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A B S T R A C T   

Exhaust after treatment systems are becoming more complicated with the ever-stricter emission regulations. To 
meet the regulation limits, a tightly packed high-performance system is required. In selective catalytic reduction 
(SCR) systems, ammonia (NH3) uniformity is a key performance indicator. In this work, a low flow intrusion 
automated device was designed to measure NOx reduction from the SCR catalyst outlet. A topological surface was 
reconstructed from the measurement data to obtain the shape of the distribution. Before the actual measure-
ments, the method was theoretically tested with distribution extracted from computational fluid dynamics (CFD) 
simulations. The results show that in stable engine load conditions, uncertainty of the measurement was low, 
approximately 1.1% from the measured value. In the case of high uniformity, a satisfactory result can be ob-
tained with 10 to 20 measurement positions, whereas in the case of low uniformity, the number of positions 
should be increased. The distribution shape between the measurements was consistent throughout the 
measurements.   

1. Introduction 

Legislation on diesel engine emissions is globally becoming stricter. 
For example, in Europe, the Stage V emission limits for non-road mobile 
machinery came into effect in 2020. The limited emissions in this 
legislation are carbon monoxide (CO), hydrocarbons (HC), nitrogen 
oxides (NOx), particulate matter (PM), and particulate number (PN) [1]. 
Similar legislation is also enacted for on-road heavy duty vehicles in 
EURO VI [2]. 

To meet these emission limits, exhaust after treatment (EAT) systems 
require a variety of different catalyst components, mixing devices, and 
reagent injectors. Vehicles usually have limited space for an EAT system 
which leads to tight packing of the emission control components. 
Limited space combined with strict emission limits leads to complicated 
engineering problems. A comprehensive summary of the methods used 
to reduce the aforementioned emission can be found in Reşitoğlu et al. 
[3]. In particular, EAT systems which use selective catalytic reduction 
(SCR) to reduce the NOx emission from the exhaust gas can be chal-
lenging to design. 

NOx emissions are reduced at the SCR catalyst with the help of 
ammonia (NH3). NH3 is added to the EAT system by injecting urea- 
water-solution (UWS) into the exhaust gas stream. UWS evaporates 

and urea decomposes through thermal decomposition into NH3 and 
isocyanic acid (HNCO). After this, HNCO decomposes into NH3 through 
hydrolysis [4,5]. NH3 is then transported along the EAT system and 
mixed with the exhaust gas. At the SCR catalyst, ammonia reacts with 
NOx according to Koebel et al. [6]. The main NOx reduction reactions 
are: 

4NH3 + 4NO+O2→4N2 + 6H2O (1)  

4NH3 + 6NO→5N2 + 6H2O (2)  

4NH3 + 2NO+ 2NO2→4N2 + 6H2O (3) 

The UWS injection is controlled by measuring the raw NOx emission 
and exhaust gas mass flow from the engine. For the received NOx con-
centration in the exhaust gas, the UWS injection is adjusted to satisfy the 
reaction stoichiometry between NOx and NH3. To obtain an even NOx 
reduction over the SCR catalyst, the ammonia needs to be evenly 
distributed on the catalyst. If part of the catalyst receives too much NH3, 
it can result in ammonia slip, or if part of the catalyst does not receive 
enough NH3, the NOx reduction suffers [7]. Uniformity index (UI) is 
used to evaluate the evenness of the ammonia distribution. 

Usually, the uniformity is measured at the SCR catalyst outlet⋅NH3 
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can be measured directly if the substrate does not have any coating or 
overdosing is used to allow NH3 slip. Another option is to measure how 
much NOx travels through the catalyst cell and compare this value to the 
amount of raw NOx emission from the engine. When the UWS injection 
rate is known, the expected NOx reduction can be calculated and 
compared to the measured concentrations. 

The methods of computing the UI-value are mostly based on the 
equation presented by Weltens et al. [8]. The UI-value only describes 
how evenly a measured variable is distributed on the given surface. In 
measurement, the surface is divided into smaller sections corresponding 
to the number of measurement positions. To supplement the UI-value, a 
topological surface can be calculated from the data by interpolation 
between the measurement positions [9-11]. In optical measurements, 
inversion methods are used to compute the topological surface from the 
measurement path average values [12-14]. 

Few cases of NH3, NOx or H2O distribution measurements have been 
reported in the literature. For example, Park and Oh [9] evaluated the 
NH3 distribution temperature variations created by the chemical re-
actions over the SCR catalyst. They used a measurement grid made of 
thermocouple elements at the SCR outlet and compared different mixer 
configurations. Xu et al. [10] used a similar measurement position grid 
after the SCR catalyst, but they measured the NH3 concentrations at the 
outlet. Instead of using the uniformity index, they calculated the stan-
dard deviation (STD) between the measured values and used the non- 
uniformity index. 

In another case, Spiteri et al. [7] measured the NH3 and NOx spatial 
distribution on horizontal and vertical lines when comparing the dif-
ferences between air-assisted and pressure driven UWS injectors. They 
had nine measurement positions in total but reported the distribution 
changes mainly in the vertical axis, where the differences were most 
significant. A more extensive distribution measurement was done by 
Sala et al. [11]. They used NH3 and NOx measurements from SCR cat-
alyst’s outlet face to calculate the NH3 distribution at the inlet face 
through the chemical reaction balance. For this, they used a specialised 
measurement device which allowed the use of a high-density measure-
ment grid. From two measurements they obtained an NH3 UI-value of 
0.929 ± 0.05. 

Instead of measuring individual positions, similar to [7] and [11], 
Stritzke et al. [12] used an optical measurement to evaluate the NH3 
distribution at the SCR catalyst outlet. They used a diode laser absorp-
tion spectrometer to measure absolute NH3 concentrations. By splitting 
the laser beam, they were able to measure eight coplanar beams 
simultaneously, where each laser beam gave a line-of-sight average 
concentration. The average concentrations were then used to recon-
struct an NH3 distribution at the measurement plane. The method over 
predicted the NH3 concentration by 26% which they reported to be 
within the uncertainties of the setup. 

In their work, Fischbacher et al. [13] also used optical measurement 
to evaluate NH3 distribution in a pipeline cross section. They used deep 
ultraviolet light beams to measure NH3 concentrations in 20 different 
optical paths. The average concentrations were then used to construct 
the NH3 distribution. With this measurement setup, they were able to 
obtain a high signal-to-noise ratio which gave good confidence on the 
optical path average concentrations. 

Similar to [13], Wang et al. [14] also used an optical path mea-
surement but instead of NH3, they measured H2O distribution at the SCR 
catalyst. They were able to obtain a high spatial resolution by using 
rotating scanning. The number of measurement paths across the section 
was up to 3000. With the measurement setup, they were able to obtain a 
low, 0.91%, uncertainty to the H2O mass fraction measurement. The 
optical film limited the measurement temperature to 158 – 185 ◦C. 

The distribution measurements are mostly used as a tool to evaluate 
different mixer performance in the SCR system, but very little infor-
mation is available on the measurement methodology itself and how 
reliable the results are. This indicates that measuring a reliable UI-values 
is challenging. 

This study presents a method for a uniformity measurement and 
discusses the effects of uncertainty. The uniformity was measured with 
an automated device where a single probe head was moved from one 
measurement position to another while the engine was running at a 
steady load condition. Before the measurement, the method was tested 
theoretically on a simulated catalyst distribution obtained from 
computational fluid dynamics (CFD) simulations. Different measure-
ment position densities were tested on the simulated distributions, and 
based on these tests, four different densities of 10, 20, 30, and 40 po-
sitions were run in the engine test bench. Each of the four measurement 
position densities was run in two engine load conditions (Load 1 and 
Load 2), and the complete test was run twice (Run 1 and Run 2) to 
evaluate the repeatability and stability of the method. The uncertainty of 
the measured NOx concentration was considered when calculating the 
UI-values. 

The main objective was to find a reliable and fast measurement 
methodology to evaluate the performance of Stage 5 and EURO 6 SCR 
systems. The UI-value and interpolated surface can be used, for example, 
to validate CFD simulations and to evaluate the system performance. 

2. Material and methods 

In this study, the NOx distribution was measured from the SCR 
catalyst outlet. The distribution measurements were done in two 
different engine load conditions, i.e., Load 1 was 1900 rpm / 673 Nm, 
and Load 2 was 1100 rpm / 280 Nm. In each load condition, the dis-
tribution was measured with a 10, 20, 30, and a 40 measurement po-
sition. In these cases, the average measurement position distance was 
67.62 mm, 47.82 mm, 39.04 mm, and 33.81 mm, respectively. The 
average measurement position distance was calculated by dividing the 
surface area with the number of measurement positions and by then 
taking a root square from the obtained value 

A Stage 5 prototype exhaust system including diesel oxidation 
catalyst (DOC), diesel particulate filter (DPF) and SCR was used in the 
test. The SCR catalyst diameter was 241.3 mm (9.5′′). The engine used 
was a 4.9 L 4-cylinder turbo charged direct injection diesel engine with a 
rated power of 140 kW. The ammonia-NOx-ratio (ANR) was set to 0.7 for 
all the measurements. If an ANR close to unity had been used, the 
measured NOx concentration from the SCR catalyst’s outlet would have 
been lower thus increasing the measurement uncertainty. The ANR of 
0.7 also prevented the accumulation of ammonia storage into the SCR 
catalyst. 

For the measurement, a novel device was designed which automat-
ically moves the probe pipe on the measurement plane and takes gas 
samples from predefined positions. The schematic picture of the device 
is shown in Fig. 1a. The measurement device consists of a flange rim 
which can be installed to the catalyst cell outlet. The rim has a joint 
element to which the probe pipe was fitted. Two electrical motors drive 
the linear axes: the k-axel controls the angle of the joint, and the p-axel 
drives the radial movement of the probe pipe. Fig. 1b shows the mea-
surement device attached to the EAT system. The red dashed line shows 
the exhaust gas flow path through the system, and the red ellipse indi-
cated the location of the measurement plane. The measurement position 
coordinates were given as x,y-coordinates on the measurement plane 
and a simple script converted these coordinates to linear axel position 
data which was used as an input for the device. The probe pipe inner 
diameter was 6 mm and the joint area was designed to be small to 
minimise the flow intrusion. Additionally, the probe pipe head was bent 
towards the SCR catalyst’s outlet face. During the measurement, the 
probe head was held at a constant 5 mm distance from the SCR catalyst’s 
outlet face. The outer 10 mm of the cell’s radius was omitted from the 
measurement to avoid possible recirculating flows near the edges. 

The NOx analyser used in this study was a chemiluminescence based 
CLA-02HV from Horiba’s MEXA ONE which was connected to the probe 
pipe for sample analysis. In each point, the probe pipe was kept in place 
for 50 s; the first 25 s was for measurement stabilisation in the analyser 
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and the remaining 25 s was the actual measurement time. The sampling 
frequency of the analyser was set to 1 Hz. The concentration used in the 
UI calculation was the average over the actual measurement time. The 
STD of the measurement signal was calculated and combined with the 
uncertainties from the gas analyser. This procedure was repeated for all 
the measurement positions in the distribution. 

Close to constant velocity profile was assumed at the measurement 
plane, and the NOx concentration in the exhaust gas was assumed to be 
constant when it enters the SCR catalyst. The cpsi (channels per square 
inch) value of the SCR used in this measurement was 600. The small 
channels even out the velocity profile over the SCR catalyst, and the flow 
can be considered plug flow at the catalyst outlet. The gas sample was 
extracted 5 mm off the SCR catalyst’s outlet, so the velocity profile at the 
measurement plane was assumed even. 

The engine cycle induced velocity and NOx concentration fluctuation 
even out when the flow passes through the DOC, DPF, and SCR cells. The 
possible small time scale fluctuations in the NOx concentration were 
small as the STD value shows in Table 1. 

The engine load conditions and engine raw NOx concentrations for 
each measurement are summarised in Table 1. Two load conditions were 
chosen from different parts of the engine map to represent different flow 
conditions in the EAT-system. The engine was run in Load 1 (1900 rpm / 
673 Nm) for 15 min to stabilise the system temperature and flow 

conditions at the SCR catalyst. When the stable condition was reached, 
the measurement begun. Similarly, when Load 2 (1100 rpm / 280 Nm) 
was used, the engine was run for 45 min to obtain a stable measurement 
condition. The stabilisation time for the second load was longer because 
of lower exhaust gas temperatures and air mass flow. The engine intake 
mass flow measurement was done with AVL Flowsonix air, and the en-
gine dynamometer used was an Horiba WT300 eddy-current dyna-
mometer. For the exhaust gas temperature measurement, a K-type 
thermocouple sensor was used. The engine out raw NOx reading was 
taken from the engine’s own sensor. A humidity, pressure, and tem-
perature correction was done to the measured NOx concentration ac-
cording to [15]. 

Between the two runs, the intake air mass flow and exhaust gas 
temperature were well in line with each other in Load 1. For Load 2, 
there were slight differences between the runs, with the largest differ-
ence being 2.0% for the intake air mass flow and − 1.47% for the exhaust 
gas temperature. 

The engine raw NOx concentration in Load 1 was 2.05 to 2.48% 
higher in Run 2 but it remained stable through both runs. Several 
additional factors, which were controlled by the engine control unit 
(ECU), affect the NOx reading, such as: NOx-sensor uncertainty, fuel 
injection parameters, and turbocharger charge air pressure. Regardless 
of these, for both Loads, the results in engine performance were well in 

Fig. 1. (a) Measurement device schematic with reference coordinates. (b) shows the measured system in the engine laboratory with the measurement device 
attached to it. The red dashed line shows the exhaust gas flow path, and the red ellipse shows the location of the measurement plane in the EAT system. 

Table 1 
Average raw NOx concentrations and their standard deviations (STD), and engine load conditions in measurement Runs 1 and 2 (Conditions: Load 1 1900 rpm / 673 
Nm; Load 2 1100 rpm / 280 Nm).  

Av. measurement position distance [mm] 67.62 47.82 39.04 33.81 67.62 47.82 39.04 33.81 

Number of measurement positions 10 20 30 40 10 20 30 40  
Run 1  
Load 1 Load 2 

Av. engine raw NOx [ppm] 953.1 953.2 952.2 954.3 924.9 923.7 920.5 917.0 
NOx STD ± [ppm] 4.00 4.59 4.60 6.84 5.39 5.99 5.94 6.64 
Av. Intake airmass flow [kg/h] 730.21 729.22 729.25 729.28 216.30 216.20 216.04 216.00 
Av. Exhaust gas temperature [◦C] 471.43 472.24 472.19 471.86 353.20 353.38 353.66 354.03  

Run 2  
Load 1 Load 2 

Av. engine raw NOx [ppm] 975.9 976.9 974.2 973.9 910.0 915.4 912.3 905.0 
NOx STD ± [ppm] 3.87 3.41 3.49 3.44 4.44 4.62 6.00 4.96 
Av. Intake air mass flow [kg/h] 729.78 729.51 729.77 729.91 220.46 220.29 220.30 220.32 
Av. Exhaust gas temperature [◦C] 472.21 472.56 472.56 472.66 348.90 348.63 348.76 348.81 
NOx difference [%] 2.39% 2.48% 2.31% 2.05% − 1.61% − 0.90% − 0.89% − 1.31% 
Mass flow difference [%] − 0.06% 0.04% 0.07% 0.09% 1.92% 1.89% 1.97% 2.00% 
Temperature difference [%] 0.17% 0.07% 0.08% 0.17% − 1.22% − 1.34% − 1.39% − 1.47%  
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line between Run 1 and Run 2. 

2.1. Uniformity index calculation 

The uniformity index (UI) was defined according to the equation (1): 

UI = 1 −
∑

f

⃒
⃒ϕf − ϕ

⃒
⃒Af

2|ϕ|
∑

f Af
, (1) 

where f is the number of measurement positions, ϕf is the measured 
field function value in position f, Af is the surface area of a given mea-
surement position f, and ϕ is the average value of the field function 
across the studied surface. The calculation of the UI was presented by 
Weltens et al. [8]. In their study the variable Af was omitted because the 
studied surfaces were all equal. In this study, the Af was treated 
similarly. 

The numerator has the sum of absolute differences between the 
values ϕf and ϕ is the global average over the surface. In each position, 
the difference value was weighted with the surface area Af representing 
the given position. In the denominator, the global average ϕ was 
multiplied by the area of the studied surface. In general, the equation (1) 
calculates the ration of total deviation from the average and average 
over the studied surface. The factor 2 in the denominator caused the 
values of the UI to be in between 0.5 and 1; without the factor 2, the 
values would range from 0 to 1. 

The four different measurement position densities were created by 
using a meshing algorithm by Persson and Strang [16]. The algorithm 
was used to mesh the area of the measurement plane, and the obtained 
vertex coordinates were used as measurement positions. By varying the 
mesh density, a different number of vertices could be distributed to the 
surface. Since the measurement positions were equally distributed over 
the measured plane, the factor Af could be omitted from the equation 
(1), giving an equal weight to each measurement position. An example 
of 30 measurement positions distributed on a circular SCR catalyst outlet 
face is shown in Fig. 2. 

The UI calculation methodology was first tested theoretically. For 
this, a series of distribution data sets were exported from CFD simula-
tions and run through a MATLAB script. The script arranged the mea-
surement positions onto the surface, read the element values in those 

locations, calculated the UI-value, and interpolated a surface based on 
the read element values. The shape of the distribution changes when the 
number of measurement positions was increased, Fig. 3b-d, compared to 
the actual distribution, obtained by CFD, are shown in Fig. 3a. Inter-
polation between the points was done with MATLAB’s v4 interpolation 
which is based on the method presented by Sandwell [17]. 

Fig. 3e also shows how the UI-value converges towards the actual UI- 
value obtained from the CFD simulation when the number of measure-
ment positions increases. The UI-value of the original CFD distribution 
was 0.9588. Even with a low number of measurement positions, the 
calculated UI was within 1% from the actual value. 

A similar study was made with different simulated distributions 
where the UI-values obtained from CFD ranged from 0.9805 to 0.6189, 
with the three lowest UI-values being 0.6189, 0.7185, and 0.9270. Data 
from a series of different distributions run through the MATLAB script 
are shown in Fig. 4. When the UI-value of the original section was high, 
the calculated UI converged closely towards its original value, even with 
low measurement position density. Fig. 4 also shows that for a lower 
initial uniformity, a denser measurement position grid was required to 
obtain the same level of accuracy. This behaviour became more prom-
inent when the initial UI-value was below 0.9. The shape of the distri-
bution influences how the distribution converges with increasing 
measurement position density. In some cases, i.e., if the UWS droplets 
reach the SCR catalyst, a small high concentration area of ammonia can 
form. If one of the measurement positions coincides with this, it would 
result in a lower-than-average NOx reduction and affect the UI-value. 

For 9.5′′ substrate, the 10, 20, 30, and 40 measurement position 
densities give average measurement position distances of 67.62 mm, 
47.82 mm, 39.04 mm, and 33.81 mm, respectively. A lower average 
distance between measurement positions would have increased the 
number of positions significantly and made the measurement longer 
without much improvement on the accuracy of the UI. 

2.2. Uncertainty in the uniformity index value 

The UI-value uncertainty was affected by uncertainty of the gas 
analyser and fluctuations in the measured concentrations. Gas analyser 
uncertainty was based on the scale at which the device was operating. In 
this case, the scale maximum was set to 1100 ppm. Different un-
certainties from the analyser are presented in Table 2. 

A root-sum-square was derived from these values and the analyser 
uncertainty was approximately ± 7.50 ppm depending on the measured 
value. 

For the signal uncertainty, the standard deviation from the 25 s 
measurement time for each measurement position was calculated and a 
root-sum-square value was calculated. The values from the analyser and 
signal uncertainty were added together by calculating the root-sum- 
square of the two values. This calculation gave the total error for the 
measured NOx concentration. The confidence level for the NOX con-
centration was over 95%. 

The error propagation through the UI-value was calculated using a 
method presented in Huges and Hase [18] for multivariable functions. 
Each measurement position was treated as an independent variable in 
equation (1). For example, in the measurement grid of 10 positions, the 
initial UI was calculated from the measured values. Then, the combined 
uncertainty from the analyser and measurement signal were added to 
the first position value. After this, the UI-value of the modified distri-
bution was calculated and the initial UI-value was subtracted. The same 
process was repeated individually for all the measurement positions 
where only one position individually has the added uncertainty. The 
total error was obtained by applying Pythagoras’ theorem and adding 
the subtracted components in quadrature. 

3. Results and discussion 

The results for Load 1 and Load 2 are compared between the 
Fig. 2. Example of 30 measurement positions distributed evenly on the mea-
surement plane. 
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measurement runs to give a clear representation. This also includes the 
difference in average measured NOx concentrations which is discussed 
for each of the load conditions. The combined results from the 

measurements are show in Table 3. 
The results for Load 1 in Run 1 and Run 2 for different average 

measurement position distances are shown in Fig. 5a and b. The 
measured UI-values for Load 1 in Run 1 and 2 were 0.9847 ± 0.0026 and 
0.9855 ± 0.0026, respectively. Because the UI-value was relatively high, 
the variation in the UI-value between different measurement position 
densities was low. In Run 2, Fig. 5b, the variation was even smaller. Both 
measurements converge close to each other’s values which gave good 
confidence to the repeatability. 

As can be seen in Fig. 5, the uncertainty in both measurements be-
haves similarly and the results are within each other’s uncertainty 
range. In Run 1, the lowest measurement position density gave a slightly 

Fig. 3. Change in the distribution shape (b – c) and uniformity (e) when the measurement position density was decreased. Actual UI is the value obtained from CFD 
simulation and Measured UI is the value produced by the Matlab script. (a) displays the original distribution shape from CFD simulation. (Larger versions of figures a 
to d can be found in Appendix A). 

Fig. 4. 241.3 mm (9.5′′) diameter substrate distributions with different measurement position densities. CFD UI is the value obtained from CFD simulation and 
Measured UI is the value produced by the Matlab script. 

Table 2 
Uncertainty sources in the gas analyser for the NOx concentration measurement.  

Repeatability ±1.1 ppm 

Noise ±5.5 ppm 
Accuracy ± 2% of the measured value 
Drift ±4.785 ppm, when zero level is − 1.65 ppm  
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lower UI-value compared to same measurement in Run 2. 
The shape of the distribution with changing measurement position 

density is shown in Fig. 6. In both cases, the distribution shape remained 
stable throughout the measurement; the high NOx concentration area 
remained in the lower right-hand-side quarter. The average measured 
NOx concentration over the SCR catalyst’s outlet face was 267.1 ppm for 
Run 1, and 277.1 ppm for Run 2. As discussed previously, this difference 
was caused by the difference in the engine out raw NOx concentration. 
Variations between individual measurement positions remained close to 
the average difference. The average difference and STD between the 
individual measurement positions for Load 1 between both test runs are 
shown in Table 4. 

In the low measurement position density, the distribution was more 
sensitive on changes in individual measurement positions, but when the 

number on measurement positions was increased, the sensitivity 
decreased. 

Through the measurements, the NOx concentrations were higher in 
Run 2. The consistent difference between runs and the low STD value 

Table 3 
Combined results for both engine load conditions in two measurement runs (Conditions: Load 1; 1900 rpm / 673 Nm; Load 2; 1100 rpm / 280 Nm).  

Av. measurement position distance 
[mm] 

Number of measurement 
positions 

Load 1 Load 2 
Run 1 Run 2 Run 1 Run 2 
Uniformity ± Uniformity ± Uniformity ± Uniformity ±

67.62 10  0.9822  0.0058  0.9856  0.0055  0.9738  0.0052  0.9754  0.0053  
47.82 20  0.9852  0.0038  0.9857  0.0036  0.9694  0.0039  0.9741  0.0037  
39.04 30  0.9843  0.003  0.9849  0.0031  0.9692  0.0033  0.9702  0.0033  
33.81 40  0.9847  0.0026  0.9855  0.0026  0.9691  0.0029  0.9704  0.0029  

Fig. 5. Load 1 results for both test runs. (a) represents the results from Run 1 with a solid blue line and (b) represents the results from Run 2 with a solid orange line 
(Load 1 condition: 1900 rpm / 673 Nm). 

Fig. 6. Interpolated distribution shape with increasing measurement position density, i.e., 10, 20, 30, and 40 measurement positions for Load 1: above for Run 1, 
below for Run 2 (notice that the NOx concentration scale is not the same between the figures). 

Table 4 
Load 1 average difference and standard deviation (STD) between individual 
measurement positions between Run 1 and Run 2. Run 2 values were subtracted 
from Run 1 values (same conditions as in Fig. 5).Fig. 6.   

Load 1 
Number of measurement positions 10 20 30 40 

Av. difference [ppm] − 9.78 − 9.80 − 10.51 − 9.95 
STD [ppm] 2.58 2.09 3.37 2.43  
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with Load 1 suggest that the flow conditions in the system produce a 
stable distribution shape and uniformity in this load condition. 

Fig. 7a and b show the results for Load 2 in Run 1 and Run 2 for 
different average measurement position distances. The measured UI- 
values for Load 2 in Run 1 and 2 were 0.9704 ± 0.0029 and 0.9704 
± 0.0029, respectively. Similarly, as with Load 1, the results converge 
close to each other when the measurement position density was 
increased. In Run 2, when the average measurement position distance 
was 47.82 mm, the UI-value became slightly higher compared to Run 1. 
This was caused by, on average 8 ppm, higher NOx concentrations on the 
lower right-hand-side quarter of the distribution, and 9 ppm lower 
values in the two top measurement positions on the right-hand-side of 
the section. Regardless of the differences in individual measurement 
position values, Load 2 also gave satisfactory confidence on the 
repeatability of the measurement. 

Fig. 8 shows the distribution shape for Load 2 in both test runs. The 
shape of the distribution remained stable through the measurement, and 
an almost identical shape was obtained in Run 2. The low concentration 
area was located on the centre of the catalyst’s outlet face, and the high 
concentration area was in the upper left-had-side quarter. Unlike Load 1, 
the measured NOx concentrations were not higher in every individual 
measurement position in Run 2. The measured values in Run 2 were 
both higher and lower compared to the values in Run 1. When the 
average difference between the measurement positions was calculated, 
it resulted in a very low average value because opposite signs in fluc-
tuation cancelled each other out. Table 5 shows the average difference 
between individual measurement positions and their STD for Load 2. 
The average measured NOx-value over the SCR catalyst’s outlet face was 
278.2 ppm for Run 1, and 279.3 ppm for Run 2. 

As previously discussed, the changes in the individual measurement 
position values suggest that the flow conditions in this load condition 
were not as stable as with Load 1. Regardless of this, the uniformity of 
the NOx distribution could be measured within reasonable uncertainty. 

Table 6 shows the measurement time for different measurement 
position densities. As can be seen from the measurement times, with the 
setup presented in this study it takes on average little over 60 s to 
measure one position. 

The distribution figures for both load conditions and test runs can be 
found in Appendix B. 

The automated measurement method presented in this paper gives 
satisfactory confidence on the measured uniformity index. Unfortu-
nately, only a few scientific studies discuss the performance of mea-
surement methods. Sala et al. [11] used a similar extractive method in 
their study. They only tested the repeatability of the measurement with 
the same engine load condition and reported the mean UI-value to be 
0.929 ± 0.05, which was almost ten times higher than the value reported 
in this study. The repeatability of the measurement was mainly affected 
by the engine stability during the measurement and the flow stability of 
the system. As previously discussed, in this study, the NOx concentration 

difference between the two measurement runs was 2.48% at highest, 
and the measured uniformities were virtually the same between the two 
runs. 

Another major difference compared to the measurement presented 
by Sala et al. [11] was the intrusiveness of the measurement method. In 
their measurement, the probe head requires a large volume after the SCR 
catalyst outlet, whereas in this study the measurement device uses a 
flange connection which can be installed between the SCR catalyst and 
the EAT outlet structure. 

Xu et al. [10] measured distribution with similar methods but they 
measured NH3 after the catalyst instead of NOx. They evaluated the NH3 
distribution using standard deviation and a non-uniformity index. The 
uncertainties of the measurement were only reported for the measure-
ment devices and uncertainties were not carried over to the non- 
uniformity index which makes the comparison of the method chal-
lenging. The measurement position density was not uniform over the 
measurement plane so they had to weight the values with the surface 
area representing each position. The number of measurement positions 
was 49 which, according to this study, should be sufficient for distri-
bution evaluation. With some engine load conditions, they reported high 
non-uniformities. This could lead to higher uncertainty if the measure-
ment position density is not increased. 

The results from this study show that the method can be used to 
investigate the EAT system’s performance in steady engine load condi-
tions. Moreover, the developed method is a suitable tool for CFD 
simulation validation. 

4. Conclusion 

Measuring the NOx distribution from the outlet surface of the SCR 
catalyst cell gives important information on the SCR catalyst function. 
This study presents a novel device for measuring NOx concentration 
distribution at the SCR catalyst outlet. Each measurement was repeated 
twice to see if the uniformity measurements were repeatable. The 
developed system is fully automated and the measured uniformities 
present a low uncertainty, the highest value being approximately 1.1% 
from the measured value. With the highest density of measurement 
positions, with the average measurement point distance being 33.81 
mm, the Load 1 UI-value was measured to be 0.9847 in Run 1 and 
0.9855 in Run 2. Similarly, the Load 2 UI-value was measured to be 
0.9691 in Run 1 and 0.9704 in Run 2. 

The method used in this study gives good confidence in measuring 
the actual NOx uniformity and evaluating the distribution shape. For 
future studies, other engine load conditions will be measured covering 
the complete engine map. Different EAT system will also be tested to see 
how the low uniformity load conditions affect the measurement. Un-
certainty can be further reduced by increasing the sample rate of the gas 
analyser and extending the measurement time in individual measure-
ment positions. This way, the value of the measured NOx signal would be 

Fig. 7. Load 2 results for both test runs. (a) represents the results from Run 1 with a solid blue line and (b) represents the results from Run 2 with a solid orange line 
(Load 2 condition: 1100 rpm / 280 Nm). 
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more reliable since the number of measured samples would be larger. In 

the case of low uniformity, the uncertainty can be reduced by increasing 
the number of measurement positions but this will increase the mea-
surement time. Optimising the probe head path through measurement 
positions would slightly decrease the measurement time. The presented 
method is limited to steady engine load conditions. 

Once the method is well established it will be used to validate CFD 
simulation results. 
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Appendices. 

A. Detailed distribution figures from the simulated method 
Figure (a) is the original distribution obtained from CFD, (b) to (d) have the calculated distribution. White dots indicate the location where the 

individual values were extracted. 

Fig. 8. Interpolated distribution shape with increasing measurement position density i.e., 10, 20, 30, and 40 measurement positions for Load 2: above for Run 1, 
below for Run 2 (notice that the NOx concentration scale is not the same between the figures). 

Table 5 
Load 2 average difference and standard deviation (STD) between individual 
measurement positions between Run 1 and Run 2. Run 2 values were subtracted 
from Run 1 values (same conditions as in Fig. 7).Fig. 8.   

Load 2 
Number of measurement positions 10 20 30 40 

Av. difference [ppm] − 0.48 − 0.11 − 2.22 − 1.31 
STD [ppm] 6.29 6.17 4.58 5.82  

Table 6 
Measurement times for each measurement position densities.  

Number of measurement positions 10 20 30 40 

Measurement time [min:s] 10:27 23:50 32:12 41:50  
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B. Detailed distribution figures from the engine laboratory test 
Run 1, Load 1 interpolated distributions from the measured concentrations with 10, 20, 30, and 40 measurement positions. Upper number at the 

measurement location gives the average measured NOX concentration in ppm, and the lower number is the plus-minus-standard deviation. 
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Run 1, Load 2 interpolated distributions from the measured concentrations with 10, 20, 30, and 40 measurement positions. Upper number at the 
measurement location gives the average measured NOX concentration in ppm, and the lower number is the plus-minus-standard deviation. 
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Run 2, Load 1 interpolated distributions from the measured concentrations with 10, 20, 30, and 40 measurement positions. Upper number at the 
measurement location gives the average measured NOX concentration in ppm, and the lower number is the plus-minus-standard deviation. 
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Run 2, Load 2 interpolated distributions from the measured concentrations with 10, 20, 30, and 40 measurement positions. Upper number at the 
measurement location gives the average measured NOX concentration in ppm, and the lower number is the plus-minus-standard deviation. 
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