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Is diesel PM becoming more
of a question of public policy
thr than technology?

Euro5 W|th no DPF
(Prague, CZ)
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Gasoline engine PM emissions — DISI vs. MPI
Chassis dynamometer tests by authors (warm - no cold start)

Direct injection (DISI): Skoda Octavia 1.4 TSI (Euro 5)
Port injection (MPI): Skoda Fabia 1.4 MPI (Euro 4)

NEDC '

Artemis urban & rural ' m port injection

WLTP .'
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EURO 5 mass limit| PMmass mg/km

m direct injection

60

r Y JLLHINIAL UNIVLK :.T'-r QF LIBEHEC
M. Vojtisek et al.: Measurement of particle emissions from small engines during real-world

eration using simple on-board (or off-board) monitoring systems “
18th ETH ConfP erence on Combustion Generated Nanoparticles, Zurich, CH, June 22-25, 2014 3 ("il—l l—] .\>




Gasoline PM: deterioration vs. enrichment effects
Chassis dynamometer tests by authors (warm - no cold start)

Direct injection: Skoda Octavia 1.4 TSI (Euro 5)
Port injection: 2 x Skoda Fabia 1.4 MPI (Euro 4)

NEDC

Artemis urban & rural

WLTP

US06

m direct injection 20 K km
m port injection 30 K km
O port injection 208 K km

Deterioration apparent on
NEDC, but not on Artemis
motorway 130 & 150 where

Artemis motorway 130

Artemis motorway 150

10

EURO 5 mass limit| PM mass [mg/km]

M. Voitisek et al.: Measurement Iof parttjlcle gTISSI%ntS) frogw) small engines during real-world 4
eration using simple on-board (or off-board) monitoring systems “
18th ETH Con#3 erence on Combustion Generated Nanoparticles, Zurich, CH, June 22-25, 2014 k."il—l- l— I .\>

enrichment is the dominant
cause of high PM

«—] ~50x NEDC

60

20 30

40 50

r h| T£CHNICM. UNIUERSIT'T’ OF LIBEHEC




Gasoline engine PN emissions
Chassis dynamometer tests by authors (warm - no cold start)

Direct injection: Skoda Octavia 1.4 TSI (Euro 5)
Port injection: 2 x Skoda Fabia 1.4 MPI (Euro 4)
EURO 5 PN limit
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Gasoline engine PM: Choice of cycles

WLTP is "not as lame as NEDC”, but does it cover the
problem — enrichment at high load (prohibited by EPA)?
US06 and Artemis motorway cycles as a supplement?

EURO 5 PM mass limit
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Gasoline engine real-driving PM emissions
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Gasoline engine on-road PM emissions — steady
speed vs. full-power acceleration

PM in raw exhaust [mg/m3]

PM mass emissions [ug/s]

acceleration [m/s2]
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This work: Particle emissions from small engines
under real “driving” conditions

e Cheap simple engines

e No electronic controls
 No aftertreatment

e Immediate proximity of
the operator from the
tailpipe

Approaches:

e On-board system

o Off-board system on
accompanying vehicle
e PM sampling
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This work: Particle emissions from small engines
under real “driving” conditions

Only direct exhaus
emissions considered here.
Non-engine & secondary
emissions not considered.
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Low-cost on-board monitoring system
desighed & used by the author:

Analytical hardware

Response approximately
proportional to PM mass
concentrations for a

iven engine
2 - Nephelometer

(laser scattering)

Filtered dilution air ‘

10-12 Ipm . C \f

(ionization chamber)

raw exhaust | Modified ionization smoke alarm
8 ® - (a 100 EUR system) - response
Bsg’cregglffter . J\‘{ proportional to total particle length
P ng"l%e (close to Iung deposited surface area?)
Condensate reheat FC
: ; and large ‘Q
: l article
CAT R el Charge meter F-FC-P
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Filter, flow control, pump

|| Engine
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PM length measurement — comparison

0.1 g/kWh PM engine, various fuels and modes, EC 1%-79%
reference: EEPS sampling from dilution tunnel

heated ionization 1000 ————————7 T
w ” 5 i L PPV
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Low-cost on-board system overview
(Vojtisek-Lom and Cobb, CRC On-road vehicle emissions workshop, 1998)

( Engine ECU
L : ;
. B Direct | , Diagnostic
SE measurement' | interface
= - - !
5 ] Mass air flow, intake air GPS — position.
—————— [ Measured concentrations pressure and temperature,  Speed, altitude
HC, CO, CO2, NO, engine rpm, vehicle speed, Time signal
. J particulates engine temperatures
L 1 |
S E Time shift (delay) *M_ *p % * displacement
| & o Determined experimentally Q __'I‘f’_' _____ i':___'_)l“_tfff ___________ I_) ___________
' = vzd —
A o ~_ 9 R* Tintake /

Synchronization of data
Harmonization of sample

intervalto1s
1. Exhaust gas flow calculations

2. Mass emissions = const. x concentration x exhaust flow
3. Fuel consumption = C emissions (PM, HC, CO, CO2) / C in fuel
Integrating: Emissions per test, distance, kg of fuel
Data recording
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On-bordsyste_ versaiity Motorcycle to Iocomotlve

5 Hz GPS r
receiver

Speed, / -
position, '
altitude \

Intake air - Coliber
manifold (AT

absolute ’ - ' Fartt

pressure > = scooter

0.049 liter

2 T carbureted
Raw exhaust 1984 | engme
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(no dilution) -~

v
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Special adapter ? _‘ >
fabricated and inserted
before muffler (outside g _

air penetrates well into
tailpipe)

Engine speed
measured with
optical tachometer
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Portable proportional sampling

Diluted sample flow through filter is constant (20-50 dm3/min).

Dilution air flow is regulated so that raw exhaust flow into
microdilution tunnel is proportional to the total exhaust flow.

HEPA filtered air is metered into microdilution tunnel near
Raw exhaust flow =

sampling point.
Exhaust gas/
________ o/
= total sample flow — dilution air flow

Exhaust flow ~ measured intake air flow v

o <

Dillution tunnel

Sample
outlet

governor

Sample
pump

Sampling

filter

Dilluted sample
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Enhanced gain algorithm:

Fast response vs. stability and repeatability
(diesel engine, 3 consecutive runs of ETC cycle, Juliska, CVUT, 2012)
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Portable proportional sampling vs. traditional system:
PM mass per transient test cycle
In-use diesel engines, various manufacturers, ~ 1-50 mg/kWh PM
Transient operation on engine dynamometer (NRTC, WHTC, ETC)
CVUT - Juliska: DC dynamometer, reference AVL SmartSampler

TUV - Lihovarska: AC dynamometer, reference AVL SmartSampler
CVUT - VTP: AC dynamometer, reference full-flow dilution tunnel

CVS, ~ 1-5 mg/kWh PM
10000 ; ; ; 140 ‘
D A B
> T o D ) NS SR
£ | @, Smartsampler| £ 100 <
S Lol CVS&LOL AVTP-NRTC 2 A AVTP-NRTC
3 1 o || ©WHTC-noDPF & 60 - s VTP-ETC
> IR | @ VTP-WHTC > @ VTP-WHTC
€ 10 Vs | O VTP-ETC g 40 ° & VTP-ESC
8 ‘ ‘ ' @ Lihovarska-WHTC | | § ol 2 @ Lihovarska-WHTC
| | | © Juliska-NRTC O O Juliska-NRTC
1 1 1 1 | 0 ‘ ‘ ‘ ‘ ‘ 1 |
1 10 100 1000 10000 0 20 40 60 80 100 120 140
reference gravimetric [mg/test] reference gravimetric [mg/test]
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Expenmental Motorcycle (scooter)

e 4-cycle 50-cc SI engine
e 13 kg PEMS on luggage rack
 Battery-powered system

e SAE J-2711: Pre-run & at
least 3 runs along the route

receiver
Speed,

position,

altitude

/?""\%”’q‘g 2009

Intake air Coliber
manifold (AR

absolute . o Fa rtt
pressure ' scooter

0.049 liter
] carbureted
engine

“  Raw exhaust
sampling point
(no dilution)

Special adapter
fabricated and inserted
before muffler (outside
air penetrates well into

tailpipe) Engine speed

measured with
optical tachometer
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Experimental — Test route

e Route length: approx. 13 km
o Start point altitude: 410 m

e Peak altitude: 660 m

e Lowest point altitude: 380 m
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How a scooter is driven

Mostly “full power or nothing”, pulse-width modulation
Example: Liberec region, each point = 1 second of operation
Distinct regions: idle, full-power, engine braking, transitions

MAP [kPa]

Operating conditions

|
Full
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C o )‘1.;-,: o0
70 - ..
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50 -
R
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30 | o city o o) o °
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O I I I I I
0 2000 4000 6000 8000
engine rpm

Ceech Tecknical Uarverssly 12 Praguc

Faculty of Mechanical
ngineering

M. Voitisek et al.: Measurement of particle emissions from small engines during real-world
operation using simple on-board (or off-board) monitoring systems
18th ETH Conference on Combustion Generated Nanoparticles, Zurich, CH, June 22-25, 2014

N TLCHMICAL UNIVERSITY QOF LIBEREC

A ) ] W
20 BA mMILriex)




Emissions patterns

Larger particles (detected by light
scattering) and hydrocarbons dominated

by transitions

CO high during transitions and at full

power
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Emissions patterns

Larger particles (detected by light scattering)
and hydrocarbons dominated by transitions

Small particles (detected by ionization chamber)
emitted throughout the operating range

NOXx highest at full power

Particulate matter mass (nephelometer)
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Motorcycle (scooter) — test summary per km

Emissions | HC cO NOx PM PM PM CO:
per km [o] [o] [d] laser | ion1 | ion2 [s]
mg] | [km] | [km]
Urban 2.712 | 11.2 | 0.50 3.3 406 386 53
Rural 1.30 8.4 0.41 2.7 320 295 39

e Route length: approx. 13 km
e Start point altitude: 410 m

e Peak altitude: 660 m

e Lowest point altitude: 380 m
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On-board measurement — riding mower

Riding lawnmower
TCP 102, Castelgarden,
Italy, mfg. in 2001,
4-cycle gasoline

Mowing family house lawn

PM length is relative units per kg of fuel
All other data is in grams per kg of fuel

Riding lawnmower 4-cycle
10000 taxiing  taxiing
I ‘ - W . mowing |
c 9 ' PM-Opt
= g
29 100 1 > l},n : [a - .i"‘ l! ;I" Q ———————— 1 (. PM-Ion
E = ‘ ' I - | |+ km/h
9 4 4 —
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Off-board measurement — chain saw

Chainsaws
Stihl 029 (top)
Stihl MS361 (bottom)
2-cycle gasoline

Cutting firewood (logs)
On-board system mounted
on accompanying tractor

Chain saw 2-cycle
10000
idling
, = 1000 f
5 &
g2 [Pemmem]
E ~ 100 -
Q o —
g o (25 £
S0} £
R [ I I T 12 X
n o
<< 1.5 ®
2o 2
1+ N T 1 n
©
5
+ 0.5 3
0.1 ‘ i - ) o
11:06:00 11:08:00 11:10:00 11:12:00 11:14:00
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Off-board measurement — chain saw

Chainsaws
Stihl 029 (top)
Stihl MS361 (bottom)
2-cycle gasoline

Cutting firewood (logs) -
On-board system mounted
on accompanying tractor

Chain saw 2-cycle

10000

1000 - i s M

100 oo | T J

-
o

fuel-specific emissions
[g/ kg fuel] or [/ kg fuel

o
ground speed [km/h]

e ..l
0.1

11:27:00 11:29:00 11:31:00 11:33:00 11:35:00
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Off-board measurement — weed-eater
PEMS mounted on accompanying tractor

Weed-whacker
Oleo-Mac 746T
2-cycle gasoline

Cutting /clearing
an overgrown ditch
On-board system
mounted on
accompanying
tractor

e

10000

Weed-whacker 2-cycle

1000 |
m—
=C|)
8 2
n o
X
i 100 +
U o
UO
E—
(& B )]
gu:_’ 10
i~
0 —~
e 2

0.1

[y
(6,1
ground speed [km/h]

11:56:00 11:58:00 12:00:00 12:02:00 12:04:00 12:06:00
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Off-board full-flow dllutlon tunnel

Sample fllter '50 EUR retired

~ 142-150 mm _  baby stroller

N /. " (adesigner 5000 EUR
PEMS cart avallable)

it " lvﬁ_ {\[, = 3 ;:‘.
An mdustrlal
vacuum cleaner
| can be used in lieu '
of the blower

Not a true CVS:
As all exhaust
passes through
the filter,

R AP s BRI % s, S s constant flow
Intake manifold e b MR does not have to
pressure sensor . E o be maintained.

Highly inslated
| transfer line

R T
o 4

T T£LHNI'..M. IJNI'LI'EF? IT1' DF LIEEHEL

M. Vojtisek et al.: Measurement of particle emissions from small engines during real-world chancal Engir

‘f‘a” Fac “'“ of Mechanical operation using simple on-board (or off-board) monitoring systems e
[ &l Engineering 18th ETH Conference on Combustion Generated Nanoparticles, Zurich, CH, June 22-25, 2014 28 :m I

A :‘Ll Crech Tid al T aEly im Praiiic

‘-'




Off-board full-flow dilution tunnel
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.!'_ h,-'
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e O

~
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Power options:

e lithium battery
& 1000 W
inverter

o extension cord
to generator or
power outlet

Dilution air ,
inlet & filter Transfer line |

f
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Choice of raw / diluted
measurement

: -saa*ﬂ"t . g Jf' b

-
Mt ¥
W
o : ’u‘
o . “"4 P"» ‘

.......

Sampling ("CVS”) mode:
e PEMS measuring diluted
exhaust

e Diluted mass exhaust
flow measured directly

e All diluted exhaust
sampled through the

¥ filter (no need for
absolutely constant flow)

Raw & PEMS only mode:

e Intake air flow
computed from engine
rpm, manifold pressure
and temperature

e PEMS measuring raw
exhaust

e CVS not needed

e air/fuel ratio monitoring
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High-volume sampling for advanced analysis

30-60 m3/min
sampling on
142/150 mm filters
for analyses (i.e.
PAH) and
toxicological assays

Isokinetic or
constant flow
sampling is not
necessary as
100% of
exhaust is
sampled
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Base mower test sequence: CVS on, Engine start,
mowing until clipping bag is full, engine off, CVS off

Variations . 400
due to —C02 € —HC —NOx
uneven lawn | _- 0.9 . 350
- i =
density & £0.8 - «—p Sampling —>
ualities = - 300
9 S0y | [ — -
) £
Lar_ge HC -1 250 &
spike at g 06 =
(ignition) g 0.5 | 200 2
shutdown > | T
5 A S 0.4 - | 150 3
NN
0.3 T
S - 100
S 0.2
o) i
©o0.1 >0
0- 0
14:58:00 15:08:00 15:18:00 15:28:00 15:38:00
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Base weedeater sequence: CVS on, Engine start,
mowing until CVS filter is full, engine off, CVS off

Variations
due to
uneven lawn
density &
qualities

Large HC
spike at
(ignition)
shutdown

E ¥ 1w Pray
culty of Mechanical
Engineering

4 400
= —C02 km/h ——CO ——NOx ——HC
T 35 . 350
X sampling
§ 3 ' ’ ' ’ ' > | 300
m | |
-1 £
= 2.5 - 1+ 250 &
= X
3 o
5 2 1200 £
= E
(=)
2 1.5 150 &
(q]
(@) O
T
21 100
S
o 0.5 - 50
o
0 -0
16:33:00 16:38:00 16:43:00 16:48:00 16:53:00 16:58:00
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Lawnmower and weed-eater — test summary
(PAH anaIyS|s and toxicology assays to follow)

Wolfgarden - ! |
4-cycle - | ) OPM [g/h]
e Briggs&Stratton | —
US EPA Stage IT - 3 3 3
Stiga : : L |
4-cycle : |
Briggs&Stratton - : i Pall TX40
US EPA Phase 1 - | filters
] __ 3 2-44
Mid-90's - mg/filter
4-cycle n
mower )
| = Quart
Weed-eater | ] fiber
Stihl FS350 ‘ ‘ - filter
2-cycle | j j , + hundreds
* ,  mg/filter
0.01 0.1 1 10 100

PM [g/h] (mass deposited on filter)
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CARB Stage II Lawnmower — effect of alcohol fuels

30% iso-butanol, 30% n-butanol in gasoline
(SAE 2014, submitted)

HC CO NOXx Fuel

lo/kg]  [g/kg] [9/kg] [a/h]

Gasoline cold 19 256 3,1 433
Gasoline 1945 293+46 6,1+1.6 387182

30% Isobutanol 13+x4 279452 7,7+1,9 36828
30% n-butanol 12+1 233+20 8,3+0,3 38772

PAH cPAH BaP

lug/lkg]l  [ug/kg]  [ug/kg]
Gasoline cold 763 80.2 16.8
Gasoline warm 24 4.6 0.3
30% Isobutanol 83 8.8 1.5
30% n-butanol 21 2.3 0.2
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CARB Stage II 2 kW genset — alcohol fuels
10%, 30%, 50%, 70%, 100% n-butanol
(Diploma thesis Jan Vodrazka, TU Liberec, 2014)

1.0E+08 o
1.0E+07 75 /O

load
1.0E+06 -

1.0E+05

1.0E+04

PN in diluted exhaust [#/cm 3]

1.0E+03
—a— Gas 25. 4.
1.0E+02 —+—nBu30
nBu70
1.0E+01 —A—Gas 7. 5.
1.0E+00 | |
1 10 100

particle electric mobility diameter [nm]
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- .. . Conclusions ™ -
— real-world drlvmg emlssmnsﬂof small engines-
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