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Abstract
The selective catalytic reduction of NOx emissions to H2O and N2 is a major technology in automotive applications

for exhaust gas aftertreatment. In this process, the reactant ammonia (NH3) is produced by injecting AdBlue®. With
the help of an SCR catalyst, this NH3 reduces emitted NOx to non-toxic nitrogen (N2) and water (H2O). For the
homogenization and evaporation of the urea solution, usually metallic mixing elements are used. The new approach
uses a mixing element based on structured porous ceramic with an enlarged surface and a special catalytic coating.
The Solar-Institut Jülich and the German Aerospace Centre have developed a manufacturing process to modify
and optimise the structure of basic polyurethane foams to achieve a high NH3 conversion rate in combination with
adjustable backpressure. The optimised flow dynamics of the exhaust gas and the additional special catalytic coating
lead to a high-performance mixing element. As a consequence, the size of the conventional SCR catalyst, which is
located downstream of the mixer, can be reduced. This leads to cost-efficient and compact exhaust gas aftertreatment.
In this paper the experimental results of the performance analysis of this newly designed porous-ceramic-coated
mixing element will be presented.
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I. Introduction
The selective catalytic reduction (SCR) of NOx emis-
sions toH2O andN2 is amajor technology in automotive
applications for exhaust gas aftertreatment 1. In this pro-
cess, the reactant ammonia (NH3) is produced by inject-
ing a liquid water-urea solution (AdBlue®). In a thermal
dissociation (Eq. 1.0) 2 and hydrolysis process (Eq. 1.1) 2,
the requiredNH3 is formed.

(NH2)2CO →
NH3 +HNCO(thermal dissociation)

(1.0)

HNCO+ (H2O)* →NH3 +CO2 (hydrolysis) (1.1)
With the help of an SCRcatalyst, thisNH3 reduces emit-
tedNOx to non-toxic nitrogen (N2) andwater (H2O) e.g.
according to Eq. 1.2 2:

4NO+O2 + 4NH3 → 4N2 + 6H2O (SCR) (1.2)
The chemical reactionhas tobe supportedby a catalyst in
order to accelerate the hydrolysis reaction and to avoid the
production of solid polymerization products with high
thermal stability from the acid component HNCO 3, 4.
The catalyst for the hydrolysis reaction can be integrated
in the SCR catalyst or synthesized as a single component
with an additional SCR catalyst.
According to the state of the art, the atomization of the
injected urea solution is improved by increasing the pres-
sure of the AdBlue® injection to achieve adequate distri-
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bution and rapid formation ofNH3. Such low-cost pulsed
pressurised atomizer systems need a staticmixing element
in front of the SCR catalyst for effective distribution of
the reactant concentration in the inflow of the SCR cat-
alyst5. For the homogeneous nebulization and complete
evaporation of the urea solution, usually metallic mixing
elements are used 6. These systems need a large volume for
all their required components, especially the SCRcatalyst,
and are very expensive. In these applications, the mixing
elements act only as a mixer.

An overview of the classic SCR system can be seen in
Fig. 1 7. The new approach presented in this paper uses a
mixing element based on structured porous ceramic with
an enlarged surface and a special catalytic coating.A struc-
tured porous ceramic offers in this way a high specific sur-
face which is needed for the functionality as a catalyst.
The catalytic coating is applied to accelerate the hydrol-
ysis reaction (Eq. 1.1) and to achieve a high NH3 conver-
sion rate. The bodymaterial of themixing element ismade
of clay-based porous ceramicwhich ismanufactured from
blanked polyurethane foam in the Schwartzwalder pro-
cess. The Solar-Institut Jülich and the German Aerospace
Center have developed a manufacturing process to mod-
ify and optimise the structure of the basic polyurethane
foam to achieve the high NH3 conversion rate in combi-
nation with adjustable backpressure. The optimised flow
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Fig. 1: Classic SCR system with DOC, DPF, urea injection, metallic mixing element and SCR catalyst with hydrolysis-, SCR- and oxidation
catalyst.

Fig. 2: SCR System with a ceramic mixing element as hydrolysis catalyst (left), SCR system with a ceramic mixing element as hydrolysis
catalyst and SCR- and oxidation catalyst (right).

dynamics of the exhaust gas and the additional special cat-
alytic coating lead to a high-performance mixing element.
As a consequence, the size of the conventional SCR cat-
alyst or the hydrolysis catalyst, which is located down-
stream of themixer, can be reduced (System1) or replaced
(System 2) as shown in Fig. 2 8, 9. The mixing element be-
comes part of the SCR catalyst. This leads to cost reduc-
tion andmore compact exhaust gas aftertreatment. In this
paper the experimental results of the performance analysis
of this newly designed selectively coated mixing element
made from porous ceramics with hydrolysis catalyst are
presented.

II. Materials and Methods

(1) Production of the mixing elements
The process technology for the mixing elements follows
the classical replication technique for ceramic foams with
some geometricmodifications in the basicmaterial 10. The
basicmaterial for themixing element is polyurethane foam
which is modified in a special machine, to add holes with
inclination.Theholes aredesigned to reduce thebackpres-
sure. The inclination of the holes is intended to improve
the mixing efficiency. The polyurethane foam is placed in
themachine,where it canbeperforatedas required.Theel-
ement is fabricated according to the Schwartzwalder pro-
cess 11 in seven steps, starting fromthepolyurethane foam,
through packing, impregnation with ceramic suspension
(SIC), separation of excess suspension, drying, burnout of

thepolyurethane foamand finally sintering.Adetailedde-
scription of the production process of the ceramic mixing
element can be found in 12, 13, 14, 15. Owing to the differ-
ent possible combinations of the configuration (numbers
of holes, angles and the placement of the holes), a statisti-
cal approach for a first small number of mixing elements
was chosen. In Fig. 3 the different configurations of the
analysed structured-porous ceramic mixing elements are
shown.As a reference, a commercialmetalmixing element
was also tested.

Fig. 3: Configurations of the different mixing elements with the
counts of drilling for X1 and X2 and their vertical angle in respect
of the main flow direction.

(2) Preparation for testing of the coated mixing elements
The set-up for testing the mixing element is shown in
Fig. 4. In contrast to standard SCR systems, which are
installed close to the engine, in this test track there is a
large distance between the engine and the SCR system.
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As a consequence, an additional extra heat source had to
be used to compensate for heat losses of the pipes and
to reach the same temperature conditions at the injection
point as in standard SCR systems. The heat is produced by
a special gas preparing system called a soot generator and
is placed in the measurement section between engine and
SCR system as shown in Fig. 4.

Fig. 4: Test configuration of the ceramic mixing element as hydrol-
ysis catalyst.

The soot generator can be programmed to reach differ-
ent temperature levels at the injection point.Measurement
of the chemical composition is placed far away from the
point of injection at a point of fully developed flow area of
the exhaust line prior to the muffler. For the gas measure-
ment, Fourier transform infrared spectroscopy (FTIR)
is used to measure the NH3. The engine was a Deutz
F4L2011. Based on the engine map, an operation point
with highNOx emissions was used. All experiments were
performed at 1900 rpm and 50 Nm. Before the measure-
mentwas started, the enginewas driven at operation point
“1600 rpm, 25Nm” to warm up. This process takes about
15minutes. In themeantime, cooling of the injection noz-
zle is started.This cooling is realizedwith an external cool-
ing circuit with an external pump. To get the optimal tem-
perature at the injection point (312 °C), the soot genera-
tor is started after reaching the operating point “1900 rpm,
50 Nm”. At 312 °C the FTIR is started and a few minutes
later the urea solution can be injected (50 mg/s). For the
injection, a De-NOx system (Bosch) is used.

(3) Thermal shock
Owing to dynamic changes of the operating point of the
engine as well as for operating activities such as diesel par-
ticle filter (DPF) regeneration, additional heating of the
exhaust line leads to a highly fluctuating thermal load of
the material. Therefore, the resistance to thermal shocks
or thermal loads is a criterion for the selection of a suitable
material. This is particularly important in the case of ce-
ramic materials owing to their low fracture toughness be-
cause local stress peaks cannot be compensated by plastic
deformation. The experimental set-up used to determine
the responseofmaterial samples to thermal shocksor ther-
mal loads is an adapted and simplified version of the one
described in 16 and shown in Fig. 5. The experiment was
set up to identify critical thermal loads of the ceramic ma-
terial. An adjustable air heater is installed in the air flow
path. The fan generates an air flow which can be adjusted
with amanual control valve. The foamsample is placed at a
distance of 20 mm in front of the opening of the flow path
and fixed with heat-resistant materials. The control signal
for the air heater (0 – 10 V) is generated by the analog out-
put module of a measurement and control unit which can
be operated by a computer via LabVIEWVI. The voltage
signal canbe switchedonandoffor canbemodulated sine-
or ramp-shaped.The test elements were examined under a
microscope before and after the thermal stress test.

III. Results and Discussion

(1) Results for SCR tests
Thequality of the hydrolysis catalyst is basedon itsNH3
production rate. For adequate performanceof the catalyst,
a large specific surface area is needed. This is analyzed an-
alytically with the help of the specific surface of the coat-
ing on the ceramic mixing element. To determine the spe-
cific surface with the information of the cell density of
the ceramic mixing element, an empirical equation from
Adler J. 17 is used. To consider the different configurations
of the ceramic mixing elements caused by their geometric
change, the specific surfaceof eachceramicmixingelement
anbecalculated 18.For this calculation, thevolumeofmix-
ing element without holes and the volume of the hole are
needed.

Fig. 5: Experimental set-up for thermal load tests.
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Table 1 shows that the reduction of the specific surface
of the mixing elements owing to the holes is minimal. The
maximum reduction of specific surface of 6.64% is shown
by mixing element M3 (18 holes). Hence, the effect of the
holes on the specific surface can be neglected.

Table 1: Specific surface and data for the different mixing
elements.

X1 X2 V_M[m3] A_M (1/m) V_LV
[%]

M8 0 0 0.000151 1106.06 0.00

M5 6 0 0.000151 1080.14 2.34

M4 0 11 0.000151 1058.53 4.30

M3 6 11 0.000151 1032.61 6.64

For the metallic mixing element, which was investigated
for comparison, anaverage equilibriumof43.98ppmNH3
in the exhaust gas was measured. The standard deviation
for this measurement was ± 0.921 ppm.
The results of the experiments show that with different
configuration of the geometry of the mixing element dif-
ferent NH3 concentrations can be achieved in the exhaust
gas (Fig. 6.). The highest concentration ofNH3 (155 ppm)
was detected formixing element 8, (without a hole config-
uration).With regard to themetallic element as a reference
probewithout coating, the increase inNH3 formixing ele-
ment 8 is evidence of a hydrolysis reaction at the element’s
surface.Withmixingelement8, 250%moreNH3couldbe
measured in the exhaust gas with the same amount of in-
jection compared to the reference component. The lowest
concentration of NH3 (127 ppm was detected for mixing
element 1 (M1, six holes in the inner ring with an angle of
60°).
A second key aspect is the backpressure for the different
mixing elements. A low backpressure of each exhaust gas
component supports the overall performance of the en-
gine. With an increasing number of holes, the backpres-
sure could be reduced to the lowest level for mixing ele-
ment 3 with 9.7 mbar compared to 19 mbar for the pure
foamwithout anymodification,which showed thehighest
backpressure. It has been established that the influence of
the hole angle on the backpressure is not significant. Con-
sequently, the NH3 conversion and backpressure can be
optimized without consideration of the inclination angle.
Fig. 7 shows theNH3conversionas a functionof theback-

pressure of mixing elements with straight holes. As seen
togetherwithTable,modificationof thegeometrywith the
addition of holes leads to a lower NH3 conversion with
a strong effect on the backpressure. The optimal perfor-
mance of low backpressure and improved hydrolysis has
to be found.

Fig. 6: NH3 conversion for different ceramic mixing elements.

Fig. 7:Backpressure for differentmixing elementswith their specific
NH3 conversion.

(2) Results of thermal shock tests

The microscopic examinations of a test element before
the thermal stress test showed a typical picture for such
SiC quality. Caused by an inhomogeneous wetting, the
material showsheterogeneouswebbeads (Fig. 8, left).Pre-
vious damage in the form of cracks can be found (Fig. 8,
centre and right).
Fig. 9 showsanexaminationof a specific crackbefore and
after the thermal shock test. No change of the initial crack
could be detected. It can be concluded that no additional
damage is caused by the thermal stress test.

Fig. 8: Image of the test body before the stress tests.
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Fig. 9: Images of a detail section before (left) and after the thermal shock tests (right).

IV. Conclusions

A new mixing element to be used in an SCR system is
presented in this paper. The mixing element combines the
function of the mixing element with the features of a hy-
drolysis catalyst.
It could be shown that the ceramic mixing component
presented in this paper, which has been proposed for a
combinedmixer/hydrolysis catalyst, is a promising candi-
date for application. Performance tests demonstrated that
the overall performance is significantly improved com-
pared to a standard commercial component. The NH3
conversion rate can be increased significantly with the
new mixing element. Furthermore, although the geome-
trymodifications in formof additional holes do not have a
marked influenceon the reaction surface anddonot signif-
icantly influence the effect of the catalyst, they do reduce
the backpressure of the component. In the end, it is nec-
essary to weigh up whether a slightly improved hydroly-
sis performance or a lowbackpressure is of importance for
the overall operation of the engine. For this optimization,
further experiments have to be done.
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