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NOxreduction
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Effectson humanhealth: 9.0-10,0 pm
4 . . . N
Adiseases of respiratory and cardio NG o u

circulatory systems
Alncreasein cancers

o7 58 um
Effectson environment
A disturbances in the propagation and
absorption of solar radiation e

Areductionin atmosphericvisibility

Bronchi sacondari
21-33pum

Bronchi tarminall
1.1-2,1um

Alveali
065 - 1.1pum
0,43 - 0,65 pm
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The most applied route to reduce particulate emissions under EU standards is the use
of the Wall -Flow Diesel Particulate Filters (DPFs).

They consist of ceramic monoliths with alternately plugged channels : so the exhaust
gasis forced through the wall and the soot is collected on the surface and inside the
porosity of the channels walls.

Exhaust fone Porous wallof

and the channel
particulate
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Wall Flow Filtration Mechanism%

Depth filtration

Diffusionaldepositior

Whenthe accumulatedsootreachesa
critical level, DPF -must beegenerated
to maintain efficient engineoperation

Cakefiltration
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U High temperatures (> 600°C) are required for filter regeneration

U The combustion often generates moving high temperature waves, the
temperature of which may exceed in some casesthe melting temperature of the

filter

U Also for a catalyzed DPF the temperature necessary for soot removal is higher
than the average exhaust gastemperature

It must be added energy!!

Ciirrefitly the Fegenaiaimiprocessis perforined by posi-infection
and tfueldborno catalysisresulting inll... € .

Reemplex engineimanagaiventayele
Rhigher fuel penaly

Frence, i addition to the posi-infection further active method of
Fegenaiaimare wde investigation.
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Innovative catalytic DPF (527/28
regenerationtechnology
- Catalyst CuFgQ,

- Microwave assisted regeneration selective and
Instantaneous heating, function only of the dielectric
propertiesof the materials

Material Dielectricconstant & Q Dielectriclossfactort Q Q
<_| Dieselsoot 10.700 3.600
Quarzo 3.800 0.001
Cordierite 2.900 0.140
AluminaceramicAl,O, 8.900 0.009
‘
< |SiC 30.000 11.000
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To Prepare and characterize a specifically MW sensible
catalytic SIC-WFF, loaded with Copper-Ferrite

To perform On-line soot deposition and regeneration
tests to demonstrate the use of microwave heating for
DPF regeneration

To Compare the energy required for the regeneration
of the catalytic filters
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Materials

Commercial SiC Wall Flow Filters with  150cpsi by Pirelli EcoTechnology

/| /
/'/ ) // ,
VA= e e ER S Channel lenght(L) Filter wall thickness a b c
7 i ~, Total channels Open channels
A a a7 [mm] [mm] [mm] [mm] [mm]
p
] S/
A C 585 277 15 0.6 36 80 124
s

Engine
(Lombardini LDW 502)

Theengineusedisa 505 cm bi-
cilindricalcity car watercooleddiesel

enginewith 7kW@360Q.p.m.

! Department of Industrial-Engineering :
INUniversity of Salerne ITALY ceedzom A



Materials and Engine Characterization

by Hg porosimetry t e s t
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Pore Radius [mm]
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WF F é UGS B
2.0E-03
Total | Average| Weight Apparent
porosity pore density density
+ 1.6E-03 [%0] radius [g/cm?] [g/cm?]
[A]
+ 1.2E-03 DD:
S |Untreated 37 1.44*10 1.59 2.55
1 8.0E-04 Qo filter
Heat- 41 1.7*10° 1.52 2.61
T 4.0E-04 treated
filter
- 0.0E+00
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Opacity , soot concentration and filtration efficiency at various operating
conditions , for two different engine load

Low load High load
. C soot OpaCitYin OpaCityout Cafter
rpm Opacity;, [%] | [mg/m?] rom | [%] C,, [mgim3] | [%] [mg/m3] Eff [%]
600 151 343 600 58.9 143.1 0.3 0.5 99.7
1100 13.2 29.8
1100 24.9 58.2 0.2 0.4
1500 10.7 23.9
1500 29.5 69.3 0.1 0.1
1900 7.1 15.5
1900 13.8 31.2 0.1 0.2
i Department of Industrial-Engineering Pro gr::res:‘;es
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Catalyst preparation: wet impregnation

Sic filters werecatalysed by:

D= »

Impregnation Drying
60°C- 30 min 60°C-9h

Calcination
1000°C-30min

iIsup to 30%wt.

AFTERTREATMENT
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Thefinal valueof the activespecieon the WFF
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S?umples Characterization: TG-DTA Analysis
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18 —— SiCand CuFe204 20%
16 —— SiCand CuFe204 25% ﬂ

= 5iCand CuFe204 30% ]
14 i

— CuFe204din powder
sootalone

=
Pd

Deriv. Weight, %/min
on om B
'-...___‘___._
—|
> _.___..--"'
l-"'-..
'|--..,|_‘_|_---|
—
'-..___‘-.-
.-_____...-'
s

300 350 400 450 500 550 500 650 700

T.°C
The TGcurve of soot alone showsvery low reactivity, with the ignition temperaturesof about 550°C and the
maximumof reactionrate at about 620°C. The TGcurvesof soot and SiGCuFgO, mix showthat, by increasing
the load of active speciesthe ignition temperature and the temperature of maximumcombustionrate (T, are
lowered,aswell asthe combustionreactionrate isincreased
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120
100 A A CuFe204_commercial sample
prepared CuFe204
. tetragonal CuFe204
80 _ < cubic CuFe204
. D Fe203
=
< O cuwo
=
»
=
>
=

95

XRDanalysisshowsthe typical peaksof CuFgQ, in the tetragonaland
cubic form, and the presenceof two other peaks,correspondingto

CuOandFe,0;.
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TPR analysis e 2
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Heating 5°C/min =
TambA 900°C
Gas: 5%kl
95%He , | ‘
0 100 200 300 400 500 600 700 300 900

T, °C
Two pronouncedreductionpeaksat about 300°Cand 610°C,due to the reduction
of CuFgQ, to CuandFeg,O,, and,subsequentlythe reductionof Fg,O, to Fe

The consumedH, correspondsto about 17%wt of CuFgO,, which is in a quite
goodagreementwith the estimated15%wt of CuFgO, on the monolith
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Active species adhesion test S/
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—a—15%wt catalyst loaded monolith

0% wt catalyst loaded monolith
0.05

. i il il
- - -

/
/

0.03 /

weight loss, %

/ Ultrasonicbath
> / Cicletime :5min

time, min

- Verylow weigtlosses

- Theactivespeciesvere depositedon the monolith without anywashcoat |
|
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SEM images

DIESEL ENGINES LI

uncatalytic

15%wt Mag= 1.04KX
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SEM images 5/
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- Homogenoudlistribution and good adhesion of the active species on thg
SiCgranules
- Tightcontact betweerthe activespecies and th&iCgranules
- Average thickness of the catalyst layer islobut 3 micrometers
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1171171 1M1

Tmm Tmm Tmim

Theelementswhich are evidencedby EDXare the onesof the structural material
of the filters (C,and Si),aswell asthe onesof the catalyticactive speciegCuand
Fe)
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Experimental Plant

On line SOOT deposition and DPF regeneratlon test
= nl !

Regeneration step in
two different
ways:

- by pre-heating
the diesel
exhaust stream

MICROWAYE GENERATOR CONTROL SYSTEM

MANOSTAT FILTER DER T oo o .

| pd

T oo |:[ ENIIRI FiL Im T\FI: T;,Dr: Wlth the
s |l ol o = R electrical

uT T T HEATED
ENGINE = ] uew mnm e ‘ .
i L omBarDiNg LDW 502 % X HEATED PIPE reSIStanceS

S M T e DATA LOGGER T ‘
g

ENGINE
\\ @ .
e e E ii by heating the
] IN AR

n T s WFF only with
the microwave
generator
(2kW max)

SiLica GEL

TRAP
TEMPERATURE am

COMPRESSOR
CONTROLLED BATH
WATER FILTER
-
“Low OPACIMETER
olL FILTER f—=
AR | METER ,
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Typical soot loading on a SiC WFF %5
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300

Typical catalytic WFF deposition phase The average opacity at the DPF
o | Q=1001/min inlet: 22% (Csoot : 45 mg /m3)
UncatalysedVionolith The average opacity at the DPF
outlet: 0.02% (Csoot : 0.04 mg
/m?3)

—
A
o

Average filtration efficiency
higher than 99%

100

50

Transient time is lower than 3
Cake filtration min.

Depth filtration

0 . o
0 30 100 150 200 250 300 350 400 450 500

t, min

Three different stages of soot loading in the DPF:

1.the soot starts to fill the pores in the WFF

2. the soot layer is forming on the surfaces of the WFF
3. the soot layer reaches an appreciable thickness, and starts to act itself as a filter

From this point, an additional increase in the pressure drop curve slope is observed

atalysis for
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MW assisted regeneration tests for ="

uncatalytic filters

operating engine conditions:

- deposition: 600 rpm, High load, flow rate 100 I/min

- regeneration: 600 rpm, Low load, flow rate 100 |/min

- Starting Soot load : 59/l

Puw = 1200 W Pow =1500W
™

Pouw = 1800 W

750
Deposition
650 \
550 7
=
-3
Lo
E 450
& + DP WFF[mbar]
—— Tout
350
250
150 T T T T T T T
o~ M~ o I~ o M~ o I~ o M~ o M~ o~ M~ o M~ o M~
- - (o] o o) (3] < - w w0 [{s] [{s] M~ [ o =] (s3] (s3]
t [min]

After about 70 minutes the regeneration phase

IS not yet completed.

900

- 800

- 700

600

- 500

+ 400

300

- 200

+ 100

T [°C]

e

SYSTEMS FOR
1

“DIEEL ENGINES

In the range of 20G450°C
the temperature increase
results in a further pressure
drop increase.

A sensible decrease inthe
pressure drop is only
observed at outlet
temperature higher than
550°C, corresponding MW
power higher than 1500W.

The MW power was raised
from 1200 W to 1800 W to
obtain the filter
regeneration
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MW assisted regeneration tests &= =

for 15%wt catalytic filter

operating engine conditions:

- deposition: 600 rpm, High load, flow rate 100 I/min
regeneration: 600 rpm, Low load, flow rate 100 I/min behaviour as function of
- Starting Soot load : 5g/l

DP[mbar]

Puw =570 W =
" \ Puw =950 W Py = 1200 W Paw :}300 w
580 \ /
deposition
530
480
+ DP
\ —a—Tin
Tout

w P

=23 w

o o
|

w
w
o

280 \

230 % \

180 +

t[min]

The complete filter regeneration is obtained in
about 30 min.

110 115 120 125 130 135 140 145 150 155 160 165

smsim ) 27/28

= -JUNE

A similar pressure drop

time is obtained for the

catalytic filter - but..
1.the regeneration starts at

lower temperatures

T+ 550

2.the MW power required to
“g  jgnite the systemis
lowered

T 350

120 3.at the same MW power

value the regeneration rate
e IS very higher
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The influence of the gas flow rate on the MW _:)";28
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assisted regeneration tests for catalytic WFF: "&&

operating engine conditions:
- deposition: 600 rpm, High load, flow rate 100 I/min

- regeneration: 600 rpm, Low load, flow rate 30 I/min Reducing the gas flow rate
- Starting Soot load : 5g/l from 100 to 30 I/min
150 | 30 I/min 600 o
depostion P =S50 | ... 1. MW power required to
0 T op - - ignite the system is further
—=—Tin
s | Tou //{ : | lowered
5 20 \ - _ 2. similarregeneration
s \ | ™= behavior obtained with
\ [ only: about 900W instead
100  — T of 1800.
. p \ <4 200 |
T 150 reduced quenching effect of
0 o ~ o o o 100 the cold gas flow through
t [min] the filter
very fast regeneration: all the regeneration
phase lasts about 20 minutes
di Department of Industrial-Engineering PrO ?: :'l:y:ssigsw%‘ WA
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MW assisted regeneration phase B

DIESELENGINES ~ veniiiiizie=

1.4
1.2 + DP catalytic filter 100 I/min
< m DP uncatalytic filer i
DP catalytic filter 30 Umin
1 -
0.8
2
o |
00.6
0.4
+*
0.2 _
u T T T T T T T T }I T T T -_|
0 5 10 15 20 25 30 35 40 45 50 55 60 65

t[min]

wFor theuncatalysedcase theregenerationstartsfor MW power higherthan 1500 W
After about 1h theregenerationis not yet completed

wThel5%wtcatalystload allowssimultaneouslyto regenerateat lowered MW powerand
higherreactionrate givingthe completesootremovalin about half time

wAt lower gas flow rate the MW energy is used mainly for the soot combustion allowing! :
higher energy saving and a regeneration time further reduced
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Regeneration phase: exhaust gas analysis ‘@zyze

DIESEL ENGINES

3

i

ACO, ACO2 [% vol]
-
(8] ro
[
.
B
02 [% vol]
=) ~

-

\y} i W\

355 365 375 385 395 405 415 425 435 445
0 T T t[min]
355 365 375 335 395 405 415 425 435 445

t[min]

Very good-oxygen balances verified

Very high-selectivity to C{ikely due to the lowered temperature and to the catalyst
presence.
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Regeneration phase: effect of catalyst load 77728
3 MW Assisted Regeneration Phase 800 308 MW Assisted Regeneration Phase 800
Q = 30 I/min Q = 30 lfmin
305 - 700 /ﬁ/_\ - 700
DP 15% T 15% 255
——DP 20%
255 6o A T 20% - 600
- 205
£ 205 500 £ - - 5005
& o i =
* 7 On-set temperature: 380 °C e On set temp€rature: 320 °C - 400
s _~Regeneration time: 25 min wo 105 Regeneration time: 20 min
- 300
55 . 200
5 10 15 20 25 30 35 55 T 200
t, min 0 5 10 . :nsin 20 25 30
305 800
MW Assisted Regeneration Phase
Q =30 I/min
- 700
255
. H—J‘\
= ——DP 30%
£
& —-- T 30%
155 -
105 - -
55 : : : : : : : 200
0 2 4 6 B 10 12 14 16 18
; - mcesses&l
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