
Modeling the E�ects of Late Cycle Oxygen Enrichment on Diesel Engine

Combustion and Emissions

D. K. Mather and D. E. Foster R. B. Poola and D. E. Longman A. Chanda, and T. J. Vachon

University of Wisconsin - Madison Argonne National Laboratory Caterpillar, Inc.

Abstract

A multidimensional simulation of Auxiliary Gas Injection
(AGI) for late cycle oxygen enrichment was exercised to
assess the merits of AGI for reducing the emissions of soot
from heavy duty diesel engines while not adversely a�ect-
ing the NOx emissions of the engine. Here, AGI is the
controlled enhancement of mixing within the diesel engine
combustion chamber by high speed jets of air or another
gas. The engine simulated was a Caterpillar 3401 engine.
For a particular operating condition of this engine, the
simulated soot emissions of the engine were reduced by
80% while not signi�cantly a�ecting the engine-out NOx

emissions compared to the engine operating without AGI.
The e�ects of AGI duration, timing, and orientation are
studied to con�rm the window of opportunity for realiz-
ing lower engine-out soot while not increasing engine out
NOx through controlled enhancement of in-cylinder mix-
ing. These studies have shown that this window occurs
during the late combustion cycle, from 20 to 60 crank angle
degrees after top-dead-center. During this time, the com-
bustion chamber temperatures are suÆciently high that
soot oxidation increases in response in increased mixing,
but the temperature is low enough that NOx reactions are
quenched. The e�ect of the oxygen composition of the in-
jected air is studied for the range of compositions between
21% and 30% oxygen by volume. This is the range of oxy-
gen enrichment that is practical to produce from an air
separation membrane. Simulations showed that this level
of oxygen enrichment is insuÆcient to provide an additional
bene�t by either increasing the level of soot oxidation or
prolonging the window of opportunity for increasing soot
oxidation through enhanced mixing.

Introduction

The diesel engine industry faces a major challenge as they
strive to meet increasingly stringent standards for emis-
sions of smoke and oxides of nitrogen (NOx). AGI for late
cycle oxygen enrichment is a promising technology whereby
jets of air or another gas are employed to control and fa-
vorably enhance the mixing within the diesel-engine com-
bustion chamber. Typically, the goal of AGI is to enhance

the mixing of soot and air during the later portion of the
combustion when soot oxidation can be increased, but NOx

formation has ceased. Thus, AGI is a method of achieving
a reduction of engine-out soot without an accompanying
increase in NOx, unlike conventional soot reduction strate-
gies.
The experiments by Yamaura et al. [1] were conducted

to investigate the e�ects of the injected gas composition on
the reduction of soot emissions from a diesel engine with
AGI. The gas composition was found to be an important
factor in
uencing the soot reduction bene�t from AGI. The
approach to AGI investigated here considers a novel con-
cept for altering the composition of the injected air. The
oxygen content of the injected air is increased in an at-
tempt to enhance its e�ectiveness at oxidizing soot. This
oxygen enriched air could be supplied by an air-separation
membrane capable of providing oxygen enrichment up to
35% by volume [2]. Factors which in
uence the impact to
soot reduction from such a system were investigated com-
putationally using a modi�ed version of the KIVA-3v mul-
tidimensional engine simulation code, with submodels for
diesel sprays, combustion, and high-speed gas jets [3]. The
baseline engine for these simulations was the Caterpillar
3401 heavy-duty truck engine which has been successfully
simulated in many studies [4, 5, 6]. Initial studies of AGI
by the authors focused on both the present engine and
a TACOM engine for which experimental AGI data was
available for comparison to the simulations [3].

Combustion Modeling of Auxiliary

Gas Injection

The simulations of AGI for late cycle oxygen enrichment
were conducted using the Caterpillar 3401 as the baseline
engine. The speci�cations of this engine are provided in
Table 1. This engine uses a central 6-hole fuel injector.
The simulations took advantage of the 6-fold symmetry of
this combustion system by modeling only a 60 degree sec-
tor of the combustion chamber as shown in Fig. 1. The gas
injector for AGI was located near the axis of the combus-
tion chamber as indicated in Fig. 1(a). This arrangement
provided one gas injector nozzle hole for each sector of the
combustion chamber, thus preserving the symmetry of the
combustion system. The pitch angle, �, shown in Fig. 1(b)
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engine Caterpillar 3401
bore 13.719 cm
stroke 16.51 cm
connecting rod length 26.162 cm
displacement 2.44 l
compression ratio 15:1
intake valve timing closed -147 CA
exhaust valve timing open 136 CA
intake pressure 184 kPa
intake temperature 310 K
engine speed 1600 rpm
equivalence ratio � 0.4

Table 1: Caterpillar single cylinder oil test engine speci�-
cations.

number of ori�ces 6
ori�ce diameter 0.07 cm
ori�ce location 0.5 cm from cylinder axis
ori�ce orientation 0-60 degrees pitch
gas composition 21%-30% oxygen
delivery pressure 500, 2000, 3000 psi
reservoir temperature adiabatic compression tem-

perature
beginning of gas in-
jection (BOGI)

20 - 80 CA ATDC

duration of gas injec-
tion (DOGI)

40 - 80 CA

injected mass � 0:2 g
estimated compres-
sion power

� 1:72 kW/cylinder

Table 2: Simulated auxiliary gas injection speci�cations.

refers to the angle the gas jet makes with respect to the
axis of the combustion chamber. The speci�cations for the
simulated gas injector are provided in Table 2.
In the previous study of AGI in the Caterpillar engine [3]

the location of the AGI was from the periphery of the com-
bustion chamber. The objectives of the present study are
twofold: to investigate whether similar emission reductions
found in the previous study are achievable when the AGI
is from the axis of the combustion chamber, as would be
the case if the AGI were incorporated into the fuel injector,
and to investigate the e�ects of injecting oxygen enriched
air upon the engine out emissions.
Figure 2 shows a comparison of the soot and NOx emis-

sions for fuel injection timings from -9 to +3 CA ATDC
predicted by the KIVA code employed for this study and
the measured emissions for the engine.
The action of AGI on this diesel combustion system is

shown as rendered computational results in Figs. 3(a),
3(b), and 3(c) The 60 degree sector of the combustion
chamber is shown in Fig. 3(a) at top-dead-center. The
fuel injection started at -9 CA ATDC, and the injected

(a) Top view

(b) Side view of showing piston bowl.

Figure 1: Computational grid employed for modeling AGI.
� indicates the AGI pitch angle.

liquid diesel fuel is represented as small red spheres. The
location of the soot and the NOx are indicated by the grey
and the red clouds, respectively. Figure 3(b) shows the lo-
cation of the soot and NOx clouds at 20 CA ATDC, which
is the instant that the AGI begins. Figure 3(c) shows the
interaction of the AGI with the soot cloud. Here the AGI,
represented by the blue cloud, has engulfed the soot cloud.
In this way, the AGI is able to exert a strong in
uence on
the soot oxidation by enhancing mixing during the later
portion of the combustion cycle.

The computational investigation of the merits of AGI for
late cycle oxygen enrichment is divided into four studies to
characterize the e�ect of the orientation, duration, timing,
composition, and delivery pressure on the ability of AGI
to reduce engine out soot without increasing NOx.
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Figure 2: Measured and simulated soot-NOx tradeo� for
the baseline engine.

E�ects of AGI Orientation, Duration, and

Delivery Pressure

In this study the e�ect of the AGI orientation and dura-
tion on the emissions was characterized for two di�erent
AGI injection pressures. The orientation of the AGI in all
cases was radially out from the cylinder axis. The pitch
angle, the angle the jet made with respect to the cylinder
axis, was varied from 0 to 60 degrees. The duration of gas
injection (DOGI) was measured in engine crank angles and
varied from 40 to 80 CA. Finally, two AGI delivery pres-
sures of 2000 psi and 3000 psi were simulated in this phase
of the study. A lower delivery pressure (500 psi) AGI was
investigated in a subsequent study. For all the present sim-
ulations, the beginning of gas injection (BOGI) remained
at 20 CA ATDC, the oxygen purity of the injected gas was
25% by volume, and the start of fuel injection was -9 CA
ATDC.
The results of these simulations are shown in Figs. 4(a)

and 4(b) for 2000 psi AGI. Figure 4(a) shows the simulated
engine-out soot levels for the range of AGI durations and
orientations considered. The dotted line shows the simu-
lated engine out soot level for the baseline engine operating
without AGI. For this operating condition, AGI was very
e�ective at reducing engine out soot. Increasing the AGI
DOGI beyond 40 CA had no signi�cant additional bene�t
for soot reduction. Finally, for this operating condition,
the optimum AGI orientation for reducing engine-out soot
was found to be 45 degrees pitch angle.
Figure 4(b) shows the corresponding engine out NOx for

these simulations. Here again, the dashed line shows the
engine out NOx level for the baseline engine. For this set of
simulations, the engine-out NOx varies between 9 and 10
g/hp-hr, which is not a signi�cant variation. These simula-
tions demonstrated the window of opportunity during the
combustion cycle for signi�cantly enhancing the oxidation
of soot while not adversely a�ecting the engine out NOx.
This window of opportunity for signi�cantly reducing

(a) TDC

(b) 20 CA ATDC

(c) 30 CA ATDC

Figure 3: Engine during the expansion stroke showing the
locations of the soot cloud (grey), the NOx cloud (red),
and the AGI (blue).
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Figure 4: E�ect of AGI orientation and duration on engine-
out emissions.
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Figure 5: The in
uence of AGI on the evolution of the
combustion chamber temperature.

engine-out soot while not increasing the engine-out NOx

can be seen by examining the evolution of temperature,
soot, and NOx during the combustion. Figure 5 shows the
bulk gas temperature during the combustion for the engine
operating with and without AGI as the baseline. For this
case, AGI BOGI is 20 CA ATDC and DOGI is 40 CA. The
period of AGI is indicated on the �gure. The AGI occurs
while the bulk gas temperature is above the 1400 K soot
oxidation quench temperature. The AGI slightly increases
the bulk gas temperature from 40 to 80 CA ATDC.

Figure 6 shows the in-cylinder soot evolution for the en-
gine operating with and without AGI. As can be seen, the
soot formation begins shortly after TDC. The peak soot is
formed by 25 CA ATDC, and the peak soot levels are very
similar for the engine operating with or without AGI. The
e�ect of AGI is felt after 40 CA ATDC. When the engine
is operated with AGI, the soot oxidation continues at the
initial high rate until 60 CA ATDC, while the decrease in
soot level within the engine operating without AGI begins
at 40 CA ATDC. From Fig. 5 we see that the bulk gas
temperature remains well above the 1400 K soot oxida-
tion quench temperature. The e�ect of AGI is to prevent
the soot oxidation reactions from slowing due to a lack of
oxygen.

Figure 7 shows the in-cylinder NOx evolution for the
engine operating with and without AGI. As with the soot,
the NOx formation begins just after TDC, but the NOx has
reached its maximum, engine-out level by 40 CA ATDC,
the time when AGI is in
uencing soot. The features of the
NOx evolution curves are identical for the engine operating
with or without AGI. In this particular case, the engine had
a slightly lower engine-out NOx when AGI was used.

Finally, the e�ect of AGI on engine power is considered.
In order to be a viable technology for reducing engine emis-
sions, the emissions bene�ts from AGI must be weighed
against the parasitic power required to produce the gas
jets. For the engine simulated, AGI actually increases the
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Figure 6: The in
uence of AGI on the evolution of the
combustion chamber soot.
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Figure 7: The in
uence of AGI on the evolution of the
combustion chamber NOx.
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Figure 8: The in
uence of AGI on the evolution of the heat
release rate.

power produced by the engine. For the particular oper-
ating condition shown in the temperature and emissions
evolution curves, the indicated engine power was increased
by 1.86 kW . The estimated compression work to deliver
air at 13.8 MPa is about 1.72 kW, as reported in Table 2.
Thus the reduction in emissions is accomplished without a
large penalty in engine eÆciency.
The extra power produced by the engine when it is oper-

ated with AGI is re
ected in the heat release rates for the
engine. Figure 8 shows that there is an increased heat re-
lease rate during the AGI period. The source of this extra
power is extra mixing releasing more of the energy in the
fuel earlier in the expansion stroke. Additionally, some of
energy of the AGI jet itself is recovered by expanding the
gas within the combustion chamber.
This study demonstrates the merit of AGI for reducing

engine-out soot while not increasing engine-out NOx by
means of enhancing mixing during the later potion of the
combustion cycle. The window of opportunity was between
20 and 60 CA ATDC. Furthermore, the simulations predict
that the shorter AGI duration was as e�ective as the longer
duration gas injection. The simulations also identi�ed 45
degrees pitch angle as an optimum orientation of the AGI
for this combustion system.

Fuel Injection and AGI Timing

The most common strategy for reducing NOx from a diesel
engine is to retard the fuel injection timing. In this study,
the interaction of fuel injection timing and AGI timing were
characterized. The start of fuel injection was varied from
-9 CA ATDC to +4 CA ATDC. The AGI timing was varied
from a BOGI at 20 CA ATDC to an advanced BOGI at
10 CA ATDC. The composition of the injected gas was
25% oxygen by volume. The orientation of the AGI was 45
degrees, the optimum orientation for soot reduction from
the previous study. The pressure of the injected gas was
2000 psi, and the AGI DOGI was 40 CA. The result of these
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Figure 9: The in
uence of AGI and fuel injection timing
on engine-out emissions.

studies are summarized as a soot-NOx tradeo� in Fig. 9.
The simulations predict that a dramatic 
attening of the
soot-NOx tradeo� occurs when AGI is employed, which
would permit the engine to operate at much retarded fuel
injection timings without increasing the engine out soot. A
comparison of the e�ects of the earlier and the later BOGI
shows that the early BOGI has a higher engine out NOx

level and has a higher engine out soot level at the extreme
retarded fuel injection timing. From the previous study,
it was shown that increasing DOGI beyond 40 CA had
little additional bene�t. The other option for increasing
the time when AGI enhances mixing is to start the AGI
earlier. This study shows that, for this combustion system,
starting the AGI earlier than 20 CA ATDC undesirably
increases engine-out NOx.

E�ect of AGI Oxygen Purity

As this project falls within the larger context of ANL's
ongoing study of membrane based air composition control
for diesel engines, the e�ect of AGI when the injected air
oxygen composition is modi�ed using air separation mem-
branes was investigated. For this study the composition
of the injected air was varied from 21% to 30% oxygen by
volume, which represents the range from no oxygen enrich-
ment up to the maximum enrichment level that can be ef-
�ciently produced with the present membrane technology.
Figure 10 shows the soot-NOx tradeo�s for AGI with 21%,
25%, and 30% oxygen by volume. The soot-NOx trade-
o� for the engine operating without AGI is included for
comparison. As can be readily seen, each of the injected
gases were equally e�ective at reducing the emissions from
the engine. It is predicted that there was no signi�cant
additional bene�t to the e�ectiveness of AGI at reducing
engine out soot by increasing the oxygen composition of
the injected gas.
The reason for the small e�ect on engine-out soot from

altering the composition of the injected gas is that the AGI
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Figure 10: The in
uence of AGI gas composition on engine-
out emissions.

jet became diluted from entraining combustion chamber
gas. The jet entrains so much of the ambient combustion
chamber gas that the AGI jet e�ectively has the compo-
sition of the combustion chamber gas, regardless of the
injected gas composition for the small range of oxygen en-
richment levels investigated.

Low AGI Pressure at Retarded Timings

In this study, the e�ectiveness of AGI at late injection tim-
ings was investigated to see if there would be a more pro-
nounced e�ect from the injected gas composition at the
retarded BOGI. As the bulk combustion chamber temper-
ature falls, the added oxygen in the injected gas would
permit soot oxidation to continue at lower temperatures.
It was hoped that the higher oxygen concentration would
o�set the slowing of the soot reaction rates from the lower
combustion chamber temperature during the late expan-
sion stroke. Another bene�t of retarding the BOGI would
be that the cylinder pressure has decreased at the later tim-
ings, reducing the required delivery pressure of the injected
gas for the same mass 
ow rate. However, the simulations
showed that late AGI is not very e�ective at enhancing
soot oxidation as compared with the early AGI timings.
Figure 11 shows the engine out soot levels for these sim-

ulations. The earliest BOGI is 40 CA ATDC. It was not
feasible to begin AGI earlier because the injected gas was
simulated as 
owing from a 500 psi reservoir. At the earlier
timings, the combustion chamber pressure was above the
AGI reservoir pressure. Three AGI conditions were sim-
ulated: low pressure (500 psi) AGI at 25% and low pres-
sure (500 psi) AGI at 30% oxygen by volume, and high
pressure (2000 psi) AGI at 25% by volume for compari-
son. The dashed line indicates the engine out soot level
when the engine is operated without AGI. For this oper-
ating condition, there was just a slight change from the
baseline soot level when the engine was operated with low
pressure AGI. Slightly more soot reduction was obtained
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when the injected gas had a higher oxygen content. But
even with 2000 psi AGI, the soot reduction was much less
than was observed with 20 CA ATDC BOGI. Thus, these
simulations imply that the window for increasing soot oxi-
dation cannot be extended to the late combustion stage by
increasing the oxygen content of the injected gas.

Conclusions

Multidimensional engine simulations of a heavy-duty diesel
engine operating with AGI were conducted to study the
merits of AGI for late cycle oxygen enrichment as a strat-
egy for reducing engine-out soot without increasing engine
out NOx. The simulations incorporated the state-of-the-
art submodels for diesel engine spray and combustion, and
a submodel for the near nozzle dynamics of the high speed
gas jet produced by the AGI. Over 80 simulations, each re-
quiring more than 36 hours of HP-735 computer time, were
performed to investigate the in
uence of AGI parameters
on the e�ectiveness of AGI for reducing engine-out soot.

The following conclusions can be drawn from this inves-
tigation:

1. AGI is predicted to be e�ective at reducing soot inde-
pendently of NOx. Soot reductions of up to 80% were
predicted in simulations with AGI, with slight changes
in the engine out NOx.

2. The performance of AGI is sensitive to the timing and
orientation of the gas jet within the combustion cham-
ber. Because AGI is locally in
uencing conditions
within the combustion chamber, it is essential that
the AGI jet encounters the soot at the proper time.

3. These simulations have identi�ed the window of op-
portunity when enhanced mixing from AGI favorably

in
uences mixing and increases soot oxidation with-
out increasing the formation of NOx. The mixing oc-
curs after NOx formation has ceased, but before the
combustion chamber bulk temperatures fall below the
soot quench temperature (1400 K). For the Caterpil-
lar 3401 engine considered in the present study, this
window of opportunity was between 20 CA ATDC and
60 CA ATDC.

4. High pressure AGI delivery pressure (2000 psi) is re-
quired for AGI to occur during the aforementioned
window of opportunity. Low delivery pressure post-
poned AGI until after the combustion chamber bulk
temperature had fallen below the soot quench tem-
perature. Thus, neither soot nor NOx were in
uenced
by low pressure AGI. High pressure AGI at these re-
tarded timings was also ine�ective at reducing engine-
out soot.

5. For the range of oxygen contents considered in this
study (21% - 30% by volume), there was no signi�-
cant e�ect from varying the injected gas composition.
The range of compositions considered in this study was
selected to correspond to the oxygen enrichment lev-
els attainable with present air separation membrane
technology.

6. The enhancement of in-cylinder mixing during the
later stages of combustion by AGI shortens the du-
ration of the heat release and increases engine power.
This increase in power o�sets the parasitic power con-
sumption that would be required for a high-pressure
air compressor for an AGI combustion system.
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