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Abstract

Several principal aspects and components of an advanced catalytic exhaust after-treatment systgmefdudtion on a heavy-duty
diesel truck engine have been systematically examined and evaluated. The after-treatment system consists cdiddéyd8) injection
of a reducing agent (diesel fuel), and computer programs to model the engine and catalysts in real time. These models are combined with
a third program, a strategy, to control the injection of reducing agent during transient operation. Evaluation of the system was performed
using the standard European transient cycle (ETC). The benefits and disadvantages of an oxidation catalyst upstream the reductant injectior
are clarified. Whereas an increased\\ID ratio is beneficial at larger reductant dosages, the effects of temperature levelling and delay are
detrimental for system performance. The dynamic effect of introducing a strategy for distributing the reducing agent in time is elucidated.
The strategy itself is presented and the process of its systematic optimisation is closely followed. Implications of the optimisation are that
catalyst temperature is the most important variable in the strategy. Also, a considerable part of the reducing agent should be distributed
at low and intermediate temperatures, for utilising an increaseg/M@ratio. Furthermore, results suggest that a smooth, rather than
instantaneous, adjustment of reductant dosage to driving conditions is necessary. Finally, a set-up with two injectors is examined for its
potential in the application. It is shown to be of disadvantage for the ETC as a whole, but may not be so at lower exhaust gas flows.
© 2002 Published by Elsevier Science B.V.
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1. Introduction most likely fail to fulfil the legislative demands in Europe of
2.0g NO./kW h for heavy-duty diesel emissions by 2008.
The demand for catalytic NQafter-treatment for diesel HC-SCR (HydroCarbon-SCR), the use of a hydrocarbon-

vehicles is commonly recognised. Due to the engine based reducing agent (especially the fuel already onboard)
construction, NQ is the only major diesel exhaust gas pol- for NO, reduction in oxygen excess, has attracted much in-
lutant, the removal of which cannot proceed efficiently with terest during the last few years. The fact relies partly on the
a passive after-treatment system. The diesel engine is, howwish of avoiding the problem of infrastructure needs related
ever, one of the most efficient energy converters of today, with other types of SCR (i.e. ammonia or urea SCR). A
with up to 50% of the chemically bound fuel energy trans- vast number of investigations of HC-SCR have been carried
formed into kinetic energy. The incentive to continue using out, most of which using synthetic exhaust gases in labora-
the engine is thus large, despite its emission characteristicstory scale, e.g. [1,2]. Experimental work with real exhaust
Primary measures against N@missions, i.e., modifica- gas under steady-state conditions have been published to
tions of engine construction such as exhaust gas recirculationa much more limited extent [3-6]. Both of these types of
(EGR) or retarded injection timing, tend to affect the engine tests may be very helpful in screening of catalysts and ex-
efficiency and/or life span negatively. These measures alsoamination of mechanisms. They do, however, fail to predict
performance under realistic conditions for the application
_— . __the catalysts are meant for, and give little information on
* qureSpon@ng .author. Present gddrgss: Department of Chemical how to use the catalysts’ specific performance under differ-
Reaction Engineering, Chalmers University of Technology, SE-412 96 . 8 o o
Géteborg, Sweden. ent circumstances. In transient use, driving conditions vary
E-mail addressbjorn@cre.chalmers.se (B. Westerberg). unpredictably, causing temperatures, mass flow and NO

1385-8947/02/$ — see front matter © 2002 Published by Elsevier Science B.V.
PIl: S1385-8947(01)00214-5



208 B. Westerberg et al./Chemical Engineering Journal 87 (2002) 207-217

concentrations to fluctuate widely. In turn, any active 2. Experimental methods

emission control system must have the ability to predict

conditions in the exhaust gas and in the catalysts. More-2.1. Engine, fuel, catalysts and reductant injection
over, these predictions need interpretation to yield, at any

given moment, an optimal reductant dosage upstream the Al experiments were performed on a 6.71 Volvo TD73
catalysts. The optimal dosage should be calculated accord£A heavy-duty diesel engine placed in a rig capable of
ing to a strategy adapted to engine characteristics, catalysiperforming transient cycles. Swedish MK1, a commercial
characteristics, and emission demands to achieve a limitedjow-sulphur fuel (approx. sulphur content: 5-10 ppm), was
use of reductant, i.e., diesel fuel. Some publications re- ysed both as engine fuel and reducing agent. Monolithic
port control of transient systems, however, mainly limited catalytic converters supplied by Johnson Matthey were con-
to pre-defined cycles [7-9], using a time-controlled, con- nected to the exhaust pipe for the simultaneous removal of
stant or semi-constant dosage of reductant. Semi-constanNO,, CO and HC. Most of the catalyst volume consisted
dosage may, e.g., be proportional to engine load or fuel of a high temperature active (HT) catalyst providing the
consumption. Such systems are unlikely to reach the per-major conversion of NQ. A smaller portion of the catalyst
formance called for by legislation and consumer society. volume consisted of a low temperature active (LT) catalyst,
Very few authors have previously reported on integrated which was also used for removing residual HC and CO.
systems based on elaborate kinetics and dosing strategieghe injectors consisted of air-assisted spray nozzles. Fur-
[10,11]. ther information on injectors and their performance in this

This paper presents an investigation of a complete systemapplication can be found elsewhere [15].
for NO, control, capable of realistic use as represented by

the standard European transient cycle (ETC). The system
consists of high temperature (HT) catalysts, where the main
part of the NQ reduction occurs, and low temperature (LT)
catalysts, where CO and HC are oxidised to,Cthe effects

of important parameters for such a system, in both hardware
and software, are elucidated. These parameters are:

2.2. Test procedures

The exhaust gas system with its three different catalyst
set-ups was according to Fig. 1. Fifteen litres of the cata-
lyst volume consisted of HT monoliths. 2.51 of the catalyst
volume consisted of an LT monolith. In designated tests
1. The benefits of an increased WAO ratio. These have  one extra monolith (51 HT or LT) was placed upstream

previously been investigated in laboratory scale by a num- the remainder of the whole system, including HC injection.

ber of authors, e.g. [12-14]. Its application and implied The location of the catalysts and the injection of diesel fuel

effects in realistic conditions have, however, not previ- into the exhaust gas stream were as shown in Fig. 1.

ously been examined. All experiments were performed as standard ETCs. Cy-
2. The effect of temperature levelling and delay in the sys- cles were performed with intervening gaps of approx. 7 min.

tem. The reason for this examination is that an increasedIn order to facilitate the following interpretation of results,
NO2/NO ratio is normally achieved by the introduction engine characteristics during the ETC, such as speed, torque,
of an extra catalyst with oxidative properties. Further- mass flows and temperature, can be found in Fig. 2.
more, the effect is also of importance for applications  The ETC is an adequate and widely used means for
with multiple reductant injectors. comparison of engine and after-treatment performance.
3. The dosing strategy and its components. These fac-However, it is essential to be aware of limitations of inter-
tors determine the cost efficiency of an active NO pretation introduced with the test method. Firstly, all modes
after-treatment system. An optimisation of the dosing in the test cycle depend on each other since the test cycle
strategy regarding NOreduction relative to the reduc- lasts only 30 min, and the subcycles of urban, extraurban
tant consumption is performed and its implications are and motorway traffic are limited to 10 min each. Secondly,
interpreted. the ETC does not reflect the actual use of any single vehi-

4. The effect of multiple injectors. Earlier findings [15] sug- cle, which varies enormously depending on the application
gest that a multiple injection of reductant along the cata- of the vehicle is intended for. Given the dynamics of the
lyst system may be of advantage in some situations. Theexamined and similar systems it is of importance not to
advantage over a single injector set-up may partly lie in draw too far-reaching conclusions from the limited model
the improved distribution of reducing agent along the sys- of reality a test cycle such as the ETC provides.

tem axis, and partly in the possibility of dosing reducing

agent at catalyst sections with preferred temperatures. 2.3. Exhaust gas analysis

System dynamics is accounted for by the system and its
optimisation is based on earlier work [10,15-17]. In this ~ Sampling of the exhaust gas was carried out according
investigation only NQ reduction is considered. The topic to Fig. 1. The sampled gas was conducted through heated
of HC, CO and NO emissions is addressed in a previous (190°C) PTFE pipes to a J.U.M. Engineering model 222
publication [15]. heated gas pre-filter. The HC content was determined using
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Fig. 1. Catalyst configurations. Measures and auxiliary equipment indicated on set-up 3. I: injector, S: sampling point, T: thermocouple. &4 imeasur
mm.

a J.U.M. Engineering model VE5 FID instrument. An Eco- 2.4. Dosing strategy

Physics CLD 700 RE ht chemiluminescense instrument was

used for NQ analysis, and a Siemens Ultramat 22P for CO  The dosing strategy determines the amount of diesel to

analysis. NO was analysed with a Siemens Ultramat 5E. be injected into the exhaust gas stream. The dosing strategy

Water in the gas for CO and D analysis was condensed takes into account the catalyst temperature and thefto@,

using a Siemens 7 MB gas cooler. where calculation of the amount of injected hydrocarbons,
Finj, through a momentary fuel penalfy, forms the core

2000t T T PPy — of the strategy.
e 1600 140 wll wl .h‘ A VAVF-,‘JANAAV Foo— poF (1)
€ 1200 | I inj = FrI'B
800 Fg is the fuel flow. The term “momentary fuel penalty”
800 b Torie shou!d be L!nderstood as a reductant dosc_e equivalen_t to a
400 : . certain fraction of the engine fuel consumption at any given
£ 0 point of time. The momentary fuel penalty has a physical
400 meaning in that the NOflow is almost proportional to the
engine fuel flow. The reason for using a momentary fuel
a00 b m,ﬁ\ c. Temperature per_1a|ty is to have a stratggy, i.e., generally appliqable and
A | mmn /W valid not only for a certain test cycle. A cumulative fuel
© 350 WY W V\J\‘\ penalty of comparable size could thus be obtained indepen-
300 dent of test cycle type. The momentary fuel penalty is de-
termined from the following function:
10
o 8 m [ d. Mass flow Pe = Po+ B(T){ko + kaFoy + k2Foy ) (2
(] 6 - o | R——
= 4 I ¥ Po is a base level fuel penalty a{T) is a barrier function
2 / that takes into account the temperature characteristics of
8 e. NO. flow the catalystkog, ky and k; all determine the level of the
® 6 T TR X
2 HI ) temperature-dependent part .of the momentary fuel penalty,
E Sl 10O O R | 1 which thus may have zero, linear or quadratic dependence
2 J AT iR Y . of the NO; flow, Fno,, which may also be viewed as a
0 NO, reduction potential. The barrier function is defined by
0 500 1000 1500 :
Time /s the actual catalyst temperatufig,a barrier temperaturég,

and a steepness parametgy,
Fig. 2. (a) Speed, (b) torque, (c) engine out temperature, (d) mass flow ns
and (e) NQ flow during an ETC. B(T)=1- g [7/Tel 3)
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The dosing strategy has a similar appearance as in an earlie.7. Evaluation of dosing strategy
work [15]. The difference consists of two new terms; the
quadratic dependence of the N@ow, ko, and the base level A coarse optimisation of the dosing strategy was
fuel penalty,Po. In the earlier work, the linear dependence performed. The purpose of the optimisation was not only
of NO, flow proved beneficial. The quadratic dependence to improve the dosing strategy but also to gain a better un-
of the NQ; flow was added in order to investigate whether derstanding of which properties of the dosing strategy are
a higher order dependence of the Nflow was beneficial  important. The starting point for the optimisation was the
or not. The reason for adding a base level fuel penalty was parameter values used in the reference dosing strategy (de-
to utilise the increased NOconversion obtained at lower  fined above). In order to reduce the number of experiments
temperatures when using an oxidation catalyst to increasereduced factorial designs were used. In each experimental
the NG, content upstream the injection of reductant. design three of the parameters were studied. One experi-
When two injectors were used, two momentary fuel penal- ment was performed in the centre point. This resulted in
ties,Pp1 andPgp, were calculated. FdPg1, Tin Eq. (3) was five experiments for each experimental design. For each
the temperature in the catalyst downstream the first injector, experiment the parametén was set in order to yield a
for Pr2 the temperature in the catalyst downstream the sec-predicted cumulated fuel penalty of 5%. The response was
ond injector was used. A distribution factés, determined  the cumulated NQ conversion adjusted to 5% cumulated

the actual amounts of injected hydrocarbdfgjy andFinj2, fuel penalty. After each experimental design, the influence
from injectors 1 and 2 according to of each studied parameter was determined by fitting a linear
model. Experiments were then performed in the direction of
Finjt = {Pr1+ (1~ fo) Pr2} Fe (4) the steepest ascent. From these experiments a better set of
parameters was obtained, around which a new experimental
Fin2 = fo Praks ) design then was centred.

2.5. Engine and catalyst models
3. Results and discussion
The engine model consists of a map from which all raw
emissions and flows are interpolated linearly [15]. As input
to the catalyst model, the temperature upstream for all mono-
liths was used during evaluation of different catalyst config-
urations. The reason was to avoid influence on the dosag

Performing and interpreting experiments with increased
NO>/NO ratio is relatively easy in laboratory scale. In real
systems, however, an increased MO ratio is normally
cobtained by introducing an oxidation catalyst upstream

from temperature levelling and delaying effects when com- the remainder of t.he system. As side effects at least two
paring different catalyst configurations. In all other tests, Pheénomena occur: unburned HC and CO from the engine

the temperature at the first injector was used. The catalystcOmbPustion process are oxidised to 50 the catalyst, and
model is used for determining the monolith temperature transient temperature variations are levelled and delayed. In

which, in turn, is used by the dosing strategy to determine order to distinguish the first effect from the second, three
the amount of hydrocarbon to inject. The monolithic cata- S€tS Of experimental set-ups were used, see Fig. 1. Set-up

lyst is modelled with mass and heat balances as a series oft contained no extra catalyst, set-up 2 contained an HT
10 continuously stirred tanks. The fundamentals of the cat- Cat@lyst upstream all other catalysts, whereas set-up 3 con-

alyst model, including a validation of the thermal part, are t@inéd an LT catalyst replacing the HT catalyst of set-up

given in other publications [16,17]. The standard deviation 2: The comparison of set-ups 1 and 2 allowed the study

for the temperature residual during a ETC was determined to©f temperature effects alone, since the HT catalyst in the
3.9°C [17]. absence of large amounts of HC has a negligible effect on

exhaust gas composition. The examination of these two
factors is accounted for under the headings “effects of tem-

2.6. Evaluation of catalyst configurations perature levelling and delay” and “effect of an oxidation
catalyst”.

Two kinds of experiments were performed for evaluating  The application of a NQreduction system in a transient
the performance of different catalyst configurations. Firstly, environment introduces the problem of distributing the re-
experiments with a constant momentary fuel penalty of 0, 1, ductant for optimal performance, in this case N@duction
3 and 5%. Secondly, one experiment with a reference dos-during an ETC. This topic is elucidated in the sections “dy-
ing strategy. In the reference dosing strategy, the parametemamic effect of the dosing strategy” and “optimisation of the
values werePy =0, Tg = 360°C,ns =5,k1 =4,k = 0. dosing strategy”. Previous work [15] indicated the benefit
This set of parameter values made the dosing strategy equabf injecting reductant at multiple points in the exhaust sys-
to the strategy that showed best performance in an earliertem. Therefore, the dosing strategy allows for dual injectors,
work [15] where no oxidation catalyst upstream the injector and this feature is examined in the section “introduction of
was used. multiple injectors”.
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Fig. 4. (a) Accumulated NQconversion with 0, 1, 3 and 5% momentary

Fig. 3. Temperature with set-up 1 (solid) and 2 (dotted): (a) at injector fuel penalty for set-up 1 (solid) and 2 (dotted), (b) accumulated dosage

and downstream HT1, (b) with no dosage and (c) with 5% momentary With 5% momentary fuel penalty (dotted) and with reference dosing

fuel penalty. strategy (solid) and (c) accumulated N©onversion with the reference
dosing strategy for set-up 1 (solid) and 2 (dotted).

3.1. Effects of temperature levelling and delay ) ) )
when the NQ flow is large. In a configuration such as set-up

ir‘? the task is more demanding than with set-up 1, since, due
g o the temperature delay, NGlow and high temperature are

Fig. 3a, slightly levelled and delayed for set-up 2 compare . . .
to set-up 1, as can be expected. Temperatures are howevel© longer necessarily accompanied. For the set-ups with 0
’ ’ ind 1% momentary fuel penalty, the difference in dose pat-

essentially the same. The same trends are obvious in Fig. 3 i ) . -
regarding temperature downstream HT1 with no reductant tern with and without strategy is too small to significantly
dosage. Introduction of a 5% momentary fuel penalty does, 'nfﬁ?ncpﬁN? C;)nV?’SIOﬂ. t levell talvst brick
however, lead to rather dramatic changes in the temperatureNO € efiect ot a erlnperi':\ urle gv§b||ng c'a:_a yz ”(r:] on
profiles downstream HT1 (Fig. 3c). In set-up 1, temperatures ™~ conversion 1S aiso clearly VISIDIe In Fig. 4¢, Where,
rise sharply to a level of intermittently more than <D congruent with the above reasoning, performance is better
higher than in set-up 2. This is especially valid between

for set-up 1 than for set-up 2. The differences are more
420-500 and 950-1250's, two periods where, N@issions expressed at times of high load engine operation (400-500
are relatively large due to high engine load.

and 950-1250s). It must, however, be noted that the strategy
The effect of a strategy upon introduction of an extra is exactly the same for the two cases, and thus neither set-up
monolith is shown in Fig. 4. Accumulated N@onversion

is optimised.

for momentary fuel penalties in set-ups 1 and 2 (Fig. 4a)
show a good correlation with the occurrence of relatively 3.2. Effect of an oxidation catalyst
high NO;, flow and high temperature situations (e.g.,
420-500 and 950-12505s). For the set-ups with 0 and 1% A very interesting feature of the comparison of set-ups
momentary fuel penalty, the difference in N@onversion 2 and 3 in Fig. 5a is that whereas set-up 2 is favourable at
is very small. Set-up 1 is, however, superior to set-up 2 with lower dosages (1% momentary fuel penalty), set-up 3 shows
respect to N@ emissions during the experiments with 3 and advantage at larger dosages (5% momentary fuel penalty).
5% momentary fuel penalty. Compared with a 5% momen-  The cause is found in the removal of HC and CO from
tary fuel penalty, the strategy yields a larger dosage during the exhaust gas upstream reductant injection together with
400-500 and 950-1250s (Fig. 4b), and less at other times.the elevated N@NO ratio. The phenomena render the HT

High load and moderate speeds often occur simultane-catalysts more thoroughly oxidised through the lowering of
ously, for example at accelerations, thus causing relatively HC concentration and the oxidation of HC species by,NO
high mass flows, high temperatures and large, Nénis- The oxidised surface of the HT catalyst causes a small un-
sions. In other words, the potential to reduce ,Ngissions selective combustion of HC, and only doses exceeding this
lie in utilising the high temperatures for catalytic reduction HC consumption result in NOconversion. There is thus

The exhaust gas temperature at the injector is, as seen
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Fig. 5. (@) Accumulated NQconversion with 0, 1, 3 and 5% momentary  Fig. 6. Accumulated NQconversion for the reference dosing strategy with
fuel penalty for set-up 2 (solid) and 3 (dotted), (b) accumulated, NO set-up 3 (solid). Accumulated NOconversion obtained by interpolation
conversion with reference dosing strategy for set-up 2 (solid) and 3 between tests run with constant momentary fuel penalty (dotted).
(dotted).

interpolated NQ conversion is 34.9%. The gap between

a threshold value for the dose above which N@duction actual cumulated NQ conversion and interpolated cumu-
benefits from NO pre-oxidation. One can also note [17] that lated NQO, conversion is increasing during most of the cycle
a significant phenomenon of NQlesorption without sub-  and especially around 420 and 960s. At these instances,
sequent reduction exists, a desorption resulting from small the engine is running at a high load and the dosing strategy
HC doses at elevated NONO ratios. gives a large injection. The time needed for the catalyst

Differences in reference strategy dosage between set-upsnonolith to adjust to a new injection level is thus signifi-
2 and 3 are very small since temperature differences betweercantly longer than 1s, the length of each step in the ETC
the two set-ups are negligible. Accumulated N&dnversion test. This indicates that an efficient dosing strategy should
using the reference strategy (as shown in Fig. 5b) showsyield a smooth dosage rather than change the dose instantly
small differences in set-up 2 compared to set-up 3. No largerwith the driving conditions.
differences are expected, since the strategy is not adapted to
the conditions supplied by set-up 3. 3.4. Optimisation of the dosing strategy

An observation well worth making is that set-up 3 in
all cases implies a two-step reduction, whereas 1 and 2 do - The objective function subject to optimisation was cumu-
not. The NQ reduction occurring with unburned engine HC  |ated NQ. conversion over an ETC. In the first experimen-
emissions alone will in set-up 3 take place in the extra LT tal design, the influences &f, ns and Tg were studied. In
monolith, situated upstream all injectors. In 1 and 2, this Table 1, the values of the studied parameters and the ob-
reduction will take place in the downstream HT and LT tained responses are listed.
monoliths. The influence of each parameter was determined by least

squares fitting of a linear model:

3.3. Dynamic effect of the dosing strategy $1 = 3386 — 0.0650¢11 — 0.2575¢12 + 0.027513 ©6)

When using a dosing strategy, the injection of hydro- The first model (Eq. (6)) indicated thiaf had a weak neg-
carbons/reductant varies continuously during the test cycle.ative influence, thams had a strong negative influence, and
Due to the accumulation of reactants on the catalyst, the re-that Tg had a weak negative influence on N©onversion.
sponse from a change in injection cannot be expected to beBy changing the parameters in the direction of the steep-
immediate. A certain time is needed before the whole cata- est ascent a more optimal set of parameter values should
lyst monolith has adjusted to a new injection level. In order be obtained. In this case it should have meant mainly a de-
to determine which influence this dynamic effect has on crease ofng, resulting in a more even distribution of the
the NQ, conversion, a comparison was made between thereducing agent during the cycle. However, this could also
actual NQ conversion obtained with dosing strategy and be obtained by using a non-zero valueRaf The latter ac-
the NO, conversion obtained when interpolating between tion was preferred because a decreasgiwould have les-
experiments performed with different constant momentary sened the significance @, restricting further optimisation
fuel penalties. In Fig. 6, the actual and the interpolated of this parameter. Thus, instead of changing the parameters
cumulated NQ conversions during a test cycle are shown. in the direction of the steepest ascent, wheyandTg kept
The total actual N@ conversion is 33.9% and the total unchangedk; was decreased arieh set to 0.0025. A new
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Table 1

Variables and responses for the first experimental dsign

Variables Normalised and centred variables Nenversion,y;
ki ns Ts (°C) X11 X12 X13 = X11X12

4 5 360 0 0 0 33.72

3 2 375 -1 -1 1 34.24

3 8 345 -1 1 -1 33.68

5 2 345 1 -1 -1 34.06

5 8 375 1 1 1 33.60

aFixed parameters wergy = 0 andk, = 0. x11, X12 and x;3 represents the normalised and centred variakless and Tg, respectively.

0.00 T =T T Table 3
0.02 a. Change in accumulated dosage Variables and responses for the experiments in the direction of the steepest
-0.04 \.A/"\A A /

ascent after the second experimental déesign

-0.06 [~ : W \\M"\ // . Steps Variables NQconversion
-0.08

%

-0.10 V\V/ Po ns k1
A A 0.0010 186 -1 -
0.2 o v . .
., | |b. Change in accum. NOy conversion Centre point 0.0025 5.00 2 33.40

0.0 - - - - - . — Centre+ A 0.0035 5.86 1 34.76

xR 02 \ W N Centre+ 24 0.0045 6.72 0 34.77
' by e Centre+ 34 0.0055 758 -1 34.58
04 e . _
A . A 2Fixed parameters wergs = 360°C andk, = 0.
0 500 1000 1500
Time /s

The second model (Eq. (7)) indicated t®tandns had a
Fig. 7. Change in accumulated (a) dosage and (b) bi§hversion from the positive influence and thd; had a negative influence on
centre point of experimental design 1 to the centre point of experimental the NQ, conversion. Experiments were performed where
design 2. the parameters were changed in the direction of the steepest
ascent. The step size was chosen corresponding to a change
reduced factorial design centred around these values wady —1 for ki. All parameters for the experiments and the
performed. In Fig. 7, the change in accumulated dosage andcorresponding N conversions are listed in Table 3.
NO, conversion from the centre point of the first experi-  InFig. 8, the change in accumulated dosage and biin-
mental design to the centre point of the second experimentalversion for the steps in the direction of the steepest ascent
design are shown. Part of the dosage is redistributed fromare shown. For each step the dosage becomes less depen-
the first 1240 s to the last 560 s of the ETC. This resulted in dent on the NQ flow. This results in marked decreases of
a 0.5% decrease in NCconversion during the first 1240s  the dosage especially around 400 and 950 s where there are
and a 0.2% increase during the last 560s. high and sustained NCflows and simultaneously high tem-
In the second experimental design, the influenceBgf peratures. The dosage increases at locations where the NO
ns andk; were studied. In Table 2, the values of the studied flow is low and particularly when the temperature is high.

parameters and the obtained responses are listed. This is most obvious between 1240 and 1560 s. The gain in
Least squares fitting resulted in the following linear NOx conversion is obtained during the first 180s, between
model: 330 and 390s, 740 and 1040 s and from 1240 s to the end of

A the cycle. There is very little difference between the three
y2 = 3350+ 0.1263r21 + 0.1338r22 — 0.3112¢23 (7) experiments during the first 740 s. For the first step the gain

Table 2

Variables and responses for the second experimental design

Variables Normalised and centred variables Nenversion,y,
Po ns kg X21 X22 X23 = X21X22

0.0025 5 2 0 0 0 33.40

0 3 3 -1 -1 1 32.96

0 7 1 -1 1 -1 33.84

0.0050 3 1 1 -1 -1 33.83

0.0050 7 3 1 1 1 33.48

aFixed parameters werfs = 360°C andky = 0. X1, X22 and X3 represents the normalised and centred variaBless and ks, respectively.
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Fig. 8. Change in accumulated (&) dosage and (b) Nonversion for Fig. 9. Change in accumulated (a) dosage and (b) bifhversion from the
step 1 (solid), 2 (dashed) and 3 (dotted) in the direction of the steepest centre point of experimental design 2 to the centre point of experimental
ascent after the second experimental design. design 3.

between 740 and 1040s is larger than for the second step'able 5

and the gain for the second step is somewhat Iarger than fOrVarlabIes and responses for the experiments in the direction of the steepest

. . . _ascent after the third experimental design
the third step. For the second and third step there is a gain P 9

in NO, conversion from 1240's to the end of the cycle. For Steps Variables NOconversion
the first step the NQconversion remains almost unchanged Po ns Ts (°C)
between 1240 and 1560 s and a gain is observed from 1560 s; 0.0012 0.28 10 ~
to the end of the cycle. The total N@onversion was high-  centre point 0.0055 758 360 34.33
est for the second step, but the difference in,NOnversion Centre+ A 0.0067 7.86 350 35.17
between the first and the second step was only 0.01%. Centre+ 24 0.0080 8.14 340 35.89
It was decided that the next experimental design should beCentre+ 34~ 00092~ 8.41 330 36.06
centred around the parameters in the second stefj.€. aFixed parameters werk = 0 andky = 0.
0.0045,ns = 6.72 andk; = 0. However, by mistake the
new experimental design was instead centred ardeyng Least squares fitting resulted in the following linear

0.0055,n5 = 7.58 andk; = 0. In Fig. 9, the change in accu- model:

mulated dosage an(_j N@onvergion from the centrg point $3 = 34.54 + 0.1325¢31 + 0.0300c32 — 0.1350c33 (8)

of the second experimental design to the centre point of the

third experimental design are shown. Compared to the stepsThis model indicated thaPy had a strong positive influ-

in the direction of the steepest ascent after the second ex-ence, thahs had a weak positive influence, and tiathad
perimental design, the centre point of the third experimental a strong negative influence on the N@onversion. Exper-
design has a decreased dosage during the first 390 s of théments were again performed where the parameters were
cycle. This results in a 0.5% loss of N@onversion. From  changed in the direction of the steepest ascent. The step size
1240 to the end of the cycle the dosage is larger resultingwas chosen corresponding to a change-#0°C for Tg.

in a somewhat larger gain in NQconversion. All parameters for the experiments and the corresponding
In the third experimental design, the influence$gf ns NO, conversions are listed in Table 5.

and Tg were studied. In Table 4, the values of the studied In Fig. 10, the change in accumulated dosage and NO

parameters and the obtained responses are listed. conversion for the steps in the direction of the steepest

Table 4

Variables and responses for the third experimental d&sign

Variables Normalised and centred variables Nenversion,ys

Po ns Te (°C) Xa1 X32 X33 = X31X32

0.0055 7.58 360 0 0 0 34.33

0.0030 5.08 380 -1 -1 1 34.29

0.0030 10.08 340 -1 1 -1 34.62

0.0080 5.08 340 1 -1 -1 34.82

0.0080 10.08 380 1 1 1 34.62

aFixed parameters werg = 0 andky = 0. X31, X32 and X33 represent the normalised and centred variaBigsns and Tg, respectively.
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T | T shown. The optimisation has resulted in an increase of the
0.10 4 T dosage during the first 390 s of the cycle, where the temper-
. ST RS ature is relatively low, with a corresponding gain in NO
005 [ T e AN conversion of 1%. The d
" _ ‘\\ 6. The dosage has been decreased between
0.00 [¢#27-.... 2. Change inaceumulated |\ - 390-440s and 940-990's, where the N@w is high and
dosage e g
b. Change in accumulated e sustained and the temperature is high, with no loss in NO
20 NOy conversion - e, conversion. Between 990 and 1240s the optimisation has
15 e TR R T resulted in a large decrease in the dosage with a corre-
* 1.0 ,:";';" w7 sponding loss of 0.6% in NQOconversion. From 1240s to
05k s F ;’ —— MVW the end of the cycle the dosage has been largely increased,
2 with a corresponding gain of 1.2% in the N®@onversion.
0.0 | | I H : [P . P
The optimisation shows that it is beneficial to distribute
0 500 1000 1500 . )
Time /s parts of the dosage at low and intermediate temperatures.

This is an expected effect of the increased N ratio
Fig. 10. Change in accumulated (a) dosage and (b} N@nversion for [16]. The largest gains in NQOconversion are obtained in the
step 1 (solid), 2 (dashed) and 3 (dotted) in the direction of the steepest heginning of the cycle, at low temperatures, and at the end of
ascent after the third experimental design. the cycle, at intermediate temperatures. At low temperatures

a small, but appreciable, dosage is required to achieve an
ascent are shown. For each step the base level fuel penaltyincreased NQconversion. This requirement is met by using
Po, is increased, increasing the part of the dosage that is inde-a sufficiently high value dPo. At intermediate temperatures,
pendent of the temperature. SimultaneouBlyis decreased @ larger dosage is required to achieve an increased NO
andng is increased, moving the temperature-dependent partconversion. This requirement is met by using a sufficiently
of the dosage towards lower temperature and making thelow value of Tg. The relatively high value of the steepness
barrier steeper. The dosage is increased from the beginningParameterns, obtained in the optimisation, indicates that
of the cycle to 440 s and decreased between 970 and 1240 ghe transfer from the low temperature N@onversion to
The largest gain in NQconversion is obtained during the the intermediate temperature N@onversion occurs in a
first 440s and the third step has the largest gain. For thenarrow temperature interval.

first step there is a small gain in N@onversion duringthe ~ The optimisation resulted in a value of zero fqr This
complete cycle, but for the second and the third step thereindicates that there is no gain in N@duction by increasing
is a small loss between 970 and 1240s. The tota} K@n- hydrocarbon dosage at high N@ows. In fact, the optimi-

version was highest for the third step, but the difference in sation showed that the dosage could be reduced during the
NO, conversion between the second and the third step washigh and sustained NCflows around 400 and 950 s without
only 0.17%. Further optimisation was performed, but no im- 10ss in NQ. conversion. The most probable explanation for
proved NQ conversion was obtained. this is the temperature delaying effect of the oxidation cata-
In Fig. 11, the total change in accumulated dosage lyst, as discussed above. Two separate tests were performed
and NQ conversion from the centre point of the first to investigate the effect d& and also the effect df;, thus
experimental design to the third step in the direction of using a linear and a quadratic dependence on the i,

the steepest ascent after the third experimental design argespectively. In the first experimeki was changed from
0 to 1, starting from the optimised dosing strategy. In the

second experimerk,; was changed from 0 to 218, corre-

g:gg MMA A I I sponding to an equal .changekafor both experiments. In
005 WV Fig. 12, the changes in accumulated dosage and tiD-
® _0.10 [2-€hange in accumulated dosage Rt Ve version are shown. In both experiments, the dosage is some-
015 "‘\ / what decreased during the first 390 s, mainly increased from
020 \V/” 390 to 1240s, and decreased from 1240 s to the end of the
5.0 b: Change in accumulated NO, conversion Pt cycle. The difference in dosage between the. experiments is
: Hﬂjv that the changes are larger when the quadratic dependence is
. 18 WMFW used. No major change in N@onversion occurs for either
= 10 A experiment during the first 1240 s. From 1240 s to the end of
05 f"w the cycle there is, however, a loss in N€nversion, with a
0.0 1 L L larger loss for the quadratic dependence. It is thus clear that
500 1000 1500 a linear or a higher order dependence of the,NlOw is not
Time /s beneficial when using an oxidation catalyst upstream the re-

Fig. 11. Total change in accumulated (a) dosage and (b) dfversion mainder of the system. However, a lower order dependence

from the centre point of the first experimental design to the third step in Of the NQ: flow, as, e.g., a saturation function of the type
the direction of the steepest ascent after the third experimental design. kaFnoy /(1+knFNoy ), may still be an interesting alternative.
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Fig. 12. Change in accumulated (a) dosage and (b) Béhversion when
changingk; from 0 to 1 (solid) and when changing from 0 to 218
(dotted) in the optimised dosing strategy.

Fig. 13. Change accumulated in NQonversion: (a) when changing
fo from 0 to 0.1 (solid), to 0.2 (dotted) and to 1.0 (dashed) using the
reference dosing strategy and (b) when chandinfyfom 0 to 0.1 (solid),

to 0.2 (dotted) and to 0.4 (dashed) using the optimised dosing strategy.
3.5. Introduction of multiple injectors

Multiple injectors, here to be understood as two injectors troducing a second injector and a distribution factor of 0.1
separated by one monolith, were thought to possess twoiS not evidently of any larger benefit, regardless of the con-
potentia| advantages over a Sing|e injector Set-up' name|yditi0ns in the CyCle. The overall result for the whole CyCle is,
with respect to firstly temperature effects and secondly HC Within the experimental error, identical to the one-injector
distribution effects. set-up result. Doubling the distribution factor to 0.2 shows

Regarding temperature effects, a transient system in a@n interesting effect. The NOconversion during the first
similar application shows large variations in temperatures 600 s of the cycle, mainly consisting of low mass flow op-
along the system axis, as mentioned above and indicatederation of the engine, is slightly positive. The last 1200s
in Fig. 3. It is thus likely that, during real use, not all parts ©f the cycle, however, show a clear negative trend, causing
of the catalyst will have temperatures corresponding to the the overall result to be negative. Increasing the distribution
activity window. Multiple injectors would, therefore, add factor further is of no essential gain at any part of the cycle,
the possibility of injecting HC upstream monoliths having but strongly negative during the last 1000s of the cycle.
an appropriate temperature, leaving monoliths of lower Concerning the optimised strategy, the corresponding graph
temperatures without reducing agent_ is found in Flg 13b. Firstly, one can note that a distribution

Concerning HC distribution effects, an even and appro- factor of 0.1 gives a neutral result in total, and even during
priate coverage of the reducing agent is essential for anthe Cycle deviates little from the Single injector reference.
optimal catalytic reduction. Too high HC concentrations A distribution factor of 0.2 gives a visibly positive effect
lead to lower relative HC conversion due to lack of catalyst Of the first 500s, a neutral effect 500-1000s and a nega-
surface oxygen, and thereby also lead to lower relativg NO tive effect 1000-1800s. |nC|’eaSing the distribution factor
conversion [15]. An appropriate coverage can be obtained further is of no essential gain at any part of the cycle, but
via multiple reductant injection, yielding relatively low HC ~ strongly negative during the last 1000 of the cycle. These
concentrations |0ca||y despite |arge HC dosage g|oba||y effects show that a distribution of the reducing agent along

Against the mentioned advantages with multiple injector the monolith axis indeed is positive under certain circum-
set-ups stand two major disadvantages. Firstly, a second in-Stances, and, consistent with the above reasoning, mainly
jector adds components and complexity to the exhaust gasat low space velocities. Thus, there is an indication of the
system, and thus the cost increases. Secondly, HC intro-Usefulness in some applications, if, however, not under such
duced via an injector situated downstream any catalyst will @s represented by the ETC.
have less residence time to interact with the remaining cat-
alyst and may also be flushed out without reacting in case
of high exhaust gas flows. The result can be larger HC, CO, 4. Summary and conclusions
and, depending on system appearanc&) missions [15].

In Fig. 13a, the advantages and disadvantages of mul- The introduction of an oxidation catalyst upstream of the
tiple injector set-ups can be recognised, knowing the injector results in a temperature levelling and delay that
characteristics of the test cycle. The reference strategy, withreduces the potential for NOreduction during occasions
a distribution factor of 0 (single injector operation), here with simultaneous high temperatures and high,NtOws.
forms the baseline to which other results are compared. In-The increased N&NO ratio obtained with the oxidation
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catalyst is beneficial at low and intermediate temperatures References

if the reductant dosage is large enough. In accordance, the

optimisation of the dosing strategy shows that a consid-
erable part of the reducing agent should be distributed at
low and intermediate temperatures. The most important
variable in the dosing strategy is the catalyst tempera-
ture. Weighting reductant dosage towards high,Nfows

showed no beneficial effect. An alternative to the linear and

quadratic dependence could be to use a saturation function.

The dynamics of the system indicates that the reducing
agent should be distributed smoothly rather than instantly
be adjusted to the driving conditions. This in turn indicates
that a dosage exclusively proportional to the momentary
fuel consumption is unfavourable. Using two injectors may
have small beneficial effects at low mass flows. However, at

high mass flows the shortened residence time for the reduc-

ing agent from the second injector has a strongly negative
influence on NQ reduction performance.
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