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ABSTRACT
Tier 4 emissions legislation is emerging as a clear pre-cursor 
for widespread adoption of exhaust aftertreatment in off-
highway applications. Large bore engine manufacturers are 
faced with the significant challenge of packaging a multitude 
of catalyst technologies in essentially the same design envelope 
as their pre-Tier 4 manifestations, while contending with the 
fuel consumption consequences of the increased back pressure, 
as well as the incremental cost and weight associated with the 
aftertreatment equipment.

This paper discusses the use of robust metallic catalysts 
upstream of the exhaust gas turbine, as an effective means to 
reduce catalyst volume and hence the weight and cost of the 
entire aftertreatment package. The primarily steady-state 
operation of many large bore engine applications reduces the 
complication of overcoming pre-turbine catalyst thermal 
inertia under transient operation. Upstream placement of the 
catalyst packages also offers potential for reducing the overall 
fuel consumption penalty (associated with the use of 
aftertreatment) in comparison to the conventional post-turbine 
placement. This softening of the fuel consumption penalty can 
be attributed to better light-off and performance of catalyst 
substrates, as well as a reduction in the impact of aftertreatment 
pressure drop on engine pumping work.

The investigation involved numerical simulation of pre-turbo 
application of a diesel oxidation catalyst (DOC), partial-flow 
diesel particulate filter (DPF), and selective catalytic reduction 
(SCR) catalyst on a 30-35L class diesel engine. The effect of this 
placement over traditional downstream placement in terms of 
fuel consumption, package size, weight and cost was examined.

The investigation revealed that the inherently higher gas 
density in the pre-turbine location allows a dramatic reduction 
in catalyst volume of up to 70%. The fuel consumption penalty 
associated with the addition of aftertreatment can also be 
reduced by approximately 1% with upstream placement of the 
catalyst packages.

INTRODUCTION
The powertrain of today is cleaner and more fuel efficient than 
it has ever been. We are however ‘just getting started’, as 
progressively more stringent emissions and fleet average fuel 
consumption standards will continue to drive clean, fuel 
efficient technologies and the innovations required to make 
them possible. Aftertreatment is a well accepted enabler for 
reduction of pollutant emissions beyond the exhaust manifold. 
Unfortunately aftertreatment has an adverse effect on fuel 
consumption, making it difficult to accomplish emissions and 
fuel consumption reductions simultaneously. Engineers are 
therefore challenged to devise creative means to align these 
two seemingly opposed goals.

The reality of aftertreatment is that it aggravates exhaust 
system restriction, and often involves the use of additional 
reductants such as diesel exhaust fluid (aqueous urea), or fuel, 
to promote catalytic effects. A direct consequence of these 
facts is an inevitable increase in fuel consumption. A reasonable 
goal for the powertrain engineer is thus to “minimize” this 
increase in fuel consumption, as circumventing it is simply not 
possible. The size of aftertreatment components also affects 
fuel consumption due to the added weight.
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It is therefore beneficial to minimize the overall size of the 
aftertreatment system. Smaller, more compact systems also 
typically exhibit better thermal characteristics, a key determinant 
for catalyst efficiency. From a commercial standpoint, equally 
performing, but more modestly sized aftertreatment components 
offer a clear opportunity for cost reduction.

The notion of a pre-turbine catalyst (PTC) is by no means new. 
There have been numerous attempts to incorporate at least part 
of aftertreatment system in the pre-turbo position [1]. The 
motivation was to utilize a compact, ‘precursor’ catalyst in 
very close proximity to the exhaust port, enabling rapid light 
off, and efficient conversion of pollutant emissions. A second, 
more generously sized underfloor catalyst would then complete 
the conversion of any remaining pollutants prior to the exhaust 

Figure 1. Pre-turbine Catalysts and Example of Turbine Housing Implementation [11]

stream exiting the tailpipe. Such a ‘split’ configuration was 
sufficient to reduce the overall size of the aftertreatment, due 
to the increased efficiency offered by the PTC. A PTC can be 
configured for application in the cylinder head, within the 
exhaust manifold, and even as part of the turbine housing. 
Figure 1 provides some examples of PTCs, as well as the 
implementation into a turbine housing.

PTC usage provides significantly higher catalyst inlet 
temperatures, which allows more rapid and efficient oxidation 
of exhaust pollutants. This effect can be demonstrated by 
Figure 2 which shows HC conversion efficiency as a function 
of time for both a PTC and a close coupled catalyst, during the 
European Emission Test Cycle [10].

Figure 2. HC Conversion Efficiency Comparison between PTC and Close Coupled Catalyst [10]
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Figure 3 shows the difference in catalyst inlet gas temperatures 
for a PTC configuration, compared to two downstream turbine 
configurations, in the close coupled, and underfloor positions 
respectively. The higher temperature regime of the PTC is 
clearly evident from this figure. This effect is particularly 
beneficial during cold stating and at lower engine loads, where 
exhaust gas enthalpy is lower due to leaner air fuel ratio 
operation. Extensive use of exhaust gas recirculation (EGR) in 
modern engines further increases the overall gas-to-fuel ratio 
during part load operation, making catalyst functionality even 
more challenging than before.

Figure 3. HC Conversion Efficiency Comparison between PTC and Close Coupled Catalyst [12]

PTC usage allows a significant reduction is catalyst volume 
over the post turbine configuration. This is due to higher gas 
density prior to expansion through the turbine, allowing the 
same substrate space velocity to be attained with a smaller 
cross sectional area. This brings about the previously 
mentioned opportunity for reduced catalyst volume, and hence 
cost and weight. The packaging benefits alone can be quite 
attractive, particularly if space is a commodity in the application 
of concern.

Despite the clear benefits associated with PTC usage, the 
concept is not without its challenges. The pre-turbine location 
is a much harsher thermodynamic environment, compared to 
the post-turbine location. A PTC needs to be robust and durable 
against higher temperature and pressure gradients, as well as 
pulsation effects associated with engine firing order. Secondly, 
it should be noted that any substantial application of 
aftertreatment in the pre-turbine positions (i.e. anything 
beyond a very modest pre-catalyst), will result in a degradation 
in engine transient performance. This is due to the ‘heat sink’ 

effect of the aftertreatment system components, particularly 
the particulate filter. Pre-turbine aftertreatment is therefore 
best suited for engines that operate in a largely steady state 
manner, or that feature very gradual load changes. Non-road, 
large-bore applications are therefore optimal candidates for 
pre-turbine aftertreatment.

BODY

THEORETICAL UNDERPINNINGS
Aftertreatment location has a direct impact on engine and 
turbocharger performance. This manifests via two distinct 
pathways, which are local gas density and impact on turbine 
expansion ratio.

A post-turbine aftertreatment system sees significantly lower 
gas densities than a pre-turbine aftertreatment system. This is 
because the exhaust gas has already expanded through the 
turbine in the post-turbo configuration and is at a significantly 
lower pressure. The gas temperature also decreases, however 
the reduction in pressure is more drastic than the reduction in 
temperature, resulting in a net gas density that is lower. Lower 
density results in higher volume flow rates and, for the same 
diameter geometry and substrate density, a consequent increase 
in pressure loss across the aftertreatment.

The second influencing factor is the turbine expansion ratio. 
For simplicity assume that the configurations are sized to have 
equivalent pressure drops for both the pre-turbine and post-
turbine configurations. If this were done, it might look as 
though comparable performance will be achieved by both 
engine setups. The pre-turbine setup would see a direct 
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restriction of exhaust ports which would raise the pumping 
work necessary during exhaust strokes. The post-turbo setup 
would experience a reduction in expansion ratio, which would 
then require waste gate adjustment to compensate, which 
would then also raise the exhaust port pressures and aggravate 
pumping work. If this were true, approximately the same 
BMEP for both configurations is expected because the same 
pressure drop was experienced in the exhaust system, only at 
different locations. This, in reality, is not true. A more detailed 
analysis shows that a post turbine restriction is far more 
detrimental than a pre-turbine restriction. Figure 4 is a simple 
illustration of this phenomenon. Assume an initial turbine inlet 
pressure (P3) of 4 bar, and a nominal turbine outlet pressure 
(P4) of 1 bar for a system with no aftertreatment. The expansion 
ratio across the turbine is given by P3/P4 which equals 4 in this 
case. Assume for the moment that the pressure drop through 
the aftertreatment system is fixed regardless of where it is 
placed (i.e. no sensitivity to gas properties). This pressure drop 
is assumed to be equal to 1 bar. In a pre-turbine configuration, 
this would have the effect of raising the pumping back pressure 
from 4 bar to 5 bar. The turbine expansion ratio stays the same. 
For a post-turbo setup, P4 will be raised to 2 bar. The expansion 
ratio is now reduced from 4 to 2. This lost expansion ratio can 
only be re-gained back by increasing P3 to 8 bar. That would 
raise the pumping back pressure to 8 bar as well. So the same 
pressure drop of 1 bar results in a 1 bar exhaust back pressure 
penalty when the aftertreatment system is upstream of the 
turbine, and a much more significant 4 bar penalty when it is 
located downstream of the turbine (for the same expansion 
ratio).

Figure 4. Theoretical Impact of Aftertreatment on Engine 
Back Pressure

Given the pressure drop in both locations, these phenomena 
show distinct theoretical benefits to a pre-turbine aftertreatment 
system as compared to its post-turbine counterpart. Numerous 
other factors need to be taken into account, such as functional 

requirements of the aftertreatment and actual turbine behavior 
to define the practical aspects of such an approach. Engine 
performance modeling can prove useful in this regard.

AFTERTREATMENT SYSTEM MAKEUP
The major emissions of concern from diesel engines are 
unburned hydrocarbons (HC), carbon monoxide (CO), oxides 
of nitrogen (NO & NO2) and particulate emissions (PM). A 
diesel oxidation catalyst (DOC) is used to oxidize the HC and 
CO emissions of the engine to carbon dioxide and water. The 
DOC will also enrich the amount of NO2 in the exhaust gas. 
The NO2 is important for the operation of the PM-Metalit, 
partial-flow particulate reduction device, explained in the 
following paragraphs, for passive regeneration.

In the DOC application, the longitudinal (LS) structure can be 
used to reduce the size of the DOC substrate. The blades that 
are rolled into the corrugated layer enhance the mass transfer 
within the catalytic converter channel, increasing the efficiency 
of the entire catalytic converter [6]. Based on this increased 
efficiency, the catalytic converter in a DOC application can be 
reduced in volume by up to 30% for a given emissions 
reduction performance. Figure 5 shows the internal design of 
the LS structure.

Figure 5. Internal Design of Longitudinal Structure

In addition to the use of an oxidation catalytic converter, a  
PM-Metalit is used to reduce the particulate emissions from 
the engine. The PM-Metalit is a partial-flow particulate 
filtration device that is continuously and passively regenerated, 
that has been in use in many OEM and retro-fit applications 
since 2004 [7].

Like all Emitec substrates, the PM-Metalit is constructed of 
alternating layers of flat and corrugated layers as seen in 
Figure.
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