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ABSTRACT 

Beginning with the interim Tier 4 legislation in the US, 
off-highway engines with 56 – 560 kW are required to 
reduce Particulate Matter (PM) emissions to less than 
0.02 g/kWh. While this significant reduction in PM 
emissions represents a great new challenge for off-
highway engines, it can be achieved with a combination 
of engine measures and PM aftertreatment technologies.  

An engine with high engine out PM emissions would 
require a wall flow filter which has to be frequently 
actively regenerated at temperatures above 600 degree 
C and requires measures to address ash collection.  

On the other hand, an engine with low to moderate 
engine out PM emissions could be fitted with a passively 
regenerated partial filter such as the PM-Metalit, with no 
need for frequent high temperature soot regeneration or 
ash removal maintenance [1, 2].  

A PM-Metalit system is constructed solely from metal 
and thus is extremely robust against severe mechanical 
loads that are present in off-highway applications. It 
relies only on passive regeneration and requires 
significantly lower exhaust temperatures as well as a 
much lower degree of engine control measures. These 
criteria make this technology especially interesting as an 
aftertreatment  solution for off-highway applications. 

This paper investigates the applicability of a PM-Metalit 
for an off-highway engine. An exhaust aftertreatment 
system (EAS) was designed consisting of a metallic 
diesel oxidation catalyst (DOC) with LS design [3,4] 
followed by the filter substrate. This system was 
evaluated using a modified John Deere 4.5L Tier 3 off-
highway engine at the AVL facility in Ann Arbor, MI. The 
system has been tested under steady-state 8-Mode 
conditions, as well as in the Non Road Transient Cycle 
(NRTC), and PM mass and number emissions were 
recorded. 

A total PM reduction of >80% in stationary 8-Mode Tests 
and >65% in transient NRTC Tests was found, and 
filtration performance was repeatable and stable during 
numerous consecutive tests without active regeneration. 
The PM reduction efficiency of the filter system remained 
high under artificially loaded conditions as well as under 
extended low temperature operation without passive 
regeneration over 30 hours of  engine idling. 

�
INTRODUCTION  

With the introduction of Tier 4 emission legislation, the 
non-road machinery (NRM) industry will face demanding 
emission limits on par with the on-highway industry. The 
Tier 4 limits which have to be met in the power classes 
between 56 and 560 kW from 2014 onwards are 
comparable to US2010, Japan post new long term and 
the EURO 6 proposal in terms of their overall stringency 
and test duty cycle.  

Figure 1 depicts the US NRM emission legislation limits 
and the corresponding dates of their introduction. 
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Figure 1: US Non-road Emission Limits 

 



Besides modifications in the steady-state cycle, the “non 
road transient test cycle” (NRTC) will be introduced with 
the additional requirement to consider cold start 
emissions performance. The emission relevant engine 
map area will be extended substantially by an additional 
not-to-exceed area and applied for in-use duty cycles. 

The Tier 4 legislation is expected to make exhaust 
aftertreatment necessary for most applications. 
Aftertreatment will have to be combined with new engine 
technologies and must be integrated into the equipment 
along with the modified cooling, EGR and turbocharging 
systems. The aspects driving the product development 
will be technology including fuel injection equipment, 
combustion concept, exhaust gas aftertreatment system 
(EAS), system controls and market requirements 
including initial and operating costs, fuel consumption, 
responsiveness, usability and durability.  

The Tier 4 legislation is likely to divide the engine sizes 
into at least two technology routes. Small engines are 
expected to be electronically controlled with particulate 
reduction aftertreatment, while larger engines are likely 
to implement NOx and particulate reduction 
aftertreatment, creating a challenging intermediate 
displacement range which is cost and packaging 
sensitive.  

Several different technologies for PM control of diesel 
engines were developed and introduced in the past 
[5,6,7,8]. These technologies have demonstrated PM 
reduction rates of mostly >90%. The disadvantage of 
most of these filters is their discontinuous operation. 
Soot is trapped for a limited time, until a filter 
regeneration under elevated temperatures of >600 
degree C is necessary. Extensive engine measures and 
functional control measures had to be developed to 
enable the application of these technologies in diesel 
aftertreatment systems. 

This paper will focus on the reduction of particulates and 
will show results with an open filter structure on an off-
road engine.   

 

DESIGN AND FUNCTION  

The PM-Metalit has been developed as an alternative 
technology to closed wall flow filters. It was first 
introduced in 2001 [9] and is based on continuous 
operation using passive regeneration.  
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Figure 2: Internal design of the PM-Metalit  

The device is constructed of alternating flat and 
corrugated stainless steel layers, where the flat layer is a 
porous sintered metal fleece and the corrugated layer is 
a foil with several shovel-like impressions and a cell 
density of 200cpsi, as shown in Figure 2. 

As exhaust gas flows through the channels of the filter 
substrate, it is deflected at each shovel against the 
fleece layer. A small portion of this deflected flow passes 
directly through the fleece, depositing large and medium 
sized soot particles through deep-bed filtration 
mechanisms. The larger portion of the flow bypasses the 
shovel and travels along the fleece with an increased gas 
velocity. During this phase, diffusion mechanisms lead to 
a deposition of the smaller soot particles into the fleece 
[10].  

 

 

 Figure 3: Filtration mechanisms in the PM-Metalit 

 
The deep-bed filtration and diffusion mechanisms are 
repeated at each shovel over the length of the device. As 
a result, the PM reduction rate of a PM-Metalit is directly 
correlated to its substrate length and the number of 
shovel stages [1].  



In a development program, several substrate designs of 
this filter were tested on an EU III Heavy Duty (HD) truck 
engine. In the European Stationary Cycle (ESC), PM 
reduction rates of >80% were found with PM-Metalit 
modules of 300 mm (11.8") substrate length, see Figure 
4 [12].  
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Figure 4: PM reduction as function of filter length [12] 

 

In a recent demonstration project with a HD vehicle 
powered by a 3L diesel engine, a 174 mm (7") long filter 
was tested and achieved a soot reduction of 
approximately 70% in a European Transient Cycle (ETC) 
[11]. See Figure 5 . 
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Figure 5: Filtration efficiency of a 174 mm long PM-
Metalit substrate on a 3L diesel engine in ETC test 

In addition to the control of PM mass, the number and 
size distribution of emitted particles from combustion 
engines is becoming more important. To address this 
trend, the effectiveness of the partial filter in removing 
particles smaller than 400 nm has been tested in various 
independent studies. Because of the large zone of high 
flow velocity near the fleece wall and the present 
diffusion mechanisms into the fleece, high filtration rates 
can be achieved especially for ultrafine particles of 100 

nm and smaller. Figure 6 shows a test result from a HD 
truck engine equipped with a 275 mm (10.8") long filter, 
in which the number of particles of 10-300 nm has been 
reduced by 80-90% [11]. 
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Figure 6: Particle number reduction over a 275 mm long 
PM-Metalit vs. engine speed and load 

The PM-Metalit is used in serial production on HD and 
Light Duty (LD) vehicles since 2004, with more than 
700,000 filter substrates in maintenance free operation 
today. Its robust design and the ability to operate without 
ash removal have lead to an increasing demand also for 
HD and LD retrofit applications worldwide. Several 
investigations made on returned field-aged substrates 
from long haul vehicles with >800,000 accumulated 
kilometers showed no physical damage or degradation of 
the substrate. Figure 7 shows a comparison of PM 
reduction efficiency of fresh and field aged DOC + filter 
systems. The aged systems represent examples which 
were taken from long haul HD trucks and delivery trucks.  
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Figure 7: PM reduction of fresh and field aged DOC + 
PM-Metalit filter systems 



AN ALTERNATIVE FOR OFF-HIGHWAY 
APPLICATIONS 

Beginning in January 2007, U.S. engine manufacturers 
were able to overcome the technical difficulties and 
install wall flow filters with PM reduction efficiencies of 
>90% in their on-highway applications. Two major 
challenges had to be solved for these applications: 

 
1) Ash storage and ash removal maintenance 
 
Several studies have been conducted to investigate the 
amount of emitted ash from diesel engines and its 
accumulation in wall flow filters [13, 14]. It is commonly 
found that even with low ash oils (API CJ-4) and specially 
designed wall flow filters the collected ash exceeds the 
storage capacity of commercial filters, and that ash 
removal intervals are required.  

To extend these maintenance intervals beyond the EPA 
recommended 150,000 miles or 4500 hours of operation, 
engine manufacturers typically install significantly larger 
filter devices than what would be normally required. To 
limit the maximum exhaust backpressure as the filter 
accumulates ash over time, it is also common to 
increase the frequency of filter regeneration, which 
increases fuel consumption and thermal stress for the 
engine and exhaust system components [13]. 

 
2) Periodic soot regeneration 

Wall flow filters can reduce soot effectively, but require 
periodic thermal regeneration to burn the accumulated 
soot through oxidation to CO and CO2 : 

 C + O2 �  CO2 
 C + ½O2 �  CO 

The oxidation reaction requires temperatures of >600 
degree C for an effective soot oxidation. This 
temperature is typically achieved through a combination 
of engine management methods (intake throttling, EGR 
modification, post-injection) and exhaust heating 
methods (fuel burner, electric heaters, exhaust pipe fuel 
injection).  

Once started, the oxidation of a large mass of stored 
soot releases a significant amount of heat. While this 
heat is useful for a self-sustained filter regeneration 
when low temperature exhaust gas is entering the filter, 
several thermal management measures had to be 
developed to prevent uncontrolled melting or cracking of 
the filter, and to limit the emission of very hot exhaust 
gases from the exhaust tailpipe.  

Figure 8 shows an example of an exhaust tip venturi, 
which is commonly used in 2007 compliant U.S. On-
Highway Diesel vehicles to aspire ambient air into the 
exhaust  flow to reduce the temperature of the gas 
exiting the tailpipe..  

 

Figure 8: Venturi type tailpipe diffuser, Source: Dieselnet 

Additional challenges for ceramic based wall flow filters 
may be caused by higher vibration levels and mechanical 
loads in off-highway equipment. Agricultural, construction 
and forestry equipment are often track driven and 
operated in a severe environment, and experience from 
retrofit projects at construction sites has shown the 
impact of this environment on the installed aftertreatment 
systems [15], as shown in Figure 9. 

 

Figure 9: Damaged DPF during a retrofit project on a 
dozer, Source: SCAQMD 

The PM-Metalit is constructed from stainless steel, and 
its flexible foil matrix is brazed inside the stainless steel 
mantle. The substrate is typically welded directly to 
attached cones or flanges, and no fiber mat is needed 
for support. This rugged design has a lower tendency to 
cracking under heavy vibration and makes it a robust 
choice for off-highway applications.  

While many of the difficulties with wall flow filters have 
been addressed in today’s U.S. on-highway applications, 
they may represent greater challenges for off-highway 
applications. In applications such as forestry equipment 
or harvesting vehicles, operating where dry materials 
such as straw or saw dust have collected, an exhaust tip 
diffuser may not be sufficient to prevent exhaust 



temperatures of >600 degree C from exiting the exhaust 
stack during filter regeneration. In addition, multiple filter 
ash removals over the life of the vehicle may not be as 
practical for forestry or agricultural equipment, which 
does not frequently return to a hub or service station, and 
is instead largely used in remote areas. 

The authors believe that the non blocking, maintenance 
free operating PM-Metalit with its safer, lower operation 
temperatures represents a valuable alternative for off-
highway applications.  

 

TEST SETUP 

To investigate the applicability of this technology to a 
modern off-highway engine, a Tier 3 certified 4.5L 4 
cylinder engine with rated power <130 kW was modified 
and provided by John Deere, and installed in the AVL 
test laboratory in Ann Arbor, MI. The EAS designed for 
this test consisted of a DOC followed by an uncoated 
filter substrate. 

For the DOC, a 300cpsi substrate with turbulent LS 
shovel design was chosen to achieve maximized mass 
transfer performance at minimum required catalyst 
volume [3,4]. The DOC was designed with a volume of 
0.6 x Engine Swept Volume (ESV) and coated with 50 
g/ft3 Pt. Before the start of the test program, the DOC 
was de-greened for 8 hours at 650 deg C in an oven in 
air. The filter was chosen with an ESV ratio of 0.9, and its 
diameter was selected to provide a gas power density 
(rated engine power divided by filter cross section) 
between 3.5 and 4 [bhp/in2]. This criterion is typically 
used for the layout of PM-Metalit systems to achieve 
sufficient aerodynamic forces to deflect soot particles 
from the exhaust flow to the fleece layer.   

The DOC and filter were welded with cones and flanges 
to be able to be bolted into the exhaust system.  A one 
inch extension was welded to the filter substrate to 
provide space in between the DOC and filter for access 
to measure emissions, temperatures and pressures. 

Figure 10 is a schematic of the exhaust system showing 
sampling locations and the measurement equipment. 
Gaseous emissions were sampled simultaneously at 
engine-out and tailpipe locations using analyzers with 
both NOx and NO measurement capability.  
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Figure 10: Thermocouple, Pressure Gauges and 
Emission Sampling Points 

 
Particulate emissions were measured by five different 
analyzers. An AVL 415S Smoke Meter was set up for 
dual sample for engine out sampling and sampling 
downstream of the PM filter. Due to the measurement 
principle shown in Figure 11, it was used for steady-state 
measurements only.  

 
 
Figure 11: Measurement Principle of Smoke Meter 
 
 
Opacity was determined by an Opacimeter downstream 
of the PM filter. The measurement principle is shown in 
Figure 12. Measurements can be affected by exhaust 
emissions that absorb or scatter light, such as 
condensed HC and NO2, which NO2 can increase the 
absolute opacity after catalytic conversion.   

 

 
 
Figure 12: Measurement Principle of Opacimeter 



An AVL 483 Micro Soot Sensor was also installed 
downstream of the PM filter to determine soot 
concentrations. It does not detect volatile components 
and works on photo acoustic principles - PASS (Photo 
Acoustic Soot Sensor) with detection limits of � 10 µg/m3.  
The Micro Soot Sensor, shown in Figure 13 is sensitive 
to insoluble black carbon and can be used for transient 
testing.  

 

 
 
Figure 13: Schematic of Micro Soot Sensor 
 
 
A Cambustion DMS 500 particle size spectral analyzer 
was used to collect particle size distributions. A 
correlation to the particle mass had been provided by the 
supplier and was used as additional information (see 
Figure 14).  
 

 
 
Figure 14: Measurement principle of the DMS 500, 
Source: Cambustion  
 
 
 
For reference determination of the particulate mass, an 
AVL 472 SPC Smart Sampler particle sampling bench 
was used.  Individual filter papers were used for the AVL 
Smart Sampler for each mode for 8-Mode testing.  One 
single filter was used for each of the NRTC tests. Particle 
mass was collected using TX 40 filtering papers. A 
schematic and a picture of the TX40 filter are shown in 
Figure 15.   

 

  
 
Figure 15: SPC Schematic and TX40 filter 
 
 
 
 
TEST RESULTS 

 
1) Stationary test results 

The PM-Metalit system was first tested under stationary 
conditions in an 8-Mode test per the ISO 8178-C. This 
test cycle is commonly used world wide for off-road 
vehicles, and modes and weighting factors are shown in 
Figure 16.  

 

Figure 16: Operation points of the 8-Mode Test 
 

Before each test, the filter was thermally regenerated 
using the HC injection system to achieve PM-Metalit inlet 
temperatures (T51) between 600 and 625 degree C for 
30 minutes. After that, it was preconditioned with one 8-
Mode cycle without data recording. This method ensured 
always a "clean" start and repeatable test conditions.  



At least 4 tests were repeated to provide statistical 
confidence. Example DOC inlet temperatures and NO2 
concentrations during an 8 Mode test are shown in 
Figure 17 below. 
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Figure 17: Temperatures and NO2 concentration during 
8 Mode test 

The reduction of brake specific particulate matter by the 
EAS over a full 8-Mode cycle is shown in Figure18 
below, comparing dry soot and total PM based on each 
measurement technique. The system of DOC + filter 
showed a dry soot reduction of >60% and a total PM 
reduction of >80%: 
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Figure 18: PM and soot reduction with the PM-Metalit in 
an 8-Mode test 
 
In a second test series, 10 consecutive 8-Mode tests 
(each test including ramp-up and ramp-down approx. 35 
min.) were run without filter regeneration and 
preconditioning, to investigate the potential for soot 
storage in the filter and its influence on PM reduction 
efficiency. It was assumed that if soot continued to 
accumulate in the fleece over the course of 10 test 
cycles, the available fleece area would be reduced and 
PM filtration efficiency would decrease over time. Figure 

19 shows the tailpipe PM emissions and no trend of 
increasing tailpipe PM emissions was found. This 
indicates that an equilibrium between soot deposition in 
the filter and continuous regeneration of soot by the filter 
is achieved. 
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Figure 19: Tailpipe PM emisisons during 10 consecutive 
8-Mode Tests 
 
 
During the same experiment, the filter substrate was 
weighed before and after the first test, then after the 3rd, 
the 6th and finally the 10th test. Figure 20 shows the 
weight of stored particulate mass in the filter during 10 
consecutive 8-Mode tests. Despite the limited number of 
tests, a trend is visible indicating that PM mass stored in 
the filter has reached a balance point after a short 
operating time. These results are further indication, that 
accumulated soot mass and continuously regenerated 
soot mass are in an equilibrium.  
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Figure 20: Total PM stored in PM-Metalit over 10 
consecutive 8-Mode tests 
 

 

 



2) Transient test results 

Next, the PM-Metalit system has been tested under 
transient conditions in the new Non Road Transient 
Cycle (NRTC) shown in Figure 21, which is required for 
certification of non road engines starting with the EU 
Stage III and US Tier 4 legislation, see Figure 21. 

 

 
Figure 21: Speed and Load trace of an NRTC test cycle  
 
 
The DOC produced a significant amount of NO2 during 
the NRTC test cycle and exhaust gas temperatures were 
well above 250 degree C for most of the cycle, as shown 
in Figure 22. 
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Figure 22: Temperatures and NO2 concentration during 
NRTC test cycle 

 

Transient measurements with smokemeter are not 
possible, and the results from the DMS500 were not 
plausible for the NRTC test. However, gravimetric data 
and Micro soot sensor data yielded a dry soot reduction 
of 50% and a total PM reduction of 67%. Figure 23 
shows the average reduction of brake specific particulate 
matter with the filter system, as average of several 
NRTC test cycles.  
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Figure 23: PM and soot reduction with the PM-Metalit in 
a NRTC test 
 
 
As with the stationary tests before, a set of 10 
consecutive NRTC tests was run to investigate if a 
degradation of PM reduction could be observed in case 
the filter would continuously accumulate soot. The 
results of this test series are shown in Figure 24. As 
expected, only slightly increasing tailpipe PM emissions 
was found, indicating that an equilibrium between soot 
collection and continuous soot regeneration is attained. 
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Figure 24: Tailpipe PM emisisons during 10 consecutive 
NRTC tests 
 
 
An analysis of the weight of the substrate between and 
after several NRTC tests shows a similar trend to that 
observed during stationary testing: The filter substrate 
accumulates a small amount of soot within a short period 
of operating time, after which stored soot and 
continuously oxidized soot remain in a balance, see 
Figure 25. The total mass of stored soot after 10 NRTC 
cycles is higher than after 10 stationary cycles, which is 
assumed to be caused by higher engine out PM 
emissions during transient operation. 
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Figure 25: Total PM stored in PM-Metalit over 10 
consecutive NRTC tests 
 
 
 
3a) Off-cycle operation - artificially overloaded PM filter 
 
In a next study, the PM Metalit was artificially highly 
loaded with soot to investigate the impact of soot loading 
on the filtration efficiency.  A separate engine control 
module was provided by John Deere for this accelerated 
soot loading.  The calibration was modified for increased 
EGR rate at an engine speed of 2400 rpm and torque of 
200 Nm.  The average soot loading rate achieved ranged 
from 6-7 g/h.  The filter was weighed after each hour until 
the target mass gain of 8 g/Liter was reached.  
 
Figure 26 shows the observed result: Due to the higher 
backpressure of the artificially loaded filter, engine out 
PM emissions were increased, and an increase in 
Tailpipe emissions was observed. However, the 
reduction of brake specific PM emissions over the filter 
remained high at around 80%.  
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Figure 26: PM emisisons with clean and artificially 
overloaded PM-Metalit in an 8-Mode test 
 
 
3b) Off-cycle operation – Extended idle 
 
To simulate an extreme condition of low load operation, 
such as idling an engine for an extended period of time, 
a 30-hour-idle test has been conducted. The filter was 

actively regenerated using a HC injection system to 
provide a "clean start". PM emissions were recorded with 
a smokemeter every 30 minutes, and the filter weight 
was recorded before and after the test. The ambient 
temperature in the test cell was 25 degree C during the 
test, and an exhaust temperature of constant 95 degree 
C was observed. Figure 27 shows the observed soot 
concentration, as calculated from the smokemeter for 
engine out and tailpipe. Tailpipe soot concentration is at 
approximately 50% of the engine out soot concentration 
for the whole test duration, with no trend of degradation.  
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Figure 27: Soot concentration before and after the PM-
Metalit during 30 h idling test 
 
As exhaust temperatures are below 100 degree C, a 
regeneration of soot is not possible, hence this soot 
reduction is a result of soot storage inside the filter. A 
relatively low mass of 5g stored soot was observed in the 
filter at the end of the test, indicating that with the given 
soot storage capacity a much longer idle time would be 
possible without breakthrough. The accumulation of soot 
during this test was confirmed by the continuous small  
increase of backpressure over time as shown in Figure 
28. 
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10 20 30 40 50 60

measuring point

F
ilt

er
 b

ac
kp

re
ss

ur
e 

[k
P

a]

30 hours

 
Figure 28: Exhaust backpressure before the filter during 
30 h idling test 



SUMMARY 

A PM-Metalit was tested on a modified John Deere 4.5L 
Tier 3 engine to investigate its applicability for future Tier 
4 Off-Highway applications, and the following results 
were observed: 
 

o Total PM reduction of >80% and dry soot 
reduction of >60% in stationary 8-Mode Tests 

o Total PM reduction of >65% and dry soot 
reduction of >50% in transient NRTC Tests 

o Repeatable, stable operation over numerous 
consecutive tests without active regeneration 

o Low soot loading balance, indicating that an 
equilibrium between soot deposition in the filter 
and continuous regeneration of soot by the filter 
was achieved after several test cycles 

o High PM reduction efficiency under artificially 
high loaded conditions  

o High PM trapping under extended low 
temperature operation without passive 
regeneration, such as engine idle  

With its robust stainless steel design, and its stable and 
reliable performance in on- and off-cycle operation, the 
PM-Metalit is seen as a valuable technology for PM-
control on Off-Highway applications. 

The authors would like to thank Mike Weinert, Xinqun 
Giu, Danan Dou, Tom Harris, Kirby Baumgard, Rich 
Winsor, Jason Schneider and Wes Klingeman at John 
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