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Method for operating an engine, exhaust system and oxidation catalyst

Technical field of the invention

The present invention relates to a method for operating an internal combustion engine
according to the preamble of claim 1. The invention also concerns an exhaust system for
an internal combustion engine and an oxidation catalyst for an internal combustion en-

gine, as defined in the preambles of other independent claims.

Background of the invention

Hydrocarbon emissions from lean burn gas engines are typically relatively high com-
pared to those of other types of engines. The emitted hydrocarbons consist mainly of
unburned fuel, which is in case of natural gas primarily methane. Since methane is a

strong greenhouse gas, there is a need to reduce methane emissions.

Methane emissions can be reduced to some extent by re-optimizing the lean burn com-
bustion process, but typically at the expense of increased fuel consumption and NOx
and CO emissions. Methane emissions can also be reduced by an oxidation catalyst.
However, an oxidation catalyst works only when the exhaust gas temperature is high
enough, i.c. approximately 500 °C. The exhaust gas temperature after the engine is typi-
cally too low, often around 400 °C, for oxidation of methane. Before the turbine of the
turbocharger, however, the temperature level is higher enabling oxidation of methane in

an oxidation catalyst.

An oxidation catalyst deactivates during use and must be regenerated from time to time.
Especially sulfur causes fast deactivation of the catalyst material. Regeneration of the
oxidation catalyst is done by introducing fuel into the exhaust duct of the engine up-
stream from the oxidation catalyst. When the fuel burns, it raises the exhaust tempera-
ture enabling regeneration of the oxidation catalyst. Typically temperature of approxi-
mately 650-750 °C is needed for the regeneration. A problem is that the maximum
temperature and speed the turbine of the turbocharger can stand are limited due to me-
chanical constraints. The maximum temperature for the turbine is typically 620—-650 °C.

The speed limit depends on the size and type of the turbocharger. When the oxidation
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catalyst is arranged upstream from the turbine of the turbocharger, there is a risk that the

turbocharger is damaged during regeneration of the oxidation catalyst.

Summary of the invention

The object of the present invention is to provide an improved method for operating an
internal combustion engine. The characterizing features of the method according to the
present invention are given in the characterizing part of claim 1. Other objects of the
present invention are to provide an improved exhaust system for an internal combustion

engine and an oxidation catalyst for an internal combustion engine.

According to the present invention, in the method for operating an internal combustion
engine, gaseous fuel is introduced into an oxidation catalyst sequentially in different

locations for regenerating part of the oxidation catalyst at a time.

An exhaust system according to the present invention comprises a turbocharger and an
oxidation catalyst, the oxidation catalyst comprising means for introducing gaseous fuel
into the oxidation catalyst in at least two locations for enabling partial regeneration of

the oxidation catalyst.

An oxidation catalyst according to the present invention comprises a casing, at least one
catalyst element that is arranged inside the casing, and means for introducing gaseous
fuel into the oxidation catalyst in at least two locations for enabling partial regeneration

of the oxidation catalyst.

When the fuel is introduced sequentially in different locations inside the oxidation cata-
lyst, the exhaust temperature downstream from the oxidation catalyst during the regen-
eration can be kept lower. This reduces the risk that the turbocharger damages due to

too high exhaust temperature or rotation speed of the turbocharger.

According to an embodiment of the present invention, in the method for operating an
internal combustion engine, the fuel is introduced into compartments that are located

upstream from a catalyst element of the oxidation catalyst. The compartments direct the
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fuel flow more accurately to a certain part of the oxidation catalyst and enable better

temperature control.

According to another embodiment of the invention, exhaust gases from the engine are
mixed by means of a mixing device after the catalyst element of the oxidation catalyst.
A mixing device that is arranged downstream from the catalyst element ensures that the
exhaust gas part flows are mixed before entering the turbine of the turbocharger and

temperature gradients are minimized.

According to another embodiment of the invention, water is introduced into the exhaust
duct between the oxidation catalyst and the turbine of the turbocharger for reducing
exhaust gas temperature before the turbocharger. With water injection into the exhaust

duct, exhaust temperature can be further decreased.

According to another embodiment of the invention, exhaust gas temperature between
the oxidation catalyst and the turbine of the turbocharger is monitored, and the water
injection is performed when a predetermined exhaust gas temperature is exceeded. Ac-
cording to another embodiment of the invention, the rotation speed of the turbocharger
is monitored, and the water injection is performed when a predetermined rotation speed
is exceeded. By monitoring the exhaust temperature and the rotation speed of the turbo-
charger, the water injection can be limited to situations where there is a real risk of ex-

cessive temperature and/or rotation speed.

According to another embodiment of the invention, methane concentration or the total
concentration of hydrocarbons downstream from the oxidation catalyst is monitored,
and the oxidation catalyst is regenerated when the concentration exceeds a predeter-
mined limit. With the hydrocarbon concentration monitoring the degree of deactivation

of the oxidation catalyst can be determined accurately.

According to another embodiment of the invention, temperature difference over the oxi-
dation catalyst is monitored, and the oxidation catalyst is regenerated when the tempera-
ture difference drops below a predetermined value. This is an alternative way to deter-

mine deactivation of the oxidation catalyst.
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According to an embodiment of the invention, the oxidation catalyst comprises at least
one partition wall that is arranged upstream from the catalyst element for dividing the
oxidation catalyst into at least two compartments, and ecach compartment comprises

means for introducing gaseous fuel.

According to another embodiment of the invention, the oxidation catalyst comprises a
plurality of catalyst elements, and one compartment is arranged upstream from each of
the catalyst elements. According to another embodiment of the invention, the partition
wall extends between the catalyst elements. If separate catalyst elements are arranged in
cach compartment, the fuel flows can be directed accurately to cach catalyst element.

Effective regeneration and minimum temperature increase can thus be achieved.

According to another embodiment of the invention, a mixing device is arranged down-

stream from the oxidation catalyst for mixing exhaust gases from the engine.

According to another embodiment of the invention, the exhaust system comprises
means for introducing water into the exhaust duct downstream from the oxidation cata-

lyst.

According to another embodiment of the invention, the exhaust system comprises
means for measuring exhaust gas temperature between the oxidation catalyst and the

turbine of the turbocharger.

According to another embodiment of the invention, the exhaust system comprises

means for measuring the rotation speed of the turbocharger.

According to another embodiment of the invention, the exhaust system comprises
means for measuring methane concentration or the total concentration of hydrocarbons

downstream from the oxidation catalyst.

According to another embodiment of the invention, the exhaust system comprises

means for measuring temperature difference over the oxidation catalyst.
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Brief description of the drawings

Fig. 1 shows schematically a turbocharged internal combustion engine with an oxida-
tion catalyst.

Fig. 2 shows an oxidation catalyst.

Fig. 3 shows a cross-sectional view of the oxidation catalyst of Fig. 2.

Fig. 4 shows part of another oxidation catalyst.

Fig. 5 shows a cross-sectional view of the oxidation catalyst of Fig. 4.

Detailed description of the invention

Embodiments of the invention are now described in more detail with reference to the

accompanying drawings.

In figure 1 is shown an internal combustion engine 1 that can be operated on gasecous
fuel. In the embodiment described here, the engine 1 is a dual-fuel engine, which can
also be operated on liquid fuel. However, the engine 1 could also be a gas engine that is
operated only on gaseous fuel. Liquid pilot fuel can be used in the engine 1 for igniting
the gaseous fuel. The intake air of the engine 1 is pressurized by a turbocharger 2. The
turbocharger 2 comprises a turbine 2a that is connected to the exhaust duct 4 of the en-
gine 1 and a compressor 2b that is connected to the intake duct 5. An oxidation catalyst
3 is arranged between the engine 1 and the turbine 2a of the turbocharger 2 for reducing
carbon monoxide (CO) and hydrocarbon (HC) emissions, especially methane emissions
of the engine 1. In the oxidation catalyst 3 noble metals, such as platinum or palladium,
act as catalyst allowing oxidation of CO and HC by residual oxygen of the exhaust gas-
es. The catalyst material is arranged on a support structure to form at least one catalyst

element 18, as shown in figure 2. The catalyst element is arranged inside a casing 19.

The engine 1 is provided with a fuel duct 12 for introducing gas into the oxidation cata-
lyst 3 upstream from the catalyst element 18. The fuel duct 12 comprises a fuel valve 13
for controlling the admission of the gas. The fuel valve 13 is a regulating valve that al-
lows adjustment of the fuel flow. By introducing fuel through the fuel duct 12 into the

oxidation catalyst 3, temperature of the exhaust gases can be increased for regenerating
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the oxidation catalyst 3. Fuel can also be introduced into the oxidation catalyst 3 when
the oxidation catalyst 3 is cold and/or when the catalyst is partly deactivated. This en-

sures proper functioning of the oxidation catalyst 3.

The oxidation catalyst 3 of figures 2 and 3 is provided with partition walls 22, 23. The
walls 22, 23 divide the space inside the oxidation catalyst 3 upstream from the catalyst
clement 18 into four compartments 20a—20d. Each of the compartments 20a—20d is pro-
vided with a fuel injection nozzle 21a—21d. It is also possible that the oxidation catalyst
3 is not divided into compartments 20a—20d, but is only provided with nozzles 21a-21d
that are arranged in different locations inside the oxidation catalyst 3 and directed to-
wards different parts of the catalyst element 18. The fuel injection nozzles 21a—-21d are
connected to the fuel duct 12. Each fuel injection nozzle 21a—21d can be controlled in-
dependently. Each compartment 20a—20d can also be provided with a plurality of noz-
zles. A static mixer 25 is arranged downstream from the oxidation catalyst 3. Alterna-
tively, the static mixer 25 could be arranged inside the oxidation catalyst 25 down-

stream from the catalyst element 18.

In figures 4 and 5 is shown an oxidation catalyst 3 according to another embodiment of
the invention. In this embodiment, the space inside the oxidation catalyst 3 is divided by
partition walls 22, 23, 24 into eight compartments 20a—20h. The oxidation catalyst 3
comprises cight separate catalyst elements 18a—18h, and one of the catalyst elements
18a—18h is arranged in each compartment 20a—20h. Each of the compartments 20a—20h
is provided with a fuel injection nozzle 21a—21h. The fuel injection nozzles 21a—21h are
connected to the fuel duct 12. Each fuel injection nozzle 21a—21h can be controlled in-

dependently.

Turning back to figure 1, a water duct 14 is arranged to supply water into the exhaust
duct 4 between the oxidation catalyst 3 and the turbine 2a of the turbocharger 2. The
water duct 14 is provided with a water valve 15 for controlling the admission of water.
The water valve 15 is a regulating valve that allows adjustment of the water flow. The
engine 1 also comprises a by-pass duct 6, through which the exhaust gases can be guid-

ed past the oxidation catalyst 3. The inlet of the by-pass duct 6 is connected to the ex-
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haust duct 4 between the engine 1 and the oxidation catalyst 3. The outlet of the by-pass
duct 6 is connected to the exhaust duct 4 between the oxidation catalyst 3 and the tur-
bine 2a of the turbocharger 2. The by-pass duct 6 is provided with a by-pass valve 7 for
controlling the exhaust gas flow through the duct 6. The exhaust duct 4 is provided with
an isolation valve 17 that is arranged between the inlet of the by-pass duct 6 and the

oxidation catalyst 3.

The engine 1 is provided with temperature sensors for measuring exhaust gas tempera-
ture at different locations. A first temperature sensor 9 is located in the exhaust duct 4
upstream from the turbine 2a of the turbocharger 2 and downstream from the water duct
14. A second temperature sensor 10 is arranged to measure the temperature in the oxida-
tion catalyst 3. Alternatively, the second sensor 10 could also be arranged to measure
the temperature immediately after the oxidation catalyst 3, i.e. between the oxidation
catalyst 3 and the water duct 14. A third temperature sensor 11 is located in the exhaust
duct 4 between the engine 1 and the oxidation catalyst 3. The engine 1 is also provided
with a gas sensor 26 that measures hydrocarbon concentration in the exhaust gas. The
gas sensor 26 is located downstream from the oxidation catalyst 3. The temperature data
from the sensors 9, 10, 11 and the gas concentration data from the gas sensor 26 is re-

ceived in a control unit 8.

When the engine 1 is operated on gascous fuel, the exhaust gases from the engine 1
normally flow through the oxidation catalyst 3, where unburned hydrocarbons and CO

are oxidized by the residual oxygen in the exhaust gases.

The condition of the oxidation catalyst 3 is monitored for detecting deactivation of the
oxidation catalyst 3. Monitoring can be done by measuring the concentration of me-
thane or the total concentration of hydrocarbons downstream from the oxidation catalyst
3. In the embodiment of figure 1, hydrocarbon concentration is monitored by a gas sen-
sor 26 that is arranged downstream from the turbocharger 2. When the hydrocarbon
concentration in the exhaust gases exceeds a predetermined limit, it is an indication that
the oxidation catalyst 3 needs regeneration. The limit value for the allowed hydrocarbon
concentration can depend on the engine load and speed and other operating conditions.

Instead of the gas sensor 26, the need for regeneration can be determined by monitoring
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temperature difference over the oxidation catalyst 3. When the difference between the
temperatures measured by the first temperature sensor 9 downstream from the oxidation
catalyst 3 and the third temperature sensor 11 between the engine 1 and the oxidation
catalyst 3 is high, it is an indication of proper functioning of the oxidation catalyst 3.
When the temperature difference over the oxidation catalyst 3 is low, it is an indication
of deactivation of the oxidation catalyst 3. When the temperature difference drops be-
low a predetermined limit value, the need for regeneration can be detected. The limit

value can depend on the engine load and speed and other operating conditions.

When it is detected that the oxidation catalyst 3 is deactivated, fuel is introduced into
the oxidation catalyst 3 for increasing temperature inside the oxidation catalyst 3. Tem-
perature of 650-750 °C is needed for regenerating the oxidation catalyst 3. Fuel is in-
jected sequentially through the nozzles 21a-21h into the compartments 20a—20h. In the
embodiment of figures 2 and 3, only part of the catalyst element 18 is thus regenerated
at a time. In the embodiment of figures 4 and 5, only one of the separate catalyst cle-
ments 18a—18h is regenerated at a time. Fuel can also be injected into two or more com-
partments 20a—20h at the same time, if the exhaust temperature allows. Sequential fuel
injection enables exhaust temperature that is high enough to regenerate the oxidation
catalyst 3, but helps to keep the exhaust temperature after the oxidation catalyst 3 lower
and prevents thus damaging of the turbocharger 2. If a static mixer 25 is arranged
downstream from the oxidation catalyst 3, effective mixing of the exhaust gas part
flows that are at different temperatures is ensured. The required number of the com-
partments 20a—-20h depends on the temperature and rotation speed limits of the turbo-
charger 2. With a higher number of the compartments 20a—20h, the exhaust gas temper-
ature and the rotation speed of the turbocharger 2 can be kept lower. If the turbocharger

2 can stand high temperatures and rotation speeds, two compartments might suffice.

For instance when the oxidation catalyst 3 is cold and/or the catalyst is slightly deac-
tivated, the normal exhaust gas temperature inside the oxidation catalyst 3 might be too
low for oxidation. Also in this case, fuel can be introduced into the oxidation catalyst 3.
The second temperature sensor 10 is used for controlling the temperature inside the oxi-
dation catalyst 3. If the temperature is below a certain limit value, gascous fuel is intro-

duced into the oxidation catalyst 3 through the fuel duct 12 for increasing the tempera-
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ture inside the oxidation catalyst 3. The injected fuel helps to start up (“ignite’’) methane
combustion process in the oxidation catalyst 3. Fuel injection might also be needed to
keep the temperature high enough for the methane combustion process, especially when
the catalyst is partly deactivated. Temperature of approximately 500 °C is needed for

the oxidation of methane.

To ensure that the exhaust gas temperature before the turbocharger 2 does not exceed
the maximum temperature that is allowed for the turbocharger 2, the exhaust gas tem-
perature before the turbocharger 2 is continuously monitored by the first temperature
sensor 9. Also the rotation speed of the turbocharger 2 is monitored by a rotation speed
sensor 16 to ensure that the allowed maximum speed is not exceeded. If the exhaust gas
temperature and/or the rotation speed exceed predetermined first limit values, water
injection into the exhaust duct 4 upstream from the turbine 2a of the turbocharger 2 is
started. The limit value for the exhaust temperature is typically set at 620-650 °C. The
limit value for the rotation speed depends on the type and size of the turbocharger 2.
Alternatively, or in addition, water injection can be started every time when the oxida-
tion catalyst 3 is regenerated. Water injection is continued until the exhaust gas tem-
perature and the rotation speed of the turbocharger 2 drop below second limit values

that are set below the first limit values.

When the engine 1 is operated on liquid fuel, the exhaust gases are guided into the by-
pass duct 6 by opening the by-pass valve 7 and closing the isolation valve 17. Since the
oxidation catalyst 3 is very sensitive to sulfur, even exhaust gases of low-sulfur fuel
would deactivate the oxidation catalyst 3 quickly. By using the by-pass duct 6 for pass-
ing the oxidation catalyst 3, the need for the regeneration of the catalyst 3 can be re-

duced.

It will be appreciated by a person skilled in the art that the invention is not limited to the
embodiments described above, but may vary within the scope of the appended claims.
For instance, the engine might comprise two turbochargers connected in series. In that
case, the oxidation catalyst can be arranged between the engine and the first turbo-

charger in the direction of the exhaust gas flow.
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Claims

1. A method for operating a turbocharged internal combustion engine (1), in which
method gascous fuel is introduced into an oxidation catalyst (3) for regenerating the
oxidation catalyst (3), characterized in that the fuel is introduced into the oxidation
catalyst (3) sequentially in different locations for regenerating part of the oxidation cata-

lyst (3) at a time.

2. A method according to claim 1, characterized in that the fuel is introduced into
compartments (20a—20h) that are located upstream from a catalyst element (18,

18a—18h) of the oxidation catalyst (3).

3. A method according to claim 1 or 2, characterized in that exhaust gases from
the engine (1) are mixed by means of a mixing device (25) after the catalyst element

(18, 18a—18h) of the oxidation catalyst (3).

4. A method according to any of claims 1-3, characterized in that water is intro-
duced into the exhaust duct (4) between the oxidation catalyst (3) and the turbine (2a) of

the turbocharger (2) for reducing exhaust gas temperature before the turbocharger (2).

5. A method according to claim 4, characterized in that exhaust gas temperature
between the oxidation catalyst (3) and the turbine (2a) of the turbocharger (2) is moni-
tored, and the water injection is performed when a predetermined exhaust gas tempera-

ture 1s exceeded.

6. A method according to claim 4 or 5, characterized in that the rotation speed of
the turbocharger (2) is monitored, and the water injection is performed when a prede-

termined rotation speed is exceeded.

7. A method according to any of the preceding claims, characterized in that me-
thane concentration or the total concentration of hydrocarbons downstream from the
oxidation catalyst (3) is monitored, and the oxidation catalyst (3) is regenerated when

the concentration exceeds a predetermined limit.
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8. A method according to any of claims 1-6, characterized in that temperature
difference over the oxidation catalyst (3) is monitored, and the oxidation catalyst (3) is

regenerated when the temperature difference drops below a predetermined value.

9. An exhaust system for an internal combustion engine (1), the exhaust system
comprising a turbocharger (2) and an oxidation catalyst (3), which oxidation catalyst (3)
comprises at least one catalyst element (18, 18a—18h), characterized in that the exhaust
system further comprises means (21a—21h) for introducing gaseous fuel into the oxida-
tion catalyst (3) in at least two locations for enabling partial regeneration of the oxida-

tion catalyst (3).

10.  An exhaust system according to claim 9, characterized in that the oxidation
catalyst (3) comprises at least one partition wall (22, 23, 24) that is arranged upstream
from the catalyst element (18) for dividing the oxidation catalyst (3) into at least two
compartments (20a—20g), and each compartment (20a-20g) comprises means

(21a—21h) for introducing gaseous fuel.

11.  An exhaust system according to claim 9 or 10, characterized in that the oxida-
tion catalyst (3) comprises a plurality of catalyst elements (18a—18h), and one com-

partment (20a—20h) is arranged upstream from each of the catalyst elements (18a—18h).

12.  An exhaust system according to claim 11, characterized in that the partition

wall (22, 23, 24) extends between the catalyst elements (18a—18h).

13.  An exhaust system according to any of claims 9-12, characterized in that a
mixing device (25) is arranged downstream from the oxidation catalyst (3) for mixing

exhaust gases from the engine (1).

14. An exhaust system according to any of claims 9—13, characterized in that the
exhaust system comprises means (14, 15) for introducing water into the exhaust duct (4)

downstream from the oxidation catalyst (3).
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15.  An exhaust system according to any of claims 9—14, characterized in that the
exhaust system comprises means (9) for measuring exhaust gas temperature between the

oxidation catalyst (3) and the turbine (2a) of the turbocharger (2).

16.  An exhaust system according to any of claims 9-15, characterized in that the
exhaust system comprises means (16) for measuring the rotation speed of the turbo-

charger (2).

17.  An exhaust system according to any of claims 9—-16, characterized in that the
exhaust system comprises means (26) for measuring methane concentration or the total

concentration of hydrocarbons downstream from the oxidation catalyst (3).

18. An exhaust system according to any of claims 9—17, characterized in that the
exhaust system comprises means (9, 11) for measuring temperature difference over the

oxidation catalyst (3).

19.  An oxidation catalyst (3) for an internal combustion engine (1), the oxidation
catalyst (3) comprising a casing (19) and at least one catalyst element (18, 18a—18h)
that is arranged inside the casing (19), characterized in that the oxidation catalyst (3)
comprises means (21a—21h) for introducing gaseous fuel into the oxidation catalyst (3)

in at least two locations for enabling partial regeneration of the oxidation catalyst (3).

20.  An oxidation catalyst (3) according to claim 19, characterized in that the oxida-
tion catalyst (3) comprises at least one partition wall (22, 23, 24) that is arranged up-
stream from the catalyst element (18) for dividing the oxidation catalyst (3) into at least
two compartments (20a—20g), and each compartment (20a—20g) comprises means

(21a—21h) for introducing gaseous fuel.

21.  An oxidation catalyst (3) according to claim 19 or 20, characterized in that the

oxidation catalyst (3) comprises a plurality of catalyst elements (18a—18h), and one
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compartment (20a—20h) is arranged upstream from each of the catalyst elements

(18a—18h).

22.  An oxidation catalyst (3) according to claim 21, characterized in that the parti-

tion wall (22, 23, 24) extends between the catalyst elements (18a—18h).
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