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Objectives of AECC Exercise Aligned with PMP ILCE_HD

AECC
– Demonstrate the performance of an 

integrated emissions control system

PMP Inter-laboratory correlation 
exercises

Demonstrate the repeatability andintegrated emissions control system 
on a modern, low NOx engine.

– Compare current gravimetric and 
heavy duty PMP method

– Demonstrate the repeatability and 
reproducibility of proposed 
measurement systems for PM and 
PN developed in earlier phases ofheavy-duty PMP method 

for particulate mass (PM)
– Assess heavy-duty PMP particle 

b (PN) th d l

PN developed in earlier phases of 
PMP

– Gain experience in the 
measurement protocols and usenumber (PN) methodology

– Provide data on European and 
World-harmonised transient  and 

measurement protocols and use 
this to revise draft regulatory 
documentation
Accumulate PN data on enginesteady-state test procedures.

– Provide NTE (not-to-exceed) data for 
appropriate test points.

– Accumulate PN data on engine 
technologies when testing to the 
proposed protocols
T t ETC WHTC d ESC C l

7

– Provide comparison data on US-
FTP, Japanese and 
World-harmonised non-road cycles.

– Test ETC, WHTC and ESC Cycles

Substantial areas of alignment
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y
– Provide data on regulated and non-

regulated emissions.

Substantial areas of alignment 
between AECC programme and 

ILCE_HD
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PMP ILCE_HD Measurement Approaches Employed in AECC Study
Secondary tunnel temperature

PN: PMP Compliant Method*
– First method samples from primary CVS and 

exactly parallels method employed in the 
ILCE_LD

HEPA +
Carbon

S d Dil ti To CFV

Transfer from primary dilution 
tunnel (thermocouple)

Secondary tunnel temperature 
modulated according to that of 

transfer tube between primary and 
secondary tunnels via feedback 

from thermocouple

C ld

Cold 
Dilution 
air (2)

Process
Heater

– Second method samples engine-out from 
partial flow system
• Approach not yet fully defined in PMP
• Subject to experimentation at JRC before 

Secondary Dilution 
Tunnel

Controlled to 47°C +/- 5°C

Cyclone provides 

To CFV
etc

2007PM filter holder
controlled to 47°C +/-
5°C by flow of warm

Cold 
Dilution 
air (1)

Heater

ILCE_HD commences
• Results engine-out measurements in 

AECC study to feed into ILCE_HD 
development process

y
sharp cut-point at 

2.5µm

5 C by flow of warm 
air from secondary 
tunnel

To mass flow 
controllers and pumps

PM: PMP Compliant Method* C HEPA
CVS Tunnel

Carbon and HEPA filters provide 
particle free and low HC 

background air

Dilution air in
To CFV

PSP and PTT comprise the 
sample probe

PSP– Broadly based on US2007
– Dilution air heating maintains filter temp at 

47°C
– Controlled filter face velocity reduces 

l til tif t
PCF: provides sharp 
cut-point at 2.5µm

Humidity and T 
controlled

PSP

PTT

7

volatile artifact
– Cyclone to eliminate filter contamination 

through re-entrainment and wear

PM: Current method
T fl

PND1 

heats and 
dilutes

Particle number 
concentration

ET: Heated
evaporation tube

Size 
selective 

inlet:
D50 ~20nm

PND2 

cools and 
dilutesPNC
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– not modified by PMP

PM: Current partial flow method
– not modified by PMP

To mass flow 
controller and 

pump

VPR

* Most recent published drafts of R83 and R49
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Three Particle Number Measurement Approaches Used

Particle number to PMP protocol measured 
from tailpipe on all tests
– measurements from CVS Primary dilution 

Method Dilution 
System

Aerosol 
sampled

Additional 
Commentsy

system.
– extra ESC test with Catalysts’ bypass gave 

engine-out PMP levels

System sampled Comments

PMP 
Number CVS Tailpipe All tests

Particle number measured engine-out on 
additional tests 
from partial flow system

t f H ib MDLT i

PMP 
Number CVS

Engine-out 
(via 

catalysts’ 
bypass)

ESC only

– measurements from Horiba MDLT in 
parallel with mass measurements

Deliverables

yp )

Solid 
Particle 
N b

Horiba 
partial flow 

system Engine-out

≥1 test, all 
cycles 

measurements 
i ll l ith– Per kWh particle number emissions

– Comparison of engine-out particle 
measurements from partial flow and full-flow 
systems

Number 
(MDLT)

in parallel with 
PM

7

systems
– Real-time particle emissions traces
– DPF filtration efficiency for solid particle 

numbers

PMP does not currently address partial flow for 
particle number, hence no partial flow tailpipe 
number measurements.
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PMP PN results for ETC and Weighted WHTC show very high filtration 
efficiencies and emissions of ~5 x 1011/kWhefficiencies and emissions of 5 x 10 /kWh

1.00E+15
Engine-out
Tailpipe

1.00E+14

Tailpipe
WHTC
– Tailpipe particle number 

emissions < 5  x 1011/kWh 

1 00E+12

1.00E+13

ar
tic

le
s/

kW
h

1 00E 15

– DPF Efficiency > 99.8%

1.00E+11

1.00E+12pa

1.00E+14

1.00E+15
Engine-out
Tailpipe

1.00E+10
ETC

1.00E+12

1.00E+13

pa
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ic
le

s/
kW

h
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ETC
– Tailpipe particle number 

i i 4 1011/kWh
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p

©
R

ic
ar

do
 p

lc
 2

00
7

RD06/######## 9

emissions ~ 4 x 1011/kWh 
– DPF Efficiency > 99.9%

1.00E+10
weighted WHTC



PN Emissions From Several Regulatory Transient Cycles Show 
Similar Emissions LevelsSimilar Emissions Levels

1.0E+13

Hi h t

Lower power 
cycles show 

1.0E+12

h

Highest power 
cycles show 

lowest emissions

y
higher emissions
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W W N

Per kWh differences may be due to cycle power or test-to-test variability

DPF may normalise emitted concentrations independent of operation



ESC PN Emissions show transient thermal effects at hottest modes 
– some solid particles are low volatility HCs and not just carbon– some solid particles are low volatility HCs and not just carbon 

Particle Number Emissions During ESC Cycles (CVS measurements)
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DPF Efficiency is still ~99.9%



MDLT : Issues with Simultaneously Sampling PN + Mass

ESC Cycle causes spikes in PN data as MDLT 
switches from sample to bypass 
– Switching required for weighting factor PM sampling

ESC Particle Numbers Affected By Sample/Bypass Switching in MDLT

70000

80000
Sample to bypass transitions send pressure 

pulses to particle number counter – Spikes must be edited out of PN data, but these 
transitions occur at the same time in every test so 
correction can be automated

– No issue with CVS sampling since PN from primary 
t l d PM f d t40000

50000

60000

70000 pulses to particle number counter 

Stable measurements when 
constantly in sample

tunnel and PM from secondary system
– No issue with transient cycles
– Corrected data agrees well with ESC data from CVS

10000

20000

30000

40000

Comparison of ESC Results From MDLT and CVS Sampling
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
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Comparison of ESC Results From MDLT and CVS Sampling

MDLT
CVS

S li dditi l fl f th MDLT d i

3 00E+13

4.00E+13

5.00E+13
Sampling additional flow from the MDLT during 
PM analyses demands extra exhaust sample
– Flow through filter (total flow through MDLT) is 

fixed sum of dilution air plus exhaust fraction 

7

1.00E+13

2.00E+13

3.00E+13– Dilution air flow is fixed
– Exhaust fraction increases if more sample is 

drawn from MDLT but dilution air added is the 
same

©
R

ic
ar

do
 p

lc
 2

00
7

RD06/######## 12

0.00E+00
Mode1 Mode3 Mode5 Mode7 Mode9 Mode11 Mode13

– Dilution ratio reduced

Correction required for additional sample drawn for 
both mass and number: easy S.State, hard(!) transient



Summary of PM Measurement Results

Tailpipe particle number emissions from ETC and WHTC cycles ~5 x 1011/kWh

Engine out particle number emissions from ETC and WHTC cycles > 1014/kWhEngine-out particle number emissions from ETC and WHTC cycles > 1014/kWh

DPF filtration efficiencies ~99.9%

Other transient cycles show similar tailpipe emissions and DPF efficienciesOther transient cycles show similar tailpipe emissions and DPF efficiencies
– Measured particle concentrations post-DPF broadly similar all cycles

• Emissions may be a function of DPF breakthrough rather than cycle conditions

ESC cycle shows
– Evidence of solid particle emissions release in response to thermal events

• These particles are not elemental carbon
– Evidence of particle transport lag through DPF

• Emissions of particles from exhaust are not mixed with synchronous gases
– PM in partial flow system post-DPF combines particles with volatiles at 

incorrect dilution ratios

7

incorrect dilution ratios

Sampling numbers and mass simultaneously with a partial flow system requires 
corrections
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– For spiking in particle number profiles
– For changes in dilution ratio
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Four Particulate Mass Measurement Approaches Used

Partial flow system using mini dilution tunnel 
(MDLT) Dil ti A l Additi l(MDLT) 
– Sample taken directly from exhaust, before 

CVS system and diluted (variable rate) in 
the MDLT before collection on sample filter.
C l i l i ll hi b

Method Dilution 
System

Aerosol 
sampled

Additional 
Comments

Partial Flow 
PM MDLT Tailpipe All tests

– Current legislation allows this system to be 
used as alternative 
to full flow.

C t f ll fl l i l ti th d

Partial Flow 
PM MDLT Engine-out

≥1 test, all 
cycles 

measurements 
in parallel withCurrent full-flow legislative method

– Diluted sample taken from the CVS system, 
further diluted in 2nd tunnel

in parallel with 
PM

PMP Mass 
CVS and 

secondary Tailpipe

Heated dilution 
air, 47mm 

TX40 filtersPMP method
– Sample is taken from the secondary dilution 

tunnel, as for current method.
Same principle as current method but

Method dilution 
system

Tailpipe TX40 filters, 
face velocity 
constrained

Current CVS and Heated dilution 

7

– Same principle as current method, but 
tighter control on sampling parameters 

Current 
Mass 

Method
secondary 

dilution 
system

Tailpipe air, 70mm 
TX40 filters, 

120l/min
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Schematic of PM sampling systems

PARTIAL FLOW SYSTEM

7

CURRENT 
FULL FLOW

PMP
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FULL FLOW



Partial Flow Particulate Mass Measurements

Emissions levels very low

Tailpipe filters visually identical to unexposed filters

Maximum mass 
collected on anyTypical ETC/WHTC Subtraction of 

backgro nd
High masses from 

ESC reflects collected on any 
one filter 41µg 
(ESC), typically 

~20µg

yp ca C/ C
masses collected 
<10µg, sometimes 

zero!

background 
reduces all 

masses to zero
contribution of low 
volatility HCs as 
seen in PN data

Typical specific 
ETC/WHTC 

emissions 1 –2

Sampled masses so 
low that correct 

operation of MDLT

Correct operation 
only proven by 

measurement of 
particle numbers!

7

emissions 1 –2 
mg/kWh

operation of MDLT 
questioned

particle numbers!

With background correction all tailpipe masses, except an occasional ESC, were zero
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With background correction all tailpipe masses, except an occasional ESC, were zero



Full Flow Particulate Measurements (Current & PMP)

Emissions levels higher than expected

Tailpipe filters visually identical to unexposed filters

Masses observed from both 
PMP and standard PM 

methods showed higher than 
expected results

High PM traced to contribution 
of Oil HCs from pump 

supplying make-up air to 
secondary tunnelexpected results

Pump suffered seal failure at 
high flow required for 2 
concurrent PM samples

Background subtraction of 
secondary dilution air blank, as 
permitted in current legislation, 
reduces all masses to zero at 
th 95% CI f b th th d

Before background correction 
PMP method showed 50% 

lower specific masses – lessthe 95% CI for both methods lower specific masses less 
susceptibility to volatile artifact

PM Measurements using

7

Despite high masses, filters 
still appeared completely clean

PM Measurements using 
MDLT as the secondary 

dilution tunnel showed specific 
mass emissions similar to 
uncorrected partial flow 
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With background correction all 
tailpipe masses were zero



Source of background contamination

PARTIAL FLOW SYSTEM

P li d t i t d i

7

CURRENT 
FULL FLOW

PMP

Pump supplied contaminated air 
directly into secondary dilution 
system; background correction 
therefore necessary
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FULL FLOWtherefore necessary



Engine-out and Tailpipe PM Filters – A visual comparison

Tailpipe PMEngine-out PM

Engine-out PM showed dense black PM material

Post-DPF shows no indication of material sampled at all

7

os s o s o d ca o o a e a sa p ed a a

Post-DPF measurements with PMP, Standard and MDLT methods all showed filters 
indistinguishable from unused ones
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Mean Tailpipe PM results using different approaches all show 
emissions <5mg/kWh for ETC and WHTCemissions <5mg/kWh for ETC and WHTC

10

8

9

10
ETC
cold WHTC

5

6

7

/k
W

h

3

4

5

m
g/

0

1

2

0

7

MDLT Current full flow PMP MDLT as secondary
diluter

(corrected) (corrected)

0
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Average PM results for engine-out and tailpipe

Tailpipe PM  from partial flow
0.020

PM (g/kWh)Engine-out PM from partial flow
(single tests)

1.400

PM (g/kWh)

0.015
1.000

1.200
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0 600

0.800
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0.0000.000
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Higher tailpipe ESC results were believed to be due to mode 10 desorbing low volatility materials

Typical filtration efficiencies for PM typically 94 to 99%



Filtration efficiency for elemental carbon at >99%

Particulate filter efficiency for removal of elemental carbon is > 99%.

Efficiencies for particles and elemental carbon are very similar.
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Summary of PM Measurement Results

Particulate mass emissions from several regulatory transient cycles < 5mg/kWh.

Measurements of PM from MDLT show very low mass levels 
– ESC: Maximum 41µg total mass on filter (ESC), typically 20µg and <8mg/kWh

ETC <10 filt d 1 t 2 /kWh– ETC: <10µg filter mass and ~ 1 to 2 mg/kWh
– All cycles masses at zero when background correction applied

Measurements of PMMeasurements of PM 
– Without background subtraction PMP method collected filter mass levels typically 

<50% of levels measured by current method
– All cycles masses at zero when background correction appliedAll cycles masses at zero when background correction applied

7
©

R
ic

ar
do

 p
lc

 2
00

7

RD06/######## 25



Agenda

Objectives

Measurement Approaches: Equipmenteasu e e pp oac es qu p e

Measurement Approaches: Particle Number

PN ResultsPN Results

Measurement Approaches: Particulate Mass

PM resultsPM results

Overview

C t ib ti t PMP

7

Contributions to PMP 

©
R

ic
ar

do
 p

lc
 2

00
7

RD06/######## 26



Overview 

The PMP particle number method proved very robust even at near-ambient 
particle emissions levelsparticle emissions levels.

Engine-out particle number data was in the range of 2.5 to 5 x 1014/kWh.

All transient cycles data showed tailpipe particle number emissions belowAll transient cycles data showed tailpipe particle number emissions below 
1012/kWh.

Particle numbers were essentially cycle-independent. 

Background-corrected PM from PMP method gave results below 5mg/kWh from 
several regulatory transient cycles

PM levels from all approaches were consistent when background correction was pp g
applied

The emissions control system reduced both solid particles and elemental carbon 
emissions by more than 99%.
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Specific Contributions to the PMP Programme

Emissions levels for post-DPF mass and number using CVS and partial flow systems have been 
identified for ETC, ESC and WHTC cycles

The following recommendations can be made to assist the development of the forthcoming PMP 
ILCE_HD Exercise
– MASS

• 47mm filters, heated dilution air and controlled face velocity led to a reduction in volatiles 
retained on sample filters. 

– This approach should be retained to limit artifacts– This approach should be retained to limit artifacts
– NUMBER

• For simultaneous mass and number sampling from partial flow systems
– the flow drawn by the particle number measurement system must be either corrected y p y

for or replaced to avoid errors in mass determination
– It is advisable to use a CPC with a mass flow controller to ensure close flow control.

• Measurements of particle numbers during ESC and other ‘stepped’ cycles must consider 
the effects on system pressure of switching between sample and bypass

7

the effects on system pressure of switching between sample and bypass
– These measurements will require specifc processing to eliminate pressure effects on 

dilution and CPC function influencing measured particle numbers and particulate mass
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