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Analysis of fluid-dynamic guidelinesin diesel particulate filter sizing for fuel
consumption reduction in post-turbo and pre-turbo placement

J.R. Serrano, H. Climent, P. Piqueras*, E. Angiolini

Universitat Politécnica de Valéncia, CMT-Motores Térmicos, Camino de Vera s/, 46022 Valencia, Spain.

Abstract

Wall-flow particulatefilters are in the present days a standard aftertreatment system widely used in diesel engines
to reduce particle emissions and meet emission regulations. This paper deals with the analysis of the macro- and
meso-geometry definition of the DPF monoliths from a fluid-dynamic modelling approach. Focus is driven to the
analysis of the influence on pressure drop and hence on engine fuel economy.

The influence of the DPF volume on the engine performanceis analysed with a gas dynamic software including
both post-turbo and pre-turbo placement under clean and soot loading conditions. A swept in cell density is also
considered for different thermal integrity factors. This approach alows analysing the trends in pressure drop and
cell unit geometric parameters defining the monolith thermal and mechanical performance. A discussion considering
constant specific filtration area and constant filtration areais performed providing a comprehensive understanding of
the DPF and engine response as volume and cellular geometry are changed. Results are leading to rigorously justify
known but usually empirical guidelines for DPF design in post-turbo applications. A discussion on the potentia for
monolith volume reduction in pre-turbo applications with respect to the post-turbo baselineis addressed. Thisisbased
on the very low sensitivity of fuel consumption and pressure drop both to volume reduction and soot and ash loading
with pre-turbo DPF configuration.

Keywords: Diesel engine, DPF sizing, pressure-drop, fuel consumption, pre-turbo aftertreatment

1. Introduction

Diesel engines have gained in recent years in growth acceptance with respect to other internal combustion en-
gine dternatives and have found its way in numerous applications [1]. The reason explaining the increasing market
penetration of diesel enginesin ground transport applications, both for passenger and heavy duty use, is found in its
improved performance and higher efficiency leading to lower CO, emissions [2]. Increasingly restrictive emission

standards have also played an important role in the devel opment of more environmentally friendly engines.
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Besides the improvement of different engine aspects such as turbocharging [3], hovel combustion concepts [4],
use of fuel blends [5] or new EGR route solutions[6], the compliance of current and incoming emission standardsis
requiring the use of aftertreatment systems[7]. Between these systems, diesel particulatefilter (DPF), and in particular
wall-flow type DPF, is the most effective solution for controlling particulate matter emissionsin diesel engines.

Wall-flow DPFs are honeycomb monoalithic structures with aternatively plugged channels at each end. The gas
flow entering the inlet channels is forced to pass through the porous substrate walls, where the soot particulates are
deposited and accumulated until the regeneration takes place. These systems have been traditionally placed down-
stream of the turbine at the tail end of the exhaust line. However, higher temperature upstream of the turbine and
the lower fuel penalty are boosting interest for the pre-turbo DPF configuration in heavy-duty [8] and passenger car
engines[9]. The required condition is the use of two-stage turbocharging systems or combined mechanical and turbo
charging systems. These boosting architectures are required to avoid the detrimental effect of ceramicsthermal inertia
on the engine dynamic response [10].

One of the additional latent advantages of pre-turbo DPF placement is the potential for volume reduction because
of the lower pressure drop that a given DPF provides with respect to the traditional post-turbo location [11]. It can
become a source of cost savings due to the fact that more than 50% of control emission technologies are coming from
aftertreatment systems in standard passenger car engines[12]. Aftertreatment cost is distributed in DOC (10%), DPF
(40%) and SCR (50%) [12]. Other studies, such as the reports from EPA/NHTS [13] and NAS [14], provide even
higher cost of the aftertreatment systems. From these data, and assuming that the whol e aftertreatment system to fulfil
Euro 6 is estimated to reach circa 30% of the engine cost, the DPF is representing around 12% of it.

DPF volume in post-turbo placement is usually ranging between 1.5 and 2.5 times the engine displacement [12].
Thefinal volumeis selected as compromise between packaging restrictions and capability for soot and ash accumula-
tion. Besides the volume, the cellular geometry is aso key to define the DPF performance. Severa studies have been
conducted to analyse the most efficient cellular geometry to minimise the DPF pressure drop in clean [15] and soot
loaded monoliths[16]. However, these studies are based on honeycomb cell-size optimisation keeping constant porous
wall thickness. Despite the monolith channel pressure drop cell size and geometry optimisation [17], the performance
of the DPF concerning thermal response [18] or mechanical resistance must be also considered. These characteristics
are usually assessed by means of a series of cell unit geometric parameters [19] that can be defined for several cell
cross-section geometries [20]. These parameters are widely applied to the pre-design of through-flow monolith for
catalytic applications[21]. In this paper the main cell unit geometric parameters are adapted to the specific wall-flow
monolithic structure with square channels. The objective is to analyse with a gas dynamics code the influence of the
DPF volume and the cellular geometry on the pressure drop and engine fuel consumption accounting for the DPF
placement with respect to the turbine. The cellular geometry is modified sweeping a cell density range as afunction

of the monolith volume keeping constant the thermal integrity factor (T1F), which is additionally parameterized. This
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strategy gives as a result a wide set of data allowing a comprehensive discussion to define and justify guidelines for

DPF pre-design in post-turbo and pre-turbo placement.

2. Methodology

Theresults shown in thiswork have been obtained from a modelling approach based on the use of the open-source
gas dynamic software OpenWAM ™[22, 23] for internal combustion engines and components computation. Focusis
driven to analyse the influence on the engine performance of the DPF pressure drop change as a function of the DPF
macro-and meso-geometry. The DPF model assumes one-dimensional unsteady compressible and non-homentropic
flow [24] to manage the pulsating flow characteristics taking place in pre-turbo placement. The fluid-dynamic mod-
elling is completed accounting for heat transfer phenomena[25] and porous media properties as afunction of the DPF
soot loading [26].

The baseline engine is a turbocharged diesel engine for passenger car application. The main characteristics of
the engine are shown in Table 1. The engine was tested with post-turbo and pre-turbo aftertreatment configuration
in order to provide a reference for the subsequent engine and DPF modelling study. The aftertreatment system in
post-turbo placement is composed of a close-coupled DOC next to the VGT, an underfloor DOC and a DPF. The pre-
turbo aftertreatment architecture is simplified by removing the close-coupled DOC and keeping only the underfloor
aftertreatment directly placed upstream of the turbine. The architecture for this study was pre-turbo DPF followed
by the DOC. The relative DPF and DOC placement in pre-turbo configuration has not relevance on sizing since the
change in DPF pressure drop is small [11]. The selection of this kind of pre-turbo aftertreatment architecture is
justified by the need to improve the aftertreatment warm-up [27] and as a solution to protect the VGT from ceramic
debris coming from an eventual DPF fault by making use of ametallic DOC [28].

Figure 1 shows the comparison between experimental data and modelled results for the variables of interest in this
study. The engine was tested at medium high load ranging from 1500 rpm to 3000 rpm in engine speed; the engine
load is decreasing with engine speed being 90% at 1500 rpm, 80% at 2000 rpm and 2500 rpm, and 70% at 3000 rpm.
The model shows good accuracy and sensitivity to predict the engine performance and the DPF pressure drop any of
the aftertreatment placement and operating point.

The modelling work performed from the engine model setup has been carried out in the operating point at
2500 rpm and 80% in engine load. For all the simulations, the ambient conditions have been set to 1.025 bar and
27°C both for pre-turbo and post-turbo aftertreatment configurations. Theinjected fuel mass flow and the equivalence
ratio are also kept constant in the study and equal to the experimental values obtained with pre-turbo aftertreatment
configuration. The VGT position is changed as the DPF geometry is modified (different DPF pressure drop) in order

to kept constant the air mass flow and hence the equivalenceratio.
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2.1. DPF geometry study definition

The proposed parametric study affecting the geometry of the DPF covers the change in volume and cell density.
The DPF installed in the engine during the testing phase is taken as reference. The main characteristics of this DPF
are summarised in Table 2.

A series of cell unit geometric parameters, whose value can be considered as state of the art, is given in Table 2
to be used as baseline for following discussions. The filtration area of the DPF is defined as a function of the specific
filtration area (SFA) and the effective monolith volume, which in turn is a function of the monolith diameter (D) and
the channel length (L.):

2
Ar =S FAﬂE Le )
Being the channel length
Le=L- Lplug, (2)

and taking into account the square geometry of the cells, the specific filtration areais defined as:

2a
SFA = m 3

The filtration area provides information about the capability for soot and ash accumulation and the resulting
pressure drop. The higher the filtration area the lower the porous medium contribution to the pressure drop because
of the influence on filtration velocity and particulate layer thickness. It aso influences the regeneration rate since is
directly affecting the catalyst surface and loading, the gas to solid contact surface and the dwell time across the wall.
The SFA, whichis half the SGA, isrelated to thefiltration areaaccounting for the required volumeto get it. Therefore,
the higher the SFA for a given volume the better regeneration dynamics and the lower the pressure drop in soot loaded
DPFs. However, the changein SFA is not dependent on macro-geometry, as filtration areais, but on meso-monolith
or cellular geometry through the honeycomb cell size (a) and the porous wall thickness (w ). Therefore, other cell

unit parameters are related to the specific filtration area. It is the case of the cell density (o), which is defined as:

1 SFA
o = =
(@+wy)? 20

(4)

The open frontal area (OFA) is also accounting for the effect of the pressuredrop, in this caseinertial contributions
due to local flow contraction and expansion at inlet and outlet DPF monolith respectively [24]. For a wall-flow
monolith, OFA is defined according to:

a? aSFA

OFA= a4 ©)
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Other parameters of interest are those related to the thermal and mechanical response of the monolith. Concerning
thermal behaviour, the light-off factor (LOF) is considered in Table 2 for awall-flow honeycomb structure;
1/SFA

LOF =5 (m _ 25 FA) ©6)

The LOF is accounting for the light-off performance of the monolith [19]. In DPF application, it is representative
of the substrate thermal response under transient operation. During steady-state conditions, the heat transfer is related
to the bulk heat transfer parameter (HTP). Taking into account SFA and OFA definitionsin wall-flow monoliths HTP
isgiven by:

1 SFA?

HTP = ENum (7)

These parameters indicate that the higher the SFA the faster wall temperature increase under transient operation
but the higher the gas heat losses for the same OFA.

Finally, Table 2 includes mechanical parameters such asthethermal integrity factor (TIF), the mechanical integrity
factor (MIF) and the strain tolerance parameter (STP):

TIE = &5 W ®)
Wiy
W2
MIF= —%
(a +wy) @ ©
STP = TIF (1 - 20FA) (10)

TheTIFis proportional to the maximum temperature gradient that the monolith can withstand when is subjected to
thermal cycles[19]. MIF and STP are parameters representing the geometric contribution to the mechanical resistance
of the substrate. The MIF is defining the load carrying limit of a cell unit, which is given by the diagonal of the cell
[19]. Fromitsvalueit is possible to obtain the load carrying capability accounting for the tensile strength of the wall
(ow), whichis constant if the porosity wall is not modified [21], as assumed in this study:

2
F = SouMIF (11)

The STP is an indicator of the thermal durability that considers the cellular geometry influence on the strain
tolerance (ST) [29], which is defined as:

MOR;
T=—>=
S E,

dow(1-20FA)
=2  _TIF(1-20FA)=STP (12)

25 ( 1—8)
TIF \T+ds
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According to the definition of these parameters, the parametric study comprises the DPF placement in pre-turbo
and post-turbo location and the change in monolith volume, cell density, TIF and soot mass loading. Variationsin

monolith geometry and soot loading are performed according to the following considerations:

e The monolith volume has been reduced by 60% of its nomina value accounting for a discretization into 5

volumes. The reduction has been performed by modifying the monolith diameter in steps of 10% from its
nomina value, with the only exception of the minimum diameter. This has a reduction of 33.5% from the
nominal value to provide the 40% of volume reduction. Moreover, stepsin diameter provide more resolutionin
the region of low volume because of computed points are closer. The monolith length has been kept constant.
It is due to the fact that the DPF pressure drop is sensitive to volume through diameter change being the length

effect amost negligible [30].

The cell density has been swept from 100 to 500 cpsi with steps of 50 cpsi. It leads to compute 9 cell densities
that combined with the volume discretization provide 45 geometries to be modelled. Higher values of cell
density have been avoided because of soot plugging issues [31]. As pointed out by eqg. 4, the change in cell
density hastwo degrees of freedom, i.e. @ andw,,. To prevent from an arbitrary changein the cellular geometry,
the cell density variation has been performed imposing constant TIF, which involvesthat the a tow , ratio must

be kept constant when changing the cell density:

W,
GxXW @ _TiF-1 (13)
Ww Ww

TIF =

The study comprisesthree TIF valuesin order to account for the effect of the TIF change on the engine response.

Every DPF geometry (volume, cell density and TIF definition) has been computed for clean DPF (soot and ash
free substrate) and 5 g of soot mass loading. Such a soot mass |oading seems to be alow value but its choiceis
based on test results. After the steady-state tests of operating points shown in Figure 1, the maximum soot mass
loading in the post-turbo location was 5 g (less than 0.5 g in pre-turbo location). Additionally, as previously
indicated, the study is performed at constant injected fuel mass and equivalence ratio, obtaining the last by
controlling the VGT position. In post-turbo placement, a high DPF soot mass loading in small DPF volumes
can avoid to get the desired equivalence ratio in the medium-high engine load range even fully closing the
VGT operating. It is because of the increasing engine back-pressure as it will be shown forward in Section 3.
Therefore, any other scenario for DPF soot mass loading has not been considered in order not to affect the

boundaries of this study.
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3. Resultsof the parametric study

3.1. Clean DPF conditions

According to the described parametric study in Section 2.1, Figure 2 represents the DPF pressure drop variation
as a function of monolith volume and cell density for the reference TIF under clean DPF conditions. Plots (a) and
(b) are referred to pre-turbo and post-turbo DPF placement respectively. The coordinates of the computed cases are
pointed out by black circles in both plots. White colour lines on the pressure drop contour are identifying filtration
areaiso-lines.

The pressure drop trend shows that thisis mainly dependent on the monolith volume with lower dependenceon the
cell density. The comparison between both DPF placements confirms the pressure drop reduction with pre-turbo DPF
configuration. It is due to the higher gas density and lower velocity for the same geometry what reduces the pressure
drop [10]. It can be noted how the difference in pressure drop with respect to the post-turbo DPF configuration
increases as volume reduces, both in absolute and percentage terms. A volume reduction from 2.4 | to 1 | gives
as a result that the pressure drop is multiplied approximately by 3.5 in pre-turbo placement but by 5 in the case of
post-turbo placement.

An analysis at constant volume reveals that there is an optimum cell density for either DPF placement. Such
an optimum cell density is located between 225 and 250 under clean DPF conditions and TIF=5.59 (reference value)
independently of the monolith volume. Nevertheless, the cell density influence on the pressure dropisnegligibleinside
the range from 200 to 300. To extent the analysis of the optimum cell density under the constraint of constant TIF, the
pressure drop of a canned DPF device can be estimated applying alumped parameter model based on incompressible

flow approach [32]:

Apppr = ﬂ(01"'Ww)2[ﬂ+i|n( c )

N 4FWL§ [ 1 N 1 J
4" 4
3 (a - 2Wp|) a
2 L 2
+ VZP;SZ (a+ WW)4 (Smon + Sie + Soc) (;e) (14)
e

Combining eq. 14 and eg. 8, the DPF pressure drop can be expressed as a function of TIF. Firstly, the term

depending on the particulate layer thickness is expressed as a function of this parameter:

My
Nin LePpI

a— ja? -

2

Wp = (15)
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Considering the variable Y independent of « the pressure drop can be finally written as:

(16)

TIF? o2 TIF 2,1 (1
AF’DPF:MQ @ ﬂ( )az— ( )

Ne(TIF—17 ke + 2 \TIF-1) “ 2 "\
2 2
+£( TIF )4FwLei 1+i
N ATIF-1) "3 2\ " 7

2pQ2( TIF

VZaZ \TIF -1

)4 @ (Smon + Sie + Soc) (%)2 (17)

Imposing constant TIF and deriving eg. 17 with respect to a, it is possible to obtain the optimum value of the

honeycomb cell size

2 _1 1 1)’
K TTFT T Ky In(T)

and hence the optimum porouswall thickness and cell density:

8FyLZ (1
—= (41
opt = J el Ol (18)

WWopt = (T I F - 1) aopt (19)

L (20)

O-Opt = —2
(a'opt + WWopt)

Figure 3 shows the optimum value of the cell density as afunction of TIF, porouswall permeability (plot (a)) and
channel length (plot (b)) for a clean DPF. For the reference TIF, porous wall permeability and effective length, the
application of the lumped parameter model provides an optimum cell density equal to 227, i.e. similar to the results
shown in Figure 2 and obtained applying the one-dimensional compressible unsteady flow DPF model. Nevertheless,
the analysis of the results in Figure 3(a) reveals that the optimum cell density is very sensitive to the porous wall
permeability. Asthe porouswall permeability increases there is a reduction in the optimum cell density. This means
not only advantagesin lower pressure drop but also a significant reduction in the risk of plugging issues. Concerning
TIF and channel length, the increase of these two parameters provides lower values for optimum cell density but its
influenceis lower than that of the porouswall permeability.

The pressure drop behaviour around the optimum cell density range shown in Figure 2 is also manifested in
specific fuel consumption, which is represented in Figure 4. Plot (a) refers to the pre-turbo DPF configuration and
plot (b) shows the results corresponding to the post-turbo DPF configuration. Although keeping the same trend than

8
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the DPF pressure drop, the bsfc magnitude scarcely varies with pre-turbo DPF placement. However, it shows high
sensitivity to macro-geometry variation in post-turbo DPF configuration.

The use of pre-turbo DPF configuration is bringing almost absolute independence of the DPF sizing on fuel
economy what is added to the already known effect of soot loading [33]. A volumereductionfrom2.41to 11 (—58%)
produces a bsfc change of less than 0.5%.

However, the bsfc suffers an important increase as the monolith volume decreases in the case of the post-turbo
DPF placement. From the higher bsfc than pre-turbo DPF configuration given by the reference geometry, a volume
reductionupto 1.6 (—33%) involvesabsfcincrease of 0.8%. Thisraisesupto 2.1% whenthevolumegets 11 (—-58%).
Given that these results are obtained in the most favourable conditions, i.e. clean DPF, the trend in bsfc precludes any
possibility for volume reduction in post-turbo location and confirmsthe empirical ruleimposing a DPF volume higher
than the engine displacement [12].

The reason justifying the low sensitivity of the pre-turbo aftertreatment configuration to the DPF pressure drop
change, in this study due to volume, is found in the interaction with the turbine[11]. Such an interaction is setting the
engine back-pressure. In a post-turbo aftertreatment configuration, the engine back-pressure is given by the turbine
pressure ratio times the sum of the ambient pressure and the aftertreatment pressure drop. However when a pre-turbo
aftertreatment configuration is used, the engine back-pressureis given by the sum of the aftertreatment pressure drop
and the product of the turbine pressure ratio and the ambient pressure. Besides the lower aftertreatment pressure drop,
this means that the pre-turbo aftertreatment placement prevents from the DPF pressure drop multiplication by the
turbine pressure ratio. Consequently the damage on pumping work of the aftertreatment elementsis highly reduced.

One of the consequences of this behaviour is also related to the control of the VGT. Figure 5(a) showsthat the VGT
position remains constant with pre-turbo DPF placement under clean DPF conditions. However, the VGT must close
as the DPF pressure drop increases in post-turbo aftertreatment placement in order to recover the required expansion
ratio. It leads to further pumping work and bsfc penalty. Figure 5(b) shows how the VGT position is completely

governed by the DPF pressure drop as concluded from comparing with Figure 2(b).

3.2. DPF soot loading conditions

Figure 6 represents the pressure drop when the DPF is loaded with 5 g of soot as a function of monolith volume
and cell density. Despite the increase in pressure drop due to the soot loading the trend is the same as under clean
DPF conditions. The only differenceis the optimum cell density increase for every volume, which isfalling out of the
analysed range. It is due to the reduction of the permeability asinferred from eg. 18.

Theimportance of the porous substrate contribution to pressure drop demands an increasein SFA (increase of cell
density at constant TIF). At constant volume, it would produce the decrease of the filtration velocity because of the
filtration area increase. The result would be the pressure drop reduction across the porous media compensating the

friction losses increase.
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Since too high cell densities may lead to plugging issues this result emphasi ses the selection of high permeability
substrates. It could further boost the interest for heterogeneous porous walls providing high filtration efficiency with
low eguivalent permeability [34] overcoming the passive regeneration issues of these substrates with pre-turbo place-
ment. Longer monoliths keeping volume would be also positive to get lower optimum cell density. In this case, the
diameter reduction has been shown not to be dramatically detrimental for pressure drop keeping constant OFA (con-
stant TIF) or increasing it (increasing TIF) since under soot |oading conditions the macro-geometrical dependenceis
mainly in the volume [30]. Other solutions concern asymmetrical cell designsincreasing filtration areaand providing
higher ash loading capability [35].

The absolute pressure drop difference between post-turbo and pre-turbo DPF placement increases under soot
loading conditions but the percentage difference decreases. It is due to the fact that the increase is only linearly
dependent on the Darcy’slaw being theinertial contribution scarcely affected (only small inlet cross-section reduction
dueto particulate layer).

Despite the pressure drop difference increase, Figure 7 shows that the increase in bsfc penalty with post-turbo
DPF placement is significantly higher. The pre-turbo DPF placement is insensitive to DPF soot loading [26] and the
VGT can remain practically in the same position as shown in Figure 8(a). Only clear fuel damageis observed in bsfc
results at very low volumes and cell densities. According to the results represented in Figure 7(a), a reduction of 42%
in volume of the reference DPF (1.4 1) would provide only an increase of 1.2% in bsfc. This volume reduction in
pre-turbo location provides lower bsfc than the reference geometry in post-turbo location with the same soot [oading.
If the comparison is performed against the reference DPF in post-turbo placement and clean, the bsfc is the same
despite the volume reduction and the soot loading condition in pre-turbo location.

In comparison with the pre-turbo DPF placement, the increase of the engine back-pressure in post-turbo DPF
placement as the DPF gets loaded forces the VGT closing with respect to clean conditions. Such an effect is more
evident as the volume decreases. Figure 8(b) clearly evidences this trend for the analysed operating point. The
consequenceis a high penalty in fuel economy. In this case the volume reduction up to 1.4 | (—42%) gives as aresult

absfc increase of 3.6% with respect to the reference DPF geometry.

4. Approach to volumereduction analysis

The trend shown in bsfc response suggests different approaches for DPF volume reduction as a function of its
placement. While being very restrictive in post-turbo placement because of the fast increase in fuel consumption, the
pre-turbo placement is more prone to discussion because of the low sensitivity of fuel consumption to pressure drop
increase and hence to volume reduction. Additionally, lower soot loading levels are expected because of the higher
temperature across the DPF [11].

According to the sample of computed DPF macro-and meso-geometries, the range for the analysis of the DPF and

engine performanceis very broad. Therefore, given the reference geometry, which is within the state of the art DPFs,
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the analysis of the potential for volume reduction can be approached considering the response of the DPF under two
boundaries: constant specific filtration area and constant filtration area. A comprehensive analysis of the monalith

volume reduction can be performed considering these constraints.

4.1. Constant specific filtration area

Within the monolith volume and cell density swept imposing constant TIF, the comparison at constant specific

filtration area between two DPF geometries provides:

201 200

SFA; =SFA; — = (21)
(1 +Waa)® (02 + W)
Since TIF is constant, rearranging eq. 21 is obtained that
2(TIF1-1) 2(TIF,-1
( 2 ) = ( 2 ) W1 = Wy2, (22)

Wt TIFZ Wy TIF2
so that the analysis at constant specific filtration area meansthat the honeycomb cell size and the porouswall thickness

remain constant:

L _TIF-1

ww

Wi =Wy — a1 = a2 (23)

Consequently, the cell unit geometric parameters (o-, OFA, LOF, HTP (without Nu influence), MIF and STP) are
also kept constant under these analysis conditions. Therefore, the DPF performanceis only affected by the macro-
geometry changein volume and filtration area.

Constant specific filtration area means moving at constant cell density as volume reduces in the contour plots
shown in Section 3. Figure 9 shows the effect of volume reduction on DPF pressure drop as a function of volume,
TIF, DPF location and soot loading in the case of constant SFA, which has been chosen to be the same as that of
the reference DPF for every TIF. Despite that the selected cell density is pretty similar to the optimum value in clean
conditions, the soot loading increase leads to an increasing pressure drop as volume reduces because of the fact that
the filtration areais also decreased. It means the increase of the filtration velocity and the particulate layer thickness,
whichis shown in Figure 12(b). Conseguently the Darcy’slaw contribution to pressure drop increases.

As discussed in Section 3, for every geometry the lower DPF pressure drop in pre-turbo placement is explained
by the lower velocity across the DPF due to the higher gas density with respect to the post-turbo DPF location. This
result is obtained even with the negative effect of the higher gas pressure on the permeability of the porous medium. It
is caused by the dlip flow correction, which is smaller as the pressure increases, like happens when changing the DPF
placement from post- to pre-turbo. The slip flow effect is computed through the Stokes-Cunninham factor (SCF) [24],
which multiplies the specific permeability to set the permeability of the porous medium at every operating condition.
Figure 10 shows the porouswall permeability in pre-turbo (plot (a)) and post-turbo (plot (b)) placement as afunction
of volume, TIF and soot loading. In this case, the post-turbo permeability is only dlightly higher than in pre-turbo
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placement because of the great difference between the mean free path of the gas mol ecul es and the mean pore diameter.
It provides very low Knudsen number and then SCF values very closeto 1.

However, the analysis of the particulate layer permeability, which is shown in Figure 11(a), reveals an important
reduction of its value with respect to post-turbo DPF placement when the DPF is placed upstream of the turbine. The
SCF in the particul ate layer is higher than inside the porous wall. It is due to the fact that the mean pore diameter in
this porous medium, which is related to the mode diameter of the soot aggregates[36], is lower than the gas mean free
path and consequently the SCF gets over 1, as shown in Figure 11(b). Consequently the particulate layer permeability
becomes very dependent on the SCF. The higher gasdensity in pre-turbo location leads to areduction of the molecules
mean free path. It makes the Knudsen number to decrease and in turns reduces the SCF and the particulate layer
permeability with respect of the post-turbo DPF configuration. Nevertheless, its contribution to pressure drop is not
able to offset the pre-turbo pressure drop improvement due to other mechanisms.

Both of the DPF placements suffer the same decreasing trend in SCF and permeability in the porous media as a
function of the volume. This phenomenon is an additional contribution to damage the DPF pressure drop as volume
reduces.

Concerning the influence of TIF on pressure drop, it is limited in comparison to the soot loading effect. Neverthe-
less its increase can offset part of the volume reduction damage. Higher TIF means higher a to w, ratio. In order to
keep the same cell density, the porous wall thickness must decrease and the cell size increase. Therefore an increase
of SFA and filtration areais aso obtained when TIF increases for the same volume and cell density. TIF increaseis
aso involving higher OFA and STP but lower MIF and LOF.

Figure 12(a) shows the trend of w,, with TIF. It is independent of the monolith volume because the SFA is kept
for each TIF (eg. 23). Similarly, Figure 12(b) shows that the particulate layer would be thicker with TIF and volume
reduction because of thelower filtration areaat constant SFA. Therefore, TIF increase provideslower filtration vel ocity
and smaller porous media thickness leading to lower pressure drop.

The increment in pressure drop as volume decreases is reflected in the bsfc increase, as shown in Figure 13.
However, the incidence is clearly different between pre-turbo and post-turbo placement. Figure 13(a) shows that
the monolith volume can be reduced up to 1.4 | (—42.5%) in pre-turbo placement. Under clean conditions, the bsfc
would be kept almost unaffected and under soot |oading conditions would be similar to that obtained with post-turbo
placement but with clean DPF, whose fuel consumption is shown in Figure 13(b).

The low sensitivity of pre-turbo DPF placement to pressure drop increase underlines its potential for volume re-
duction and cost savings in aftertreatment even keeping the meso-structure. This result would be aso useful regarding
ash loading. Evidently, the DPF volume reduction affects negatively the ash loading capability. Nevertheless, the
engine sengitivity to DPF loading in pre-turbo location is very low. It can be also understood as the capability to
increase the quantity of the maximum ash mass able to be accumulated per unit of volume without negative effects
on pressure drop and fuel penalty. Therefore, a margin for important DPF volume reduction can be still attainable
preserving engine and DPF performance.
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However, post-turbo DPF placement is not allowing volume reduction keeping state of the art meso-structure.
The increase of pressure drop due to the filtration area reduction, which is fed back by the increasing VGT closing
and pressure ratio, leads to unacceptable fuel penalty even with low soot loading. Moreover, in this configuration the

volume reduction results in loss of ash loading capability and higher pressure drop due to ash.

4.2. Constant filtration area

Resultsin Section 3 have shown how low permeability substrates (i.e. low porouswall permeability or increasing
soot & ash loading) find in high cell density a way to increase the filtration area and hence to reduce the damage on
pressure drop and fuel consumption of monolith volume reduction.

Figure 14 shows the brake specific fuel consumption as a function of volume, TIF, placement and soot loading
when the filtration area is kept constant. Its value has been chosen equa to that of the reference DPF for every TIF.
Since the maximum cell density in the study has been fixed to 500 cpsi, the minimum monolith volume that can be
reached is 1.54 1(—36.6%). The bsfc with pre-turbo DPF placement, which is represented in Figure 14(a), becomes
nearly constant. In the case of the post-turbo DPF configuration, which is shown Figure 14(b), an increasing penalty
is found as volume reduces although it is lower than in the case of constant specific filtration area.

Thisstrategy concerningfiltration areahas as disadvantageissues rel ated to channel plugging, mainly in post-turbo
DPF placement. Hence the extended use of low cell density meso-structuresin DPFs. Nevertheless, pre-turbo DPF
placement can manage better cell density increase due to the higher temperature providing better passive regeneration
performance and lower engine sensitivity to pressure drop increase.

Figure 15 showsthe pressure drop as afunction of volume, TIF, placement and soot |oading when thefiltration area
is kept constant. Both pre-turbo and post-turbo DPF architectures are clearly benefitted in DPF pressure drop when
the filtration area is kept despite of the volume reduction (comparison with Figure 9). Although the pressure drop is
lower in pre-turbo DPF placement, the volume reduction is only additionally damaging it below 1.8 | independently
of the DPF placement and soot loading.

Although in this analysis the filtration area is the main parameter controlling the pressure drop change, these
results come from a balance of different phenomena. Comparing against constant specific filtration area, to ensure a

target filtration area as volume reduces leads to the following behaviour:

e Lower porous media pressure drop. According to the Darcy’s law, it is produced by a reduction of filtration
velocity and the porous mediathickness. Figure 16(a) shows that the porouswall thickness decreases as volume
does. In the case of the particulate layer thickness, which is shown in Figure 16(b), it keeps constant according

to the filtration area value.

Concerning the porous wall permeability, when the porous wall is loaded it decreases with the DPF volumein
the case of constant filtration area, as shown in Figure 17. However, this parameter remains almost constant

when the specific filtration areais not modified (Figure 10). The reason lies in the balance between the fraction
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of porous wall with soot penetration and the fraction that is still kept clean. Assuming that the porous wall
porosity and the mean pore diameter are not modified and that the soot properties are the same, the porous
wall permeability is only dependent on the fraction of porous wall thickness affected by soot penetration [36].
Considering as hypothesis that the soot penetration thickness does not change with the DPF geometry, the
fraction of loaded porous wall thickness with soot penetration increases in the case of constant filtration area. It
is due to the fact that the porous wall thickness is reduced as volume does. As a consequence, the porous wall

permeability decreases for this design condition.

Despite the trend in porouswall permeability, the particul ate layer permeability is scarcely modified as volume
reduces with constant filtration area, as Figure 18(a) shows, in contrast with constant specific filtration area
case (Figure 11(a)). It brings very important benefits to pressure drop reduction. The reason explaining this
responseliesin thelower sensitivity of the Stokes-Cunningham factor to volume reduction, which is represented
in Figure 18(b). This result is the consequence of all contributions lowering the pressure drop. Hence lower

changein gas density and in turn amost constant SCF favouring lower pressure drop (snowball effect).

Similar inertial pressure drop. Like constant specific filtration area case, the OFA is aso constant with constant
filtration area as volume reduces. Within the analysis boundaries (monolith volume and cell density swept at
constant TIF), the comparison at constant filtration area between two DPF geometriesinvolves that the specific
filtration areaincreases linearly as volume decreases:

Af =cst = SFA V1 = SFAV, (24)

Expressing the specific filtration area as afunction of TIF, it is obtained that

Vi(TIF1-1)  2Vo(TIF,-1)

25
Wyt TIF2 Wy T IF2 (25)
and being TIF constant, then
\Y V
M _ Yz (26)
W1 W2
Consequently, the analysis under constant filtration area fulfils the following conditions:
e =TIF-1 v
Wy2 = _ZWWl — a2 = _20’1 (27)
V]_ Vl

Applying these results to the definition of the OFA, it is found that this parameter remains constant:
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OFA= —2 — =
2 (a2 + Ww2)

2
Va
(Vla )

= S = OFA;

V, V.
2 (V—ial + V—iWW]_)

(29)

Under soot loading conditions, the case of constant filtration area provides higher inlet cross-section than the

constant specific filtration area case for the same monolith diameter because of the lower particulate layer

thickness. Therefore, a slight reduction of inertial pressure drop is expected at the monolithinlet.

e Pressure drop increase due to friction phenomena. The specific filtration area increases as volume reduces

according to eg. 24. This determines a square increase of the friction factor with volume reduction for the

constant filtration area case [19].

Considering the trend of the different mechanisms causing the pressure drop, the porous media contribution is

controlling the overall response. The reduction in pressure drop given by the filtration area control strategy boosts its

interest in sizing DPFs for pre-turbo use while preventing excessive cell density leading to channel plugging issues.

From the results given in eq. 27, the cell density varies squarely with volume ratio:

Furthermore, it can be demonstrated that the mechanical parameters MIF and STP are also kept constant:

1 1
0'2 = =
2 2
ay + W, Vo Vo
( 2 W2) (V1 g + V1WW1)
2 2
Vl Vl

== =01
sz (a1 + le)z V22

2

MIF, = _ W2 _
(a2 + Wy2) @2

STP, = TIF,(1— 20FA)) =

=TIF,(1-20FA;) = STP;

(29)

(30)

(31)

Onthe negativeside, heat transfer parameters such as HPT and L OF suffer asquare and linear increase respectively

as volume reduces:
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2= 2 0FA, T
1. V2SFAZ V2
= ZNu—% = —LHTP, (32)
2 "VZOFA; V3
1(SFA;
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1V1 (SFA;
==t — 2SFA| =
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On one hand it means an increase of the heat |osses that should be avoided by a proper packaging and insulation.
However, the main problem comes from the effect of the higher heat transfer during transient operation. Although
it is very positive for the substrate it also means the reduction of energy available at the turbine inlet with pre-turbo
aftertreatment placement during transient accelerations. The trends in different parameters emphasise the need of a
right balance for filtration area selection as volume reducesin order to find the best solution for the trade-off between

pressure drop and thermal response.

5. Summary and conclusions

This study has presented the results and the analysis of the DPF sizing influence on engine fuel consumption for
post-turbo and pre-turbo DPF applications. The scope of the discussion is focused on the pressure drop effect and
is based on a computational approach. The calculations have comprised volume and cellular geometry variations
keeping constant the substrate micro-structure. For every volume the cell density is modified imposing a cell size
and porous wall thickness dependence given by constant TIF. This approach has alowed covering the influence of
additional cell unit geometric parameters related to fluid-dynamic, thermal and mechanical performance.

The post-turbo DPF placement has shown a worse behaviour than the pre-turbo DPF location concerning engine
fuel consumption penalty. This penalty is increasing as the monolith volume decreases being specially damaging
under soot loading conditions. Results confirm theoretically that the general rule of DPF volume being at least equal
to the engine displacement works right.

The analysis has revealed that as volume reduces the pressure drop performance can be recovered increasing
the cell density, i.e. the filtration area. However, the lower capability for ash accumulation can become a critical
congtraint. Since in post-turbo DPF placement the average soot loading is expected to be high, problems regarding
inlet channel plugging may also arise asthe cell density isincreased. Results on optimum cell density have shown that
the value resulting in minimum pressure drop reduces as permeability and monolith length increase. Other approaches
to reduce the optimum cell density could be devoted to increase the filtration area, for example through TIF increase.
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It also improves the strain tolerance but may damage MIF. These solutions are also available for pre-turbo DPF
placement.

The results obtained with pre-turbo DPF placement have confirmed the lower pressure drop caused by the DPF
in this location and how the differences positively growth as the DPF gets loaded. The fuel consumption is scarcely
sensitive to volume and soot loading changes because of the pressure drop location with respect to the turbine. Con-
sequently the VGT control calibration becomes less sensitive to these variables.

From a fluid-dynamic point of view, it has been shown that the DPF volume may be reduced more than 40% in
pre-turbo placement. This reduction would not have effect on fuel economy under clean DPF conditions. Under soot
loading operation the fuel consumption would be even lower than that in post-turbo placement with clean DPF. Asin
post-turbo DPF placement, if the cell geometry is modified to keep constant the filtration area the benefitsin pressure
drop reduction lead to ailmost constant fuel consumption independently of the monolith volume. This solution has as
limit channel plugging issues due to high cell density. Nevertheless, soot loading in pre-turbo DPF configuration is
expected to be low because of the high temperature. Therefore, a balance solution between constant specific filtration
areaand increasing its value as volume reduces should exist. It should provide safe DPF operation and lower pressure
drop with minimum fuel consumption penalty. It is also important to consider that the increase of filtration area can
be obtained keeping the mechanical performance of the monoalith but increasing heat transfer. This last item must be
considered in pre-turbo aftertreatment applications because of the effect on the turbocharger lag under cold operating
conditions.

Pre-turbo DPF configuration insensitivity to soot loading is also applicable to ash loading. The DPF volume
reduction is aso directly reducing the volume for ash accumulation. However, the lack of DPF loading influence
on engine performance may result in the increase of critical ash mass able to be accumulated per unit of volume.
The advantages in pressure drop also highlight the interest by asymmetrical cell designs because of the additional
ash loading capability benefits. Consequently, volume reduction and a suitable design of the cellular geometry may
provide improved fluid-dynamic response with good thermal, mechanical and ash loading performance. Therefore, a

margin for important DPF volume reduction can be still attainable preserving engine and DPF performance.
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filtration area

monolith cross-section

bsfc  brake specific fuel consumption

diameter

DOC diesel oxidation catalyst
DPF  diesd particulate filter

modulus of elasticity
bulk modulus of elasticity

minimum load carrying capacity
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Greek letters

a

Apppr

&

7

momentum transfer coefficient for square channel
bulk heat transfer parameter
particulate layer permesability
porous wall permeability
clean porous wall permeability
monolith length

channel length

plug length

light-off factor

particul ate layer soot mass
mechanical integrity factor
modulus of rupture

number of channels

number of inlet channels
Nusselt number

open frontal area

volumetric flow rate
Stokes-Cunningham factor
selective catalytic reduction
specific filtration area
specific geometric area
strain tolerance

strain tolerance parameter
thermal integrity factor
effective monolith volume
variable geometry turbine
particulate layer thickness

porous wall thickness

honeycomb cell size
DPF pressure drop
porous wall porosity

dynamic viscosity
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Ow

Subscripts
ie

in

mon

oc

opt

gas density

particulate layer density

cell density

tensile strength of porous cell wall

pressure drop coefficient

expansion at inlet cone
inlet

monolith

contraction at outlet cone
optimum value
particulate layer

porous wall
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Table 1: Main engine characteristics.

Type HSDI E4 diesel engine
Displacement 1997 cm®

Diameter 85 mm

Stroke 88 mm

Number of cylinders 4 inline

Valves 4 per cylinder
Compression ratio 18:1

Maximun power 100 kW at 4000 rpm
Maximun torque 320 Nm at 1750 rpm
Turbocharger Single-stage VGT
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Table 2: Reference DPF characteristics.

Diameter

Length

Plug length
Monoalith volume
Porosity

Mean pore diameter

Porous wall permeability

Cellular geometry
Honeycomb cell size
Wall thickness
NCof channels
Filtration area
SFA

SGA

Cell density (o)
OFA

TIF

LOF

MIF

STP

[mm]
[mm]
[mm]
[1]
[-]
[um]
[m?]

135
170
5
2.43
0.46
144
3.85x10713
Square
147
0.32
4470
2.17
917.6
1835.2
200
0.34
5.59
2159
0.0389
1.82
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Figure 1. Comparison between experimental data and modelled results for post-turbo and pre-turbo aftertreatment configurations.
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a) Pre-turbo DPF pressure drop [Pa]
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Figure 2: DPF pressure drop as afunction of monolith volume and cell density for TIF=5.59 and clean DPF conditions: &) Pre-turbo b) Post-turbo.
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Figure 3: Optimum cell density dependence on TIF, clean porous wall permeability and channel length.
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a) Pre-turbo bsfc [g/kWh]
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Figure 4: Brake specific fuel consumption as a function of monolith volume and cell density for TIF=5.59 and clean DPF conditions: a) Pre-turbo
b) Post-turbo.
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a) Pre-turbo VGT position [%]
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Figure 5: VGT position as a function of monolith volume and cell density for TIF=5.59 and clean DPF conditions: a) Pre-turbo b) Post-turbo.
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a) Pre-turbo DPF pressure drop [Pa]
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Figure 6: DPF pressure drop as a function of monolith volume and cell density for TIF=5.59 and 5 g of soot loading: a) Pre-turbo b) Post-turbo.

30
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Figure 7: Brake specific fuel consumption as a function of monolith volume and cell density for TIF=5.59 and 5 g of soot loading: a) Pre-turbo b)
Post-turbo.
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Figure 8: VGT position as a function of monolith volume and cell density for TIF=5.59 and 5 g of soot loading: a) Pre-turbo b) Post-turbo.
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Figure 9: Effect of volume, TIF, placement and soot loading on DPF pressure drop with constant SFA.
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Figure 10: Effect of volume, TIF, placement and soot loading on porous wall permeability with constant SFA.
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Figure 11: Effect of volume, TIF, placement and soot loading on particul ate layer permeability and SCF with constant SFA.
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Figure 12: Effect of volume, TIF, placement and soot loading on porous media thickness with constant SFA.
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Figure 13: Effect of volume, TIF, placement and soot loading on brake specific fuel consumption with constant SFA.
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Figure 14: Effect of volume, TIF, placement and soot loading on brake specific fuel consumption with constant filtration area.
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Figure 15: Effect of volume, TIF, placement and soot loading on DPF pressure drop with constant filtration area.
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Figure 16: Effect of volume, TIF, placement and soot loading on porous media thickness with constant filtration area.
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Figure 17: Effect of volume, TIF, placement and soot loading on porous wall permeability with constant filtration area.
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Figure 18: Effect of volume, TIF, placement and soot loading on particul ate layer permeability with constant filtration area
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