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This paper presents the results of a preliminary experimental study to assess the
performance of biomorphic silicon carbide when used for the abatement of soot
particles in the exhaust of Diesel engines. Given its optimal thermal and mechan-
ical properties, silicon carbide is one of the most popular substrates in commer-
cial diesel particulate filters. Biomorphic silicon carbide is known for having, be-
sides, a hierarchical porous microstructure and the possibility of tailoring that
microstructure through the selection of a suitable wood precursor. An experi-
mental rig was designed and built to be integrated within an engine test bench
that allowed to characterizing small lab-scale biomorphic silicon carbide filter
samples. A particle counter was used to measure the particles distribution before
and after the samples, while a differential pressure sensor was used to measure
their pressure drop during the soot loading process. The experimental campaign
yielded promising results: for the flow rate conditions that the measuring devices
imposed (1 litre per minute; space velocity = 42,000 L/h), the samples showed in-
itial efficiencies above 80%, pressure drops below 20 mbar, and a low increase
in the pressure drop with the soot load which allows to reach almost 100% effi-
ciency with an increase in pressure drop lower than 15%, when the soot load is
still less than 0.01 g/L. It shows the potential of this material and the interest for
advancing in more complex diesel particle filter designs based on the results of
this work.

Key words: biomorphic silicon carbide, diesel particulate filter,
particulate matter, soot, filtration efficiency, pressure drop

Introduction

The presence of particles in air has demonstrated to have severe noxious effects on
human health and environment [1]. For this reason, the European Commission has already
published several Directives setting particles emission limits in Diesel engines: Directive
94/12/EC [2], Directive 98/69/EC [3], Directive 2002/80/EC [4], and Regulation No 715/2007
[5]. Currently, the maximum level allowed of particulate matter emitted by a diesel vehicle is
set by the Euro 6 standard [6], and it affects both the number of particles (6-10* particles/km)
and their mass (4.5 mg/km).

* Corresponding author; e-mail: orihuelap@us.es
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Automotive Diesel engines are an important source of particulate emissions, they
emit about ten times more particulate matter than gasoline engines [7]. Although some im-
provements can be made on the engine to reduce the production of particles, they are not ef-
fective enough to meet current regulation [8]. Only the use of after treatment devices has
achieved to reduce so far the level of emitted particles down to the thresholds that the stand-
ards set. The most extended system for the reduction of particles emissions in diesel vehicles
is the wall-flow diesel particulate filter (DPF) [9, 10].

The great awareness of current scientific community about the pollution generated
by Diesel engines and the importance of the particulate filters in this kind of vehicles can be
seen in the large number of granted patents worldwide related with DPF in the last three
years. A quick search in the United States Patent and Trademark Office’s database gives 31
results for 2016 with the words diesel particulate filter in its abstract, and 45 in 2015.

The DPF can be made from different materials, but silicon carbide (SiC) is currently
one of the most popular [11]. Its fundamental properties turn out to be considerably advanta-
geous for commercial filters [12]. The SiC has proven to have high temperature capabilities
[13]. Besides having high thermal stability and corrosion resistance, SiC has also higher soot
load limit under uncontrolled regeneration than cordierite and aluminum titanate, and thus a
lower fuel consumption penalty [14].

The microstructural features of the substrate of a DPF should ensure that the filter
has a good performance when applied to a filtration process. Porosity, pore size and permea-
bility are the most influential parameters [13]. In general, the main requirement for a DPF is
to have optimum filtration efficiency with the minimum pressure drop [15]. Commercial SiC
filters may have initial filtration efficiencies of around 90% [16]. However, the raw materials
and the initial processing routes proposed to manufacture of SiC DPF were more expensive
than for other materials [13]. That is why a big research effort is being devoted to improve
and cheapen the manufacturing process of this kind of filters.

The purpose of this experimental study is to determine the performance of porous
biomorphic silicon carbide (bioSiC) as a filter for diesel soot particles in automotive engines.
This porous material was presented by De Arellano-Lopez et al. [17] as a new low-cost and
eco-friendly engineering ceramic material suitable for a considerable range of applications. It
has been proved to be suitable for hot gas filtration systems thanks to the microstructure of its
interconnected pores and its good mechanical properties [18] even at high temperature as
shown by Munoz et al. [19] and Varela-Feria et al. [20]. Orihuela et al. [21] studied the per-
formance of bioSiC as a substrate for soot filters in diesel boilers, and obtained promising
results for some precursors. Alonso-Farinas et al. [22] developed a candle prototype made of
bioSiC, and tested it in a large scale filtration pilot plant providing its suitability as filtration
system in integrated gasification combined cycle (IGCC) or pressurized fluidized bed com-
bustion (PFBC) plants.

This study addresses the use of bioceramic filters to remove soot particles from the
exhaust gases of Diesel engines, providing for the first time experimental results in a real
engine test bench. Previous studies have demonstrated the potential of these materials in other
applications. They have been tested for example in the cleaning of hot gases from coal com-
bustion or gasification plants [22], or in the filtration of exhaust gases in a diesel boiler [21].
Also, a recent study of Orihuela et al. [23] has demonstrated the reliability of this material in
laboratory tests with a soot generator. However, the real operating conditions in the exhaust of
an automotive engine are more complex: there is a different gas composition, the temperature
and the flow rate are varying, and there may be slight differences in the particle size distribu-
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tion respect to an artificial particle generator. This work presents for the first time experi-
mental measurements of the filtration efficiency of two bioSiC specimens when applied to the
gas stream of a real automotive engine.

In this way, two disk-shaped samples were manufactured from two different precur-
sors and a particle laden stream extracted from the exhaust pipe of a Diesel engine was used
to characterize their efficiency. A test bench was designed and built for this purpose. The
transient evolution of the filtration efficiency with the soot load was evaluated through a con-
tinuous register of the captured particles, while the pressure drop across the samples was
measured with a differential pressure sensor. From this first approach to the application of
bioSiC as diesel exhaust particulate filter, positive and promising results are obtained.

Methods

For this study, two bioSiC filters made from different precursors have been tested in
the exhaust of a Euro 6 Diesel engine. The precursor selection was made based on a previous
characterization stage, in which the most relevant microstructural parameters of a DPF were
identified and measured.

The bioSiC filter samples, manufacturing process

In this work, two different bioSiC filters were manufactured: one made from pine,
and another one made from medium density fiberboard (MDF) panel. The choice of the pre-
cursors was made taking into account those microstructural parameters that are known to
affect their performance as particulate filters (porosity, pore size and permeability mainly),
and on a previous determination of their filtration efficiency with the exhaust gases of a diesel
boiler [21].

In two previous studies, a wide range of precursors’ properties were thoroughly
characterized particularly in terms of microstructural parameters. The main result of the study
can be found in references [24, 25]. In those works, not only different precursors were tried,
but they were also tested taking into account the cutting direction of the wood (parallel or
perpendicular to the axis of the trunk). Medium density fiberboard and axial-cut pine were
finally selected based mainly on their filtration efficiency, but also for practical reasons relat-
ed with the manufacturing process [23]. Their main features are presented in tab. 1.

Table 1. Measured characteristic parameters of the tested bioSiC samples

MDF Pine
Direction of the axis of the sample Perpendicular to th_e fibres, _ Parallel to the cells,
parallel to the compaction direction | parallel to the trunk of the tree
Density [gcm ] [21] 1.73 1.43
Darcian permeability [m?] [24] 1.0 (+0.1)-1072 9.4 (¥1.5)-10 12
Inertial permeability [m] [24] 2.1(+0.8)-10°° 11.4 (+0.7)-107°
Porosity [%] [21] 46 55
Pore size [um] [21] 3-30 2-50
Specific surface [m?g™] [21] 0.07 0.09

The samples were manufactured following the fabrication procedure described by
Gomez-Martin et al. [25]. Only a brief summary is reported here. First, the wood specimens
were cut down into blocks and dried in a stove. Then, the wood blocks were paralysed. After
that, the resulting carbon blocks were mechanized into disks with 1 inch in diameter and 3
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mm thick, and infiltrated with molten silicon. Finally, the excess silicon was removed by
evaporation at high temperature. Figure 1 shows the final aspect of the samples and two mi-
crographs of their microstructures obtained through SEM, (Jeol 6460 LV), where the differ-
ence between their original precursors can be seen. Medium density fiberboard shows a ho-
mogenous distribution of the fibres in the horizontal plane, while pine presents separate areas
due to the growth rings.

MDF Pine

Figure 1. Photos of the filter samples (above), their corresponding micrographs, medium density
fiberboard (MDF) sample in the left hand side, pine in the right hand side (below)
Experimental set-up

The aforementioned samples were tested in a bench specifically designed and built to
measure their filtration efficiency and pressure drop. The general scheme is depicted in fig. 2.

Exhaust gases oPS
sampling point (particle meter)
- % Sample-carrier
Lo
rak S ontro
brake Fan Flow meter U system
@ d.atal
Differential ‘amng"lgo’ 'i"ng
Cooling pressure {and logging
water sensor

Figure 2. Test rig layout
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The particle-laden gas stream used to test the filters is extracted from the exhaust
pipe of an 86 hp Diesel engine (2009), the technical features of which are summarized in
tab. 2. A fraction of the exhaust gases is deviated from the centre of the exhaust pipe and car-
ried towards the test rig where is filtered with the bioSiC samples. Once fixed to the exhaust
pipe, the sampling tube was bent in order to take the sample in the same direction of the flue
gases coming from the engine.

A measurement device for particulate emissions (optical particle sizer — OPS) was
used to count and measure the concentration of particles before and after placing the filter in
the gas stream. Table 3 shows its main technical specifications. The gas-flow rate is set at
1 Lpm by an internal pump of the
equipment. A flowmeter placed
upstream the sample-carrier was

Table 2. Technical specifications of the engine
Renault Clio I1l, 1.5 TDI

used to check and calibrate the Manufacturer, Model Renault, Clio Il
flow. Considering the dimensions Type K9K766
and the volume of the samples, Power 86 hp
this flow rate is equivalent to a Number of cylinders 4
space velocity across the filters of Displacement 1461 cm®

Injection system Diesel common-rail
Pressure ratio 17.9
Manufacturing year 2009
Emission standard Euro IV

42,000 L/h.

The OPS are devices originally
designed to measure ambient air
guality and they cannot resist the
thermal levels of the exhaust gas-
es of an engine. To cool down the

Table 3. Technical specifications of the particle sizer

gas stream, a heat exchanger was The OPS 3330
used. A thermocouple was placed Manufacturer TSI
just at the outlet of the heat- v MOdte' — 1209T5h?;330n
exchanger in order to check that casurement principe Ight scatter
. Flow rate 1 Lpm £5%

the temperature level imposed by o
the OPS 3330 was not exceeded Sampling time 21 second

. L Particle size range 0.3t0 10 um
Thanks to the previous cooling, Channels no 16
the temperature level in the sam- Size resolution 5% at 05 um
ples durlnog the tests was always Particle concentration limit 3,000 particle/cm®
below 45 °C. Mass concentration 0.001 to 275,000 pg/m*

A small fan is used to compen-
sate the pressure drop introduced by the heat exchanger. In [21], a detailed description of the
sample-carrier for the filter samples is provided, and a design sketch and a photo of the same
are presented. A differential pressure sensor (Honeywell 24PC 0.5 psi) was used to measure
the pressure drop in the filter during the soot load.

The monitoring and logging of the data measured with the particle meter and the
pressure sensor were done remotely from outside the engine cell with data acquisition system
and control software. The test cell of the engine is prepared to perform tests in different injec-
tion modes and with different types of fuel. A fuel delivery regulator and an electric brake
control the engine speed and the load independently. The brake moment was determined by a
gauge. The filtration tests of this study were carried out controlling the engine working point
at 2,500 rpm and 70 Nm, a frequent operation regime in experimental campaigns with this
kind of engines. Before placing any filter, the engine was left operating during at least one
hour, warming up, in order to assure steady-state conditions. However, in the initial stage, a
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previous characterization of the distribution of particles as a function of the operation regime
was performed.

In fig. 3 two pictures of the experimental facility are presented. On the left hand
side, one picture of the engine is shown, and in the right hand side, another one of the test rig.

Figure 3. Photos of the experimental facility; the automotive Diesel engine (left) and the test rig (right)

The heat exchanger may affect considerably the particle size distribution of the gas.
In addition to following a tortuous path, gases experience a quick cooling during it crossing
across the heat exchanger. The cooling of a particle laden gas stream causes the nucleation
and condensation of volatile materials, and also the formation of bigger agglomerates by the
coagulation of particles [26]. Furthermore, the temperature gradients near the cold walls are
known to cause the movement of the particles by thermophoresis [27]. Due to these phenom-
ena the particle distribution downstream the heat exchanger can be altered respect to the orig-
inal distribution generated by the engine. This alteration on the particle size distribution was
kept in mind during the design and the assembling of the test bench. Nevertheless, it should
not affect the efficiency calculations since the measurements of the concentration of particles
were made just before and just after the place of the filter.

Calculation procedure

The filtration efficiency of each sample was calculated from the measurements of par-
ticle concentration before and after the filter. The calculation procedure can be found in [21].

Up to 16 channels were set in the OPS 3330 to take into account different particle
size ranges: from 300 nm, the minimum diameter detectable by the device, to 1,500 nm.
The distribution of sizes on the OPS is set logarithmically as shown in tab. 4.

The logging time was set to 1 second in order to accurately measure the transient
evolution of the filtration efficiency with the soot load. The length of the tests was determined
by the capability of the measuring device to keep the pump on. The OPS 3330 needs a free
path for the air to flow into it. When a blockage starts hindering the flow, the pump cannot
continue sucking and the device stops measuring to avoid contaminating the optical chamber.

The evolution in the filtration efficiency of each sample was calculated during the
test and expressed as a function of the time and the soot load. Local oscillations of the curves
were smoothed by averaging the calculated values of efficiency every 120 seconds. To calcu-
late the deposited soot load on the samples in each moment, the calculation procedure de-
scribed in [21] was used. Soot particles produced by Diesel engines are known to form frac-
tal-shaped agglomerates [28], and they are characterized by their mobility diameter. The mo-
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bility diameter cannot be directly inferred from the optical diameter unless any merging tech-
nique with other kind of sizer (SMPS or DMA) is used [29]. However, in this study, the opti-
cal diameter was used for the mass calculations, and awareness of the lack of quantitative
validity of the results was assumed.

Table 4. Particle size arrangement in the channels of the OPS: diameter range,
logarithmic mean diameter (LMD), and effective density

Channel
1 2 3 4 5 6 7 8
Lower diameter [nm] 300 317 335 354 374 395 417 440
Upper diameter [nm] 317 335 354 374 395 417 440 465
LMD [nm] 308 326 344 364 384 406 428 452
Effective density [gcm™] | 0.867 | 0.834 | 0.803 | 0.772 | 0.743 | 0.716 | 0.689 | 0.663
Channel
9 10 11 12 13 14 15 16
Lower diameter [nm] 465 491 519 548 579 612 700 1500
Upper diameter [nm] 491 519 548 579 612 700 1,500 | 10,000
LMD [nm] 478 505 533 563 595 656 1,100 5,750
Effective density [gcm™] | 0.638 | 0.614 | 0591 | 0569 | 0547 | 0.489 | 0.287 | 0.076

The effective density was calculated using the correlation proposed by [30] for frac-
tal like soot particles produced by Diesel engines:

D; -3
d
= —m 1
pe po(doJ ( )

where dy and py are the primary particle diameter and density, respectively, and Dy is the frac-
tal dimension. Orihuela et al. [21] outline acceptable values for these parameters: dg = 60 nm
and pp = 0.7 g/cm® from [28], and Ds = 2.3 from [28] and [30]. The effective density of the
particles in each size range is also showed in tab. 4. As stated by Park et al. [31], the higher
the diameter of an agglomerate, the lower the resulting effective density due to the increasing
presence of voids.

Results

The filtration tests were carried out with the engine working at 2,500 rpm and
70 Nm, a frequent operation regime in experimental campaigns with this kind of engines.
In this regime, as in any other, the range of particle diameters detectable by the particle coun-
ter corresponds to the final part of the complete particle distribution curve of a normal auto-
motive engine. That is, the production of particles of a normal engine starts usually from
much smaller particles, around 1 nm. To obtain the whole curve of particle distribution, a
device capable to detect particles of few nanometres would be necessary. Optical meters only
detect particles above 300 nm, and so they cannot reflect the complete particle distribution
curve of an engine.

Consequently, the values of filtration efficiency obtained from this study and pre-
sented in this paper are applicable to particles above 300 nm, but cannot be applicable to
smaller particles. To get a complete value of the filtration efficiency of the filter samples for
the whole range of sizes, further study would be necessary, and a different kind of particle
meter would be required.
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Apart from the limitation on the measurable particle sizes, an alteration of the parti-
cle size distribution may exist in respect to the original distribution of the engine, due to the
cooling process in the heat exchanger. This effect should not affect the efficiency calculations
since the measurements of the concentration of particles were all made downstream the heat
exchanger, just before and after placing the filter.

8000 ~ Filtration efficiency
el 3 AP SR 3hm Figure 4 shows the evolution
— /Channel 3:335 nm < Dp <354 nm  iN the measured amount of parti-
a gn:::g: ‘51 : ggj nm < gg ) ggg nm cles during one filtration test, in
» 5000 ' particular during the MDF sample
g 4000 filtration test. In the figure, the
: raw count of particles is presented
& 3000 as a function of the time for five
2000 different size ranges (correspond-
ing to channels 1 to 5, see tab. 4).
1000 The first 45 minutes of the
0 { graph correspond to the time peri-
0:00.00 1:00:00 2:00:00 3:00:00

od in which the gas stream is not

being filtered, that is, before plac-
Figure 4. Evolution in the number of particles (raw count) ing the filter sample. In the instant
during one filtration test for different particle sizes in which the filter is placed in the

sample-carrier, a sudden decrease
in the number of particles is recorded. This instant determines the initial filtration efficiency
of the bioSiC filter, that is, the efficiency of the clean filter when it has not been loaded with
particles yet. From then on, a continuous decrease in the measured number of particles is
observed. The particles trapped within the filter contribute in turn to improve the abatement
efficiency. Eventually, the pores get saturated and no more particles achieve to cross the filter.
In that moment, the filtration efficiency of the filter reaches a maximum value close to 100%.
The rapid decrease in the num-

Time
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moment in which the MDF filter sample starts filtrating Plotting the following evolution

of the filtration efficiency from
then on for the rest of the test, the results shown in fig. 6 were obtained. In this figure, trends
have been plotted for both MDF and pine sample. It can be seen that the initial efficiency of
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pine is a bit lower than that of MDF, but the growing rate is higher so it surpasses the curve of
MDF and reaches sooner 100% efficiency.

1.0
AAMMMAMAMA 1.00 , ADAAABARAARARR . T
0.95] = G 24285 100000200000
3 o 3 o
5 o, S o
A = 00,
‘5 0.904 0 50.90 o a
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o5 ¥ 085,
o~ o MDF filter H 80 o MDF filter
4 Pine filter 4 Pine filter
0.75 r r . 0.75 T T T r
0:30:00 1:00:00  1:30:00 2:00:00  2:30:00 0 0000k 0001 00015 BL0Z 00025
Time Soot load [gL"]

Figure 6. Filtration efficiency of the bioSiC filters as a function of the soot load and the time

Pressure drop

The pressure drop was measured throughout the tests including the first time period
in which the engine was warming up and the filters had not been placed yet. In that stage, a
little pressure drop was measured due to the pipes and the sample-carrier itself. That pressure
drop is around 0.5 mbar and is independent from the filter sample as can be seen in fig. 7. In
the moment the sample is placed, a sudden increase in pressure drop is registered. The initial
pressure drop of the MDF filter is higher than the one of the pine filter. This initial pressure
drop corresponds to the pressure drop of a clean filter and matches with the expectable pres-
sure drop of a bioSiC filter according to its permeability.

From the moment the filter is placed blocking the gas stream, it starts getting loaded
with soot particles. Captured particles remain on the surface of the pores reducing the effec-
tive cross sectional area for the air-flow and increasing the pressure drop, fig. 8. If the filtra-
tion process is long enough the pores of the filter get eventually clogged, and a soot cake
starts forming on the external surface

of the filter. In this experiment, the 5, . r3
tests stopped before the soot cake ;g : . - ot of
appeared due to the quick evolution — i !%ﬂﬂm'o “.OQWM 25%
in the filtration efficiency of the sam- gi “‘ R e Ol ‘ E
ples, which raised up to almost 100% ‘s, : [ g
for an increase in pressure drop less <. |  p Placement of 159
than 15%. 2 4 the filter sample ' 5
Unfortunately, the blockage of the g 6 b1 09
gas flux at the beginning of the soot = W P o
cake formation interfered with the 9 | ! et 055
proper operation of the internal pump snn———, ‘
of the OPS, so the measurement and 3000 10000 13000 20000 23000

data logging were stopped before Time

reaching a significant increase in the Figure 7. Pressure drop of the bioSiC filters as a
pressure drop. function of the time
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Figure 8. Increase in pressure drop (percentage) as a substrate for particle filters [32].
function of the soot load The cutting direction of a natural
wood is also a crucial element in the interaction of the resulting porous microstructure and the
soot laden air-flow [21]. Thus, the pine-derived bioSiC sample was manufactured following
the cutting direction that better filtration efficiency might provide, that is, axial (air flowing
parallel to the trunk of the tree). The manufacturing process followed here was the same pro-
cess used by Gomez-Martin et al. [24, 25], which in turn follows the same guidelines than
other manufacturing processes of bioSiC described previously in the literature.

To test the bioSiC filter samples, a test rig was specifically designed and built in
which a four cylinder, turbocharged, common-rail injection, 1.461 L Renault DI automotive
Diesel engine was used to generate the soot laden gas stream to be filtered. To measure the
concentration of particles before and after placing the filter samples, and to be able to calcu-
late the filtration efficiency, an optical particle sizer was used. Simultaneously, a differential
pressure sensor was used to measure the pressure drop in the filters as they got loaded with soot.

The initial filtration efficiency of both samples is higher than 80% : 86% in the case
of MDF and 83% in the case of pine. This filtration efficiency increases even more as the
filters get loaded with particles, reaching efficiencies close to 100% in a period shorter than
2 hours (for a space velocity of around 42000 1/h). As expected, this increase in the filtration
efficiency is accompanied by an increase in pressure drop. Nevertheless, filtration efficiency
has turned out to reach its maximum value before the increase in pressure drop reaches a 15%.

The study has revealed two main limitations:

(1) the particle size range of the measuring device (OPS 3330) does not allow to register the
complete size distribution curve. The results obtained through this study are applicable
to particles larger than 300 nm, and

(2) the blockage of the flux stopped the measurements before the soot cake started to form,
S0 a bias pressure drop curve is obtained.

Both limitations could be solved by using a different particle meter like, for exam-
ple, an SMPS. In any case, although preliminary, results obtained in this work are positive
and encourage further studies with more complex geometries and extended tests. In this sense,
further researches are required to extend the validity to the nanoscale range, since nanoparti-
cles have demonstrated to be especially harmful and dangerous for human health. Besides,
longer tests would be necessary in order to study the soot cake filtration stage. In the mean-
while, bioSiC may be considered a suitable candidate for its use as substrate for DPF.
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For future research, other filtration conditions could be studied. By using a laminar
diffusion flame, for example, a well-known particle concentration and distribution could be
obtained, and a more systematic and accurate measurement of the filtration efficiency could
be done. In addition, to characterize the soot distribution, some laser diagnostic technics could
be used, which would be more affordable than purchasing more sophisticated equipment to
sample, count and classify particles.
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