HC conversion efficiency in the
low temperature region.

Concerning the causes of the oxidation light-off temperature variation, the dwell
time and O, partial pressure were noticed to have a relevant influence in increasing it
for both HC and CO in cold altitude operation. While the dwell time is unavoidable,
the O, partial pressure depends on the exhaust temperature mainly due to its relation
with the equivalence ratio. These parameters only damaged altitude operation at very
low temperature, adding its negative contribution to the light-off temperature increase.
However, the pollutants partial pressure were particularly critical in understanding the
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deterioration of the conversion efficiency at low temperature. The reason was the huge
increase of pollutant engine-out emission in altitude operation in this range of working
conditions. Consequently, a high increase of the CO and HC oxidation inhibition was
produced, thus highlighting the importance of an optimal engine control and ATS matching.
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Abbreviations

The following abbreviations are used in this manuscript:

Acronyms

ATS aftertreatment system

DOC diesel oxidation catalyst

EGR exhaust gas recirculation

HP-EGR high pressure EGR

HSDI high-speed direct injection

LP-EGR low pressure EGR

MEDAS multifunctional efficient dynamic altitude simulator
MTM MEDAS temperature module

RDE real driving emission

SCRf wall-flow particulate filter with selective catalytic reduction function
VGT variable geometry turbine

WCAC water charge air cooler

WLTC worldwide harmonized light vehicle test cycle
WLTP worldwide harmonized light vehicle test procedure

Latin Letters

Cuw thermal capacitance

D monolith diameter

E, activation energy

Gox oxidation inhibition term

km mass transfer coefficient

k, kinetic constant in reaction r
K inhibition term constant

L monolith length

Mexh exhaust mass flow

Pn partial pressure of species n
Ps pre-exponential factor

Gr thermal power related to the reaction mechanism

equivalent thermal resistance
reaction rate

specific surface

time

temperature

gas velocity

axial coordinate
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Greek letters

A variation

v stoichiometric coefficient
0 HC surface coverage

P specific storage capacity
Subscripts

ads adsorption

des desorption

gas exhaust gas

in inlet

n species 1

0x oxidation

w wall

wc washcoat
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