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ABSTRACT 

Achieving optimal performance in a mobile SCR+CRT™ 
(Selective Catalytic Reduction + Continuously 
Regenerating Trap) system is a complex task relative to 
other passive emissions control systems, due to the 
operating constraints of urea-SCR technology, the size 
of the system components and the tight packaging 
envelope on the vehicle.  These constraints have 
necessitated the design of highly efficient, compact 
reductant-exhaust gas mixing arrangements in order to 
achieve uniform reductant and velocity distributions at 
the entry to the SCR catalyst.  

The paper describes a statistical Design of Experiments 
(DoE) approach to optimise the mixing arrangement for 
emissions and noise attenuation performance of an 
SCR+CRT™ system.  The results from this approach 
show that the method is an effective tool for 
understanding complex systems and reducing 
development effort.  The relative emissions performance 
of the system has been improved by between 2 and 
26% across the operating temperature range, whilst 
achieving the target noise level. 
 
INTRODUCTION 

Environmental and health issues are continually driving 
emissions legislation to enforce stricter emissions limits.  
In Europe, Euro IV (2005) and V (2008) emissions 
legislation and proposed Low Emissions Zones (LEZs) 
in London and other European cities [1,2] similar to the 
scheme already implemented in major cities in Sweden 
call for a significant reduction in Nitrogen Oxides (NOx) 
and Particulate Matter (PM) emissions from Heavy Duty 
Diesel (HDD) vehicles.  Figure 1 shows the European 
legislative trend. 

Despite the advances in engine development, vehicle 
manufacturers are still favouring exhaust aftertreatment 
to meet forthcoming legislation [3].  In Europe urea SCR 
is the preferred NOx abatement technology for OEM’s to 
achieve Euro IV and V legislation and beyond on HDD 
applications, due to the proven high performance in 
service [4,5,6,7], it’s cost effectiveness relative to other 
NOx reduction technologies [8] and an expanding Adblue 

infrastructure. In Europe Adblue is becoming commonly 
available in service stations, vehicle main dealers and 
fleet depots where required. 

 

Figure 1 – European Legislative trend  

SCR technology has been used to reduce NOx in 
stationary applications since the 1980’s; however it is 
only in recent years that the technology has transferred 
to mobile applications.  Mobile SCR technology presents 
a number of challenges due to the highly transient 
operation, requirement for a safe non-toxic reductant 
and on-vehicle packaging constraints. 

SCR reduces NOx by means of a reducing agent, 
ammonia (NH3). NH3 reacts with the NOx over a catalyst 
to produce harmless nitrogen (N2) and water (H2O).  Due 
to safety concerns with transporting ammonia on 
vehicle, the reducing agent chosen by the industry is 
urea in water solution (32.5% by weight), known as 
Adblue when produced to the DIN V 70070 standard.  
The Adblue decomposes to form NH3 in two steps, 
thermolysis shown in equation (1), resulting in one 
molecule of NH3 and a molecule of isocyanic acid 
(HNCO), followed by hydrolysis of the HNCO, equation 
(2), resulting in the second molecule of NH3. 

CO(NH2)2  �  NH3 + HNCO (1) 

HNCO + H2O  �  NH3 + CO2 (2) 



The main SCR reactions are shown in equations (3) – 
(5) below.  Equation (3) is the main SCR reaction with 
nitric oxide (NO), equation (4) has a faster reaction rate 
and will dominate up to a nitrogen dioxide (NO2):NO 
ratio of 1:1; however with higher ratios the excess NO2 
will react according to equation (5), which has a very 
slow reaction rate. 

4NH3 + 4NO + O2  �  4N2 + 6H2O (3) 

4NH3 + 2NO + 2NO2 �  4N2 + 6H2O (4) 

8NH3 + 6NO2  �  7N2 + 12H2O (5) 

Combining Johnson Mattheys patented CRT, referred to 
as the CR-DPF (Continuously Regenerating Diesel 
Particulate Filter) for the remainder of this paper, with 
SCR technology provides a system capable of reducing 
NOx and PM as well as hydrocarbons (HC) and carbon 
monoxide (CO) to beyond Euro V legislation.  The CR-
DPF is well proven technology used in both line and 
retrofit HDD applications across a wide range of duty 
cycles, with over 100,000 systems in operation 
worldwide [5,9].  The CR-DPF consists of an oxidation 
catalyst followed by a wall flow DPF. The catalyst 
oxidises the HC and CO to water (H2O) and carbon 
dioxide (CO2).  It also oxidises a proportion of the engine 
out NO to NO2, whilst the DPF traps the PM.  The NO2 
generated over the oxidation catalyst is then used to 
combust the soot in the trapped PM at much lower 
temperatures (around 250ºC) than would be achieved by 
combustion in oxygen (O2) (around 550ºC) ensuring 
passive regeneration of the CR-DPF at typical HDD 
exhaust temperatures [10].  Figure 2 shows a schematic 
of the SCR+CR-DPF operation. 

Combining the two technologies, with the SCR system 
located downstream of the CR-DPF, also provides an 
opportunity to further enhance the SCR performance.  
This is achieved according to reaction equation (4) 
where the CR-DPF can be sized so that close to the 
optimum 1:1 NO:NO2 molar ratio is generated at the exit 
of the CR-DPF.  The upstream CR-DPF also acts as a 
thermal buffer and storage device, which is useful for the 
SCR system during transient operation. 

 
Figure 2: SCR+CR-DPF Schematic 

 
Optimising the performance of the combined system is a 
complex task due to a number of key problems: 
 

·  Temperature constraints of urea-SCR technology. 
·  Highly transient operating conditions (temperature, 

exhaust mass flow and NOx). 
·  Wide range of duty cycles. 
·  Tight vehicle packaging constraints and flexibility 

required due to different vehicle applications. 
·  Size of the SCR and CR-DPF system components. 
·  Tuning the noise performance of the system within 

the given space envelope. 
 
Achieving uniform flow and reductant distribution 
entering the SCR catalyst is paramount to the emissions 
performance of urea-SCR systems.  Typically a distance 
>0.5 m between the injection point and the SCR catalyst 
entry is desirable to achieve acceptable quality mixing 
between the Adblue and exhaust gas and to promote the 
thermolysis reaction according to (1) [11, 12].  A flow 
mixing device may assist this.  The reductant and 
exhaust gas mixture then has to be distributed across 
the catalyst uniformly.  To achieve these objectives in a 
small packaging envelope is a significant technical 
challenge. 
 
DEVELOPMENT SYSTEM DESCRIPTION 

The SCR+CR-DPF system was designed for a Euro 4 
urban bus application, to meet the optional Enhanced 
Environmentally friendly Vehicles (EEV) emissions 
standards. The system used an air assisted Adblue 
injection system.  The compact space envelope (630mm 
by 850mm by 430mm) shown in figure 3, of this vehicle 
application coupled with the size of the catalysts and 
filter shown in table 1, leaves very little volume for mixing 
and noise attenuation devices and very little space for 
design to achieve low back pressure and ensure the 
surface temperature of the system meets requirements.  
To compound the noise problem, due to vehicle 
constraints the system has a very short tailpipe, shown 
below in figure 3. 

 

Figure 3: SCR+CR-DPF System in Space Envelope 



Due to the nature of CR-DPF’s the DPF requires 
servicing periodically to remove the incombustible ash 
collected, therefore the design also needed to be easy to 
service.  The modular design of the unit shown in figure 
3 allows the filter to be removed without removal of any 
other parts. 

 

Table 1: Substrate information 

The design of the system, and in particular the mixing 
section, also had to eliminate the risk of problems 
associated with the formation of deposits.  The risk of 
this increases when operating at low temperature.  The 
hydrolysis of the HNCO produced during thermolysis is 
known to be stable up to high temperature or until in 
contact with either a dedicated hydrolysis catalyst or the 
SCR catalyst with regards to the hydrolysis reaction. 
However at low temperatures the HNCO is very unstable 
and can react with urea, itself or the by-products of 
these reactions to form cyanuric acid which is typically 
found to represent the majority of the composition of low 
temperature deposits.  Avoiding injecting at low 
temperature and achieving efficient mixing of the 
reductant and the exhaust gas avoids localised high 
concentrations of HNCO and urea, reducing the risk of 
deposit formation.  

In this particular application packaging constraints and 
the design requirements to achieve the acoustics targets 
dictated that the Adblue injection had to occur at the 
SCR module inlet.  The challenge was then to achieve 
good quality mixing and flow distribution within a 
distance of 150mm of the SCR catalyst face.  A novel 
(patent pending) mixing device was developed to meet 
this demand. 

 
Figure 4: Mixer in SCR inlet  

 
The mixer has a number of design features that must be 
optimised for each application.  Therefore it was decided 
to use a Design of Experiments approach to identify the 
best overall mixer design.  To keep the DoE 
investigation to a manageable size the number of design 
factors considered needed to be limited.  Previous 
development work carried out on this mixing 
arrangement had shown that the mixer length, diameter 
and injection spray angle (of the Adblue) had significant 
effects on the NOx reduction performance, as these 
factors effect the reductant and flow uniformity at the 
catalyst face and the space velocity through the mixer.  
Although there are other factors that are known to affect 
the NOx reduction performance of the system such as 
temperature and flow rate, for a given vehicle application 
these can be considered as uncontrolled variables.  
Since an urban bus application operates for the greater 
part of its duty cycle across a limited range of 
temperature and flow rate, the study was limited to 
investigating these three design parameters, shown in 
figure 4 at a representative temperature and flow rate. 

 
DOE METHODOLOGY 

DoE is an approach commonly used within the 
automotive industry to optimise complicated multi 
response systems [13,14,15] 

By varying controlling parameters one at a time, it is 
possible to investigate the response of a system.  
However, this is an inefficient development approach 
and, because a strong interaction may exist between 
some or all of the controlling factors, risks not identifying 
the optimum design configuration.  A full factorial 
experiment, one in which every combination of 
controlling factor is investigated, will yield more useful 
information on the response of the system.  However, for 
larger experiments in particular, this is also not efficient 
in terms of time and cost. 

A fractional factorial experiment provides an efficient 
method of quantifying individual effects and any 
interactions that exist between controlling factors.  A 
limited number of combinations of controlling factors are 
tested and analysed according to a statistically 
structured method.  Fractional factorial experimental 
designs can also be applied so that non-linear 
responses can be quickly identified and quantified. 

Both of these DoE approaches have been used and 
Figure 5 shows their application within the study. 



Define study boundaries

Test - DoE full factorial

Prediction of approximate region of best system design 

Test - DoE fractional factorial in region of interest
2nd order response investigated

Prediction of best design 

Test best design

Define study boundaries

Test - DoE full factorial

Prediction of approximate region of best system design 

Test - DoE fractional factorial in region of interest
2nd order response investigated

Prediction of best design 

Test best design  

Figure 5: Schematic of DoE approach 

The full factorial experiment considers three key design 
factors only at two levels each and so remains a 
manageable size.  With reference to Figure 6, the 
magnitude of each of the main effects according to the 
response y is calculated by [16]: 
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The 1st order response of this model can be 
approximated by: 
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for factors kix ..  and where k..0b  are regression 

coefficients and e is the error associated with the 
experiment. 

 

Figure 6: Example of full 23 factorial 

The fractional factorial experiment is based on a face 
centred central composite design as shown in Figure 7.  
This design enables a 2nd order approximation of the 
true response surface to be generated according to 
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Typically this model is generated by dedicated computer 
software. 

 

Figure 7: Example of face centred central composite fractional factorial 
design 

OBJECTIVE 

The objective of the work was to optimize the NOx 
reduction performance of the SCR+CR-DPF system 
described earlier in the paper, by developing the mixing 
arrangement (developing the substrate sizes is outside 
the scope of this work) whilst maintaining an acceptable 
noise level and respecting the space envelope of the 
vehicle. 

The maximum noise level was set to 85.5 dB(A).  This 
figure was arrived at based on comparisons of engine 
test and drive by noise test data of a system that had 
passed the legislated drive by noise test.  

EXPERIMENTAL SETUP 

EMISSIONS TESTING 

The emission testing was performed using a Cummins 
N14E-R, Euro II, turbocharged, after cooled, 14 litre, 6 
cylinder engine (386 kW at max rated power and 2348 
Nm at max rated torque).  The engine was coupled to a 
Froude F-type hydraulic dynamometer.  The test setup 
was designed to give as much flexibility as possible, 
incorporating a valve in the exhaust enabling the desired 
temperature and flow rate to be achieved.  The fuel used 
for testing was standard ULSD (max sulphur level < 50 
ppm). 

The dosing system used to inject the urea solution was 
an air assisted, digital pump injection system, setup to 
allow manual control of the Adblue flow rate.  The flow 
rate of the dosing system was calibrated offline prior to 
testing. 

Emissions were measured using a Chemiluminescence 
analyser (CL) for NOx and NO, enabling NO2 to be 
derived, and a Fourier transform infrared (FTIR) 
analyser for NO, NO2 and NH3. 

As described in the introduction, the ratio of NO2:NO 
entering the SCR catalyst will affect the emissions 
performance of the system.  The amount of NO2 entering 
the SCR catalyst is not only dependant on the amount 
exhausted from the engine and the NO to NO2 



conversion over the CR-DPF oxidation catalyst but also 
by the amount of NO2 being consumed to combust the 
soot collected in the DPF.  To ensure that the NO2:NO 
ratio entering the SCR catalyst was constant throughout 
the testing, a second DPF was mounted upstream of the 
test system, resulting in a clean DPF in the test system.  
This ensured that the NO2:NO ratio was a result of the 
temperature and flow conditions and not of the running 
history leading up to the test.  This allowed the 
differences in NOx reduction performance due to the 
build changes to be assessed accurately.  Although this 
method may at certain engine conditions result in a 
slightly higher NO2:NO ratio than seen in service, it 
would not be valid to try and replicate in service 
conditions on the test bed for the following reasons: 

·  The soot loading is highly dependant on the 
individual vehicle duty cycle, therefore difficult to 
match to a generic vehicle. 

·  If the soot loading were known and replicated the 
NO2:NO ratio could still be varying with time until 
the system has reached it’s balance point for the 
operating condition (which may then not be 
representative of in service operation). 

However, due to the nature of Euro IV engines 
developed for use with NOx after treatment technology, it 
is likely that the engine would be tuned for fuel economy 
and therefore would have high NOx and correspondingly 
low PM and as a result would have a lightly loaded DPF 
in service. 

The upstream DPF was regenerated offline periodically 
to ensure that the increasing back pressure due to the 
DPF being loaded with PM did not have a significant 
effect on the engine condition. 

All of the testing was carried out at steady state 
conditions, measuring the NOx reduction engine out to 
tailpipe, by mass, at a constant 10ppm ammonia slip 
level.  To ensure that no NH3 was stored in the SCR 
catalyst from previous testing, the NOx levels were fully 
recovered after each test to stable pre-test figures.  
Figure 8 shows the engine test bed set up and 
measurement points. Emissions measurements were 
made before and after the test system pre, during and 
post injection. 

 

Figure 8: Engine test set-up for emissions testing 

NOISE TESTING 

The SCR+CR-DPF unit was initially tested on the 
Eminox engine test facility to provide a benchmark for 
further optimisation. The unit was installed in free-field 
conditions and the engine run at a standard set of 
steady state speeds and torque settings. The sound 
pressure from the microphone (1 m from tailpipe) was 
acquired using the LMS Pimento system and averaged 
over a 30-second period. Overall noise levels, FFT and 
3rd octave spectra were obtained using this technique. 
 
Vehicle pass-by noise analysis on a similar SCR+CR-
DPF unit design found that high frequency tailpipe noise 
was the main contributor to the vehicle overall noise 
level.  The development testing could therefore be 
carried out on a cold flow rig instead of the engine test 
bed as cold flow testing still allows the high frequency 
noise to be generated in the test system.  Cold flow 
testing also offers a quick alternative to engine testing 
due to faster temperature stabilisation and easier 
handling of the test system.  

During normal vehicle operation high frequency noise is 
generated as a result of the exhaust gas flow being 
subjected to geometry changes within the exhaust 
system. The mixer design was found to be a significant 
contributor to the high frequency noise level. The cold 
flow noise test rig therefore enables this evaluation by 
introducing flow to the test system in the absence of any 
flow pulsation, which is responsible for the low-
frequency noise emission from an engine. The noise 
measurements are conducted in a similar way to the 
engine tests, figure 9 shows the cold flow rig test set-up. 

 

Figure 9: Cold flow noise rig schematic 

After flow noise optimization, a final engine test was 
conducted which ensured that low-frequency noise was 
not adversely affected by the modification. 

BENCHMARKING OF ORIGINAL UNIT 

EMISSIONS 

The emissions benchmarking was carried out as 
described earlier in the paper at a range of temperatures 
and flow conditions shown in table 2. 



 

Table 2 Engine test bed conditions 

The results from testing were then taken as a baseline 
against which any improvements in NOx reduction 
performance could be measured. 

NOISE 

The cold flow noise results from the benchmark showed 
that at a flow velocity typical of drive-by test conditions, a 
noise level of 68.2 dB(A) was measured for the 
benchmark unit that gave an acceptable drive-by noise 
level on the vehicle. The engine noise tests show a trend 
of increasing noise level with engine speed and load, 
with a maximum level of 85.5 dB(A), as shown in figure 
10. The difference in noise level between the overall 
curve and the 20-200 Hz curve indicates the significance 
of flow-generated noise at the higher engine speed and 
torque conditions. 

 

Figure 10: Noise level for benchmark system 

DOE TESTING PHASE 1 

As described in the DoE methodology section the first 
stage of the development consisted of a 23 factorial, 
varying three design factors associated with the mixing 
section each at two levels.  The levels were chosen to 
cover the range of practical design solutions whilst 
allowing ease of manufacture.  To complete a full 23 
factorial would require eight tests; if this was carried out 
at each of the five benchmark engine conditions forty 
tests would be required before repetitions were 
considered.  To reduce the test time considerably the 
DoE development was carried out at one engine 
condition and verified during the first phase of DoE 

testing at a second engine condition.  The first phase of 
the DoE development was to determine the relative 
significance of the effects and to predict which region 
would yield the optimum design and therefore which 
region to concentrate on in the second phase, not to 
create models for either emissions or noise 
performance.  Therefore repetition of the complete 
factorial was not carried out but three repeats were 
carried out at a specific combination of factors, randomly 
throughout the testing in order to determine the 
experimental error. 

The engine condition selected for the DoE emissions 
development was condition 3 (table 2) and condition 2 
(table 2) was used to verify this condition.  These 
conditions were chosen as they represent the range of 
operation of a typical city bus. 

Figure 11 represents graphically the first phase of the 
emissions DoE testing; it has been represented as a 24 
design factorial, with the second engine condition 
representing the fourth factor.  Although represented as 
a 24 factorial, the results were analysed as two 23 
factorials, in order to determine if both engine conditions 
showed similar trends, as opposed to determining the 
relative effects of changing the engine condition with 
regards to the design changes in the mixer.  The noise 
testing was carried out as a complete 22 factorial as the 
third factor, injection angle does not affect the noise 
performance. 

 

Figure 11: Test matrix for DoE phase 1 

Figures 12 to 14 show main effects plots for the two 
different engine conditions.  They show that at condition 
2 there is little or no effect, within the experimental error, 
on the relative NOx reduction performance when varying 
the length and the injection angle, but the general trend 
when varying the diameter is the same for both engine 
conditions.  Engine condition 3 shows a significant 
difference in relative NOx reduction performance when 
varying the level of each of the factors, showing that 
condition 3 is a valid test condition at which to carry out 
the development. 
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Figure 12: Condition comparison relative NOx reduction v mixer length 
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Figure 13: Condition comparison relative NOx reduction v mixer 
diameter 
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Figure 14: Condition comparison relative NOx reduction v injection 
angle 

Figure 15 shows the effect contribution as a percentage 
for the emission testing and clearly shows that the main 
factors all have a large contribution as well as the 
interaction between mixer diameter and the injection 
angle relative to the experimental error.  The injector 
angle had the most significant effect. 

 

 

 

 

Figure 15: Percentage contribution of the factors and interactions for 
the emissions testing 

Figure 16: Percentage contribution of the factors and interactions for 
the noise testing 

The percentage contribution of factors and interactions 
for the noise testing is shown in figure 16.  The plot 
shows that, the injection angle and interactions with the 
injection angle have no impact on the noise level and 
that the mixer diameter has the main effect. 

Figures 17 to 19 are the main effects plots comparing 
emissions test results to the noise test results for 
condition 3.  The results show that when both the length 
and the diameter are at the low setting that both the 
relative NOx reduction and noise are high, however the 
difference in gradients suggest that the length is less 
significant for noise and the diameter is of higher 
significance. 

Figure 19 shows that the injection angle has the most 
significant effect with regards to emissions performance, 
with the relative NOx reduction increasing at the high 
level. 
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Figure 17: Effect of mixer length on relative NOx reduction and noise 
level 
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Figure 18: Effect of mixer diameter on relative NOx reduction and noise 
level 
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Figure 19: Effect of injection angle on relative NOx reduction and noise 
level 
 
DOE TESTING PHASE 2 

The benchmarked system, and starting point for the 
development, successfully passed a drive-by noise test.  
However the tailpipe noise emission of the benchmark 
system could not be exceeded. Therefore the test matrix 
for the second phase of testing was expanded to include 
higher levels for mixer length and diameter as can be 
seen from figures 17 and 18 that reducing the respective 
dimensions causes an increase in noise level.  The test 

matrix was also expanded to include a higher level for 
injection angle; this is due to the trend shown in figure 
19, which shows increasing the injection angle increases 
the relative NOx reduction performance without 
detriment to the noise performance.  Figure 20 shows 
the test matrix in comparison to the original test matrix.  
At first a 23 factorial was run with repeat points taken in 
the centre of the matrix, this allowed a check to be 
carried out to evaluate if a first order model was 
appropriate and also allowed the experimental error to 
be calculated.  

 
Figure 20: Comparison of 1st & 2nd phase test matrices at condition 3 
 
Analysis of the results detected that there was some 
curvature from second order effects; therefore to 
determine the response surface a central composite 
design (CCD) was used for the analysis.  Due to the 
practical limitations of the SCR inlet and size of the 
mixer, the problem boundaries were cubiodal, which 
meant a rotatable DoE design could not be used and a 
face-centred CCD was the most appropriate.  Using this 
fractional factorial design reduced the number of tests 
from 27 tests for the full 33 design without repetition to 
17, including 3 centre point repeats.  The design allowed 
the response surfaces to be generated using the model 
according to equation (8). 

 

Figure 21: Predicted NOx reduction response surface, injection angle v 
mixer length 



 

Figure 22: Predicted NOx reduction response surface, injection angle v 
mixer diameter 

 

Figure 23: Predicted NOx reduction response surface, mixer diameter v 
mixer length 

Figures 21 to 23 show the predicted surface responses 
generated from the emissions test data.  The surfaces 
show that the optimum injector is the intermediate 
design.  As the mixer diameter is decreased, the 
surfaces in figures 22 and 23 show that a diameter 
smaller than the intermediate value will bring an 
increase in NOx reduction however larger than the 
intermediate value will not have a large effect.  Figure 23 
shows that decreasing the diameter and length both 
increase the NOx reduction; however the length has the 
larger effect, which agrees with the results from the first 
phase. 

Figure 24 shows the predicted surface response 
generated from the noise test data.  The surface also 
shows the same trend as phase 1, that the noise is 
reduced when the diameter is increased which is 
expected due to the associated decrease in velocity 
through the mixer.  As the length is varied there is little 
or no difference in noise performance, within the 
experimental error of the testing, again agreeing with the 
phase 1 results.  The surface shows that the diameter 
has a large effect and that increasing the diameter from 
the low value to the intermediate value has a large 
impact but further increase in diameter does not bring a 
large benefit. 

 

Figure 24: Predicted A-weighted sound pressure level surface, mixer 
diameter v mixer length 

The DoE software then enabled the optimum design to 
be selected for the target noise level (68.2 dB(A)).  
Figure 25 shows the response optimiser from the 
software showing the optimum design and the noise and 
emissions trade off with design change.  The final design 
was: 

·  Length – Low 
·  Diameter – High 
·  Injector – Intermediate 

 

 
 

Figure 25: Response optimisation 
 
Figure 25 also suggests that if improvements could be 
made in the noise performance of the system, perhaps 
by optimising other noise attenuation features within the 
system that the NOx reduction could be further increased 
by reducing the mixer diameter. 
 
DEPOSITS 

The engine bed development testing was primarily 
focused around measuring the NOx reduction 
performance of the system however; after each 
individual test the system was broken down to inspect 
the SCR inlet and mixer for deposits.  During each 
emissions test the Adblue injection rate is adjusted to 
achieve a 10 ppm NH3 slip.  For each build, due to the 



differing performance of each mixer, different dosing 
rates and therefore ANR’s (ammonia to NOx ratios) were 
needed to achieve the 10 ppm slip; also the time taken 
to stabilise at 10 ppm NH3 slip varied from test to test.  
Therefore the testing was not a controlled deposit test, 
however general trends could be observed. 

Deposits were found with some builds during testing.  
The only trend that could be seen from the results was 
between amount of deposits and injection angle.  At the 
low level of injection angle no deposits were found, at 
the intermediate level some deposits were just visible no 
more than 1g and at the high level deposits were found 
in large amounts up to 20 g.  The surface response for 
NOx reduction shows that at the high injection angle 
level the NOx reduction decreases, implying poor mixing 
and therefore potentially localised concentrations of 
HNCO leading to deposits; however this is also the case 
for the low level injector where no deposits were found.  
A possible reason for the deposits found at the high 
injector level is that the injected Adblue impinges on a 
surface, forming a film which then provides a source of 
urea for any HNCO formed to react with, subsequently 
forming deposits as described earlier in the paper. 

COMPARISON TO BENCHMARK 

EMISSIONS 

The improvement in NOx reduction performance from 
benchmark to final build is shown in figure 26.  The 
developed system has shown an improvement in 
emissions performance across all of the test conditions, 
with the most improvement at the low temperature 
condition (200ºC), showing a relative increase in NOx 
reduction of 26%.  The results show that at condition 2 
(220ºC) there is only a very small increase in NOx 
reduction performance (2%); this was expected after the 
first phase of DoE development showed that this 
condition was insensitive to two of the factors. 

 

Figure 26: Percentage increase in NOx reduction performance 

 

NOISE 

The engine noise test result, shown in figure 27 shows 
very similar noise performance between the benchmark 
and the final build and that the final build noise level is 
less than the target 85.5 dB(A).  This result verifies the 
use of the cold flow rig for carrying out the noise 
development testing and suggests that the final build 
should also comply with vehicle drive-by noise 
legislation. 

 

Figure 27: Comparison of benchmarked noise to the final build tested 
on the engine 

CONCLUSION 

Using a design of experiments approach has enabled 
the NOx reduction performance of a urea-SCR+CR-DPF 
system for HDD to be optimised for a given noise level, 
representative of a drive-by noise test legislative level, 
whilst keeping within very tight packaging constraints.  
The relative NOx reduction performance improved from 
between 2 to 26% across the range of engine conditions 
tested. 

The DoE approach reduced the number of tests 
considerably and provided insight to the response of a 
complex system that would not have been available if an 
iterative design approach had been followed.  The 
number of tests required was reduced by nearly 40% 
using the fractional factorial design. 

A compact mixing concept (patent pending) has been 
developed, capable of mixing the Adblue and exhaust 
gas, resulting in high NOx reduction performance in a 
length of 150mm from the point of injection to the SCR 
catalyst.  The mixing concept also reduces the risk of 
deposits by providing good mixing and by avoiding the 
injected Adblue impinging on any surfaces. 

A quick method of testing relative noise attenuation for 
flow-generated noise on a cold flow test rig has been 
implemented reducing the engine test bed time 
requirement.  The final results were verified on the 
engine test bed. 



The study shows that this approach allows the trade off 
between the system responses to be seen much more 
clearly for a given system and constraints.  The results 
show that for the NOx reduction to be improved further, a 
corresponding reduction in noise would be required. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

SCR: Selective Catalytic Reduction 

CRT: Continuously Regenerating Trap 

DoE: Design of Experiments 

LEZs: Low Emissions Zones 

NOx: Oxides of nitrogen 

PM: Particulate Matter 

HDD: Heavy Duty Diesel 

OEM’s: Original Equipment Manufacturer’s 

NH3: Ammonia 

N2: Nitrogen 

H2O: Water 

HNCO: Isocyanic acid 

CO(NH2)2: Urea 

NO: Nitric Oxide 

NO2: Nitrogen dioxide 

CR-DPF: Continuously Regenerating Diesel Particulate 
Filter 

HC: Hydrocarbon 

CO: Carbon monoxide 

DPF: Diesel Particulate Filter 

EEV: Enhanced Environmentally friendly Vehicles 

CPSI: Cells Per Square Inch 

ULSD: Ultra Low Sulphur Diesel 

CL: Chemiluminescence 

FTIR: Fourier Transform InfraRed 

FFT: Fast Fourier Transform 

CCD: Central Composite Design 

ANR: Ammonia NOx Ratio 


