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Sammanfattning 
 
Transient driftförhållande blir allt mer intressant för forskare och tillverkare och de 
största svårigheterna är att minska emissionerna utan att påverka bränsleförbrukningen 
eller motorns respons vid gaspådrag negativt. Huvudmålet med det här examensarbetet 
var utvärdera olika metoder för att mäta NOx och antal partiklar med hög tidsupplösning 
för att möjliggöra studier av emissioner under transient driftförhållande. 
 
I arbetet har en Horiba MEXA 120NOx NOx-sensor studerats med avseende på linearitet, 
mätsäkerhet och responstid. Försök för att öka noggrannheten har också gjorts genom att 
kompensera för varierande skalfaktor för utsignalen och för responstiden.  
 
Ett spädsytem har arbetats fram för att ge hög tidsupplösning och god repeterbarhet. I 
detta ingick en Rotating Disc spädare och en två-stegs Dekati spädare. Spädsystemet var 
kopplat till en TSI Ultrafine Condensation Particle Counter 3025 A (CPC) och var 
nödvändigt för att hålla koncentrationen inom det mätbara området. För att få hög 
tidsupplösning på avläsningen från CPC:n har individuella pulser räknats. Dessa skickas 
för varje partikel som passerar fotodetektorn i CPC:n. På detta sätt uppnåddes en 
mätfrekvens på 10 Hz. Genom att jämföra dessa mätningar med de från en AVL 439 
Opacimeter kunde även förändringar i partikulatets storleksfördelning och 
sammansättning studeras.   
   
Den mätuppställning som satts samman testades under hastig lastökning och visade god 
repeterbarhet. Tidsupplösning i uppställningen är dock inte tillräckligt hög för att klara 
cykel till cykel variationer. De begränsande faktorerna är främst NOx-sensorns responstid 
och blandning av avgaser från olika cykler innan CPC:n och Opacimetern nås.  
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Abstract 
 
Transient operation is becoming more interesting to researchers and manufacturers and 
the main challenge is to reduce emissions without compromising engine response or fuel 
consumption. The objective of this thesis work was to develop a method to measure 
particle number concentration and NOx with high time resolution in order to allow 
investigations of transients. 
 
The study has involved characterization of a Horiba MEXA 120NOx NOx-sensor, in 
terms of linearity, reliability and response time, and attempts have been made to increase 
the accuracy by compensating for variation in scaling factor and for response time. 
 
For particulate emission, a dilution system, including a Rotating Disc diluter and a two 
stage Dekati diluter, has been developed for repeatable high time resolution 
measurements and connected to a TSI Ultra fine Condensation Particle Counter 3025 A 
(CPC). By counting the pulses that the CPC transmits from its digital output for every 
passing particle, reliable 10 Hz measurements was possible. The particle number 
concentration was compared to opacity measurements from an AVL 439 Opacimeter to 
give information about changes in size distribution. 
 
The setup was then tested to measure emissions during load acceptance and showed good 
repeatability. It is not capable of providing reliable cycle by cycle measurements but 
rather on trends over a few seconds. This limitation is mainly due to the response times of 
the NOx-sensor and to mixing of exhaust gases from different cycles before it reaches the 
CPC and the Opacimeter. 
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1 Introduction 
 
The emissions from vehicles have been decreasing continuously to meet the tightening 
legislated standards. As the development of cleaner engine has been going on, so has the 
development of test cycles, test procedures and measurement equipment.  
 
For many years, the test procedures in Europe focused on emissions from steady state 
operation but 2001, a simpler transient cycle was added. In these procedures, emissions 
are measured over the entire cycle and then averaged. Averaging has been used in 
research and development where significant focus has been on steady state operation and 
time resolution has not been prioritized. 
 
As the emissions in steady state operation are reduced, the contribution of the emissions 
from transient operation is becoming greater and therefore gaining attention. The main 
challenge is to lower the emissions without compromising the response of the engine or 
the fuel consumption. Therefore, high resolution measurement techniques need to be 
developed in order to understand and improve these conditions.  
 
The legislated standards today regarding particle emissions are based on the emitted 
particle mass. The health effects of particles are not yet fully understood, but studies 
concerning this are indicating that smaller particles are more harmful and therefore 
legislations of particle size distribution might be added. 
 
This thesis work is focused on investigation of high resolution measurement techniques 
for NOx, Opacity and total number of particles per unit volume.      
 
The first chapter describes, in short, the formation of NOx and Particles. The second 
chapter describes how the operating conditions are different under transient- and steady 
state operation and how this influences the emissions. This chapter also includes some 
examples of previous dynamic emissions measurements. 
Chapter three is a description of the measurement setup and its components and chapter 
four and five describes the tests that were conducted to evaluate the setup.  
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2 Formation of Nitrogen Oxides and Particles 

2.1 Formation of Nitrogen Oxide 
 
There are three major sources of the NO formed in combustion [1]:  
Prompt NO: a product in the combustion reactions in the flame zone.  
Fuel-bound NO: Oxidation of nitrogen-containing compounds in fuels via the fuel-bound 
NO mechanism 
Thermal NO: Oxidation of atmospheric nitrogen via the Thermal NO mechanics. It is 
often considered to be the principal source of NO in Diesel exhaust [3].  
 
The Following conclusions regarding NO formation can be drawn from Dec´s 
Conceptual model [2]: 

• NO is not formed during the premixed burn, it begins after the initiation of the 
diffusion flame around the periphery of the jet. 

• The combustion during the quasistatic phase, i.e. during the fuel injection, takes 
place in two zones; one premixed rich zone and one diffusive zone downstream 
the premixed zone with close to stochiometric composition. NO is formed in a 
thin layer on the lean side of the diffusive flame.  

• NO formation continues in the post-combustion zones after the end of combustion 
and can contribute about one third of the total formation. 

 
Diesel combustion can be described as adiabatic constant pressure combustion. For such, 
the initial NO formation rate peaks at the stochiometric composition, and decreases 
rapidly as the mixture becomes leaner or richer [3]. This is due to the fact that the 
adiabatic flame temperature is highest at slightly rich mixtures but since the oxygen 
concentration decreases, close to stochiometric is the maximum of this trade off. 
 
Heywood states that since the flame reaction zone is very thin, the residence time is short 
and. The burned gases produced early in the combustion are compressed to a higher 
temperature than they reach right after combustion, therefore NO formation in the 
postflame gases almost always dominates NO produced in the flame front [3]. 
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The principal reactions governing the NO formation and destruction are often called the 
extended Zeldowich mechanism: 
 

NNONO +↔+ 2     Equation 1 
ONOON +↔+ 2     Equation 2 
HNOOHN +↔+     Equation 3    

 
It can be assumed that the concentrations of the reactants in the extended Zeldowich 
mechanism can be approximated by their equilibrium values at the local pressure and 
equilibrium temperature. 
The NO formation rate can then, with the equilibrium assumption, be expressed as: 
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Where [] and []e denotes concentration and equilibrium concentration in moles per cubic 
centimeter and:  
 

[ ] [ ] [ ] [ ]eeee NNOkNOkR −+ == 1211    
 

[ ] [ ] [ ] [ ]eeee ONOkONkR −+ == 2222    
 

[ ] [ ] [ ] [ ]eeee HNOkOHNkR −+ == 333    

 
where ki

+ and ki
- are the forward and reverse rate constants for equations 1, 2 and 3. 

 
The equilibrium concentrations are determined by chemical kinetics which does not 
allow a short explanation, however, it can be stated that the formation rate is higher with 
higher oxygen concentrations and is exponentially dependent on temperature. 
 
For a constant amount of injected fuel, a higher intake pressure leads to a higher oxygen 
concentration and a higher cylinder pressure. However, it also increases the mass in the 
cylinder which lowers the temperature in the post-flame zones.  
 
The problem resulting in NO emissions is that at high temperatures where the equilibrium 
concentration of NO is high, so is the reaction rate. But as the temperature decreases, the 
reversed reaction rate is not as high and when the exhaust valve opens, the concentration 
remains at a higher level than at equilibrium.   
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2.2 Formation of NO2
 
NO formed in the flame zone can be rapidly converted to NO2 via reactions such as 
 

OHNOHONO +→+ 22   
 
Subsequently, conversion of NO2 to NO occurs via  
 

22 ONOONO +→+   
 
However, at light loads for example, when cooler regions are more widespread in the 
cylinder, the NO2 formed in the flame can be quenched by mixing and thus, higher levels 
of NO2 can be present in the exhaust [3]. And although a chemical equilibrium 
consideration indicate negliable NO2/NOx-ratios, ratios up to 25% can be seen in 
experiments [4].  
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2.3 Formation of Particles 
 
Here follows a compact description of formation and oxidation of particles:  
 
Diesel particulates consist principally of combustion generated carbonaceous material on 
which some organic compounds have been absorbed. Most particulate material is a result 
of incomplete combustion of fuel hydrocarbons but some is contributed by lubricating oil 
[3]. 
 
The particulate emissions from the engine will depend on the balance between the 
processes of formation and oxidation.  
 
Particles are formed in the following stages and even though they are described 
separately, they occur in parallel in the cylinder:  
 
Particle formation, where condensed phase materials arise from the fuel molecules via 
their oxidation and/or pyrolysis products. These products typically include various 
unsaturated hydrocarbons, particularly acetylene and polycyclic aromatic hydrocarbons. 
These first particles are often called nuclei and are below 2 nm in diameter [3]. 
 
The bulk of the solid phase material is generated by surface growth, which involves the 
gas-phase deposition of hydrocarbon intermediates on the surface of the spherules that 
develop from the nuclei. In parallel with surface growth, agglomeration and coagulation 
of the particles take place and these three processes are referred to as particle growth 
processes. As they end, chains and clusters are formed through aggregation [3].  
 
Soot precursors and soot are oxidized via the attack of species such as O2, O and OH-
radicals. The oxidation reactions depend on the diffusion of the reactants to the particle 
surface, the diffusion of the products on the surface and the reaction kinetics on the 
surface [5]. The ideal conditions for soot oxidation are high temperature and high oxygen 
partial pressure [3], the same conditions that favor NOx formation. 
 
After the gases have been expelled from the cylinder, adsorption and condensation of 
water and hydrocarbons takes place onto the soot particles or resulting in formation of 
new volatile particles. These soluble components, together with the solid soot, forms 
particulate [3]. 
 
The physical conditions under which the particulates are measured are critical because 
the emitted species are unstable and may be altered through loss to surfaces, change in 
size distribution and chemical interaction among other species in the exhaust at any time 
during the measurement process [3]. 
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3 Transient Conditions and Measurements  

3.1 Formation of Nitrogen Oxides and Particulate under 
Transient Conditions 
 
To understand, predict and prevent peak emissions under transient operation it is 
necessary to understand the conditions in the engine. 
 
Darlington et al. [6] and Hagena et al. [7] were both using engines equipped with VGT 
and EGR. They found that during an instantaneous positive load change transient, both 
lambda and EGR-rate showed significant minimums. The lambda decrease is due the 
turbo-lag, i.e. the fact that rise time for the airflow is greater than for fuel flow. The EGR 
decrease comes from the opening of the VGT-vanes at load increase and the resulting dip 
in exhaust pressure before recovery. 
 
Both experiments pointed out the strong correlation between the burned mass fraction/ 
EGR-rate in the cylinder and NOx emission and between the air/fuel ratio in the cylinder 
and particle/smoke emissions. A decrease of EGR-rate results in a higher in-cylinder 
temperature which promotes the formation of NOx. A more moderate load application 
also results in a slower opening of the VGT-vanes and thus the exhaust pressure is 
maintained at such a level that the EGR-rate can be maintained. It should be said that it is 
not uncommon to close the EGR-valve completely during a transient [8, 9].  
 
The correlation between air/fuel ratio and particle/smoke is due to that the initial higher 
pressure, larger volume fuel jets are injected into environments that are unchanged from 
those before tip-in, thus the higher-momentum fuel jet is not accompanied by enhanced 
gas motion. The rate of mixture preparation is therefore reduced and wall impingement 
and heterogeneity of the mixture is increased. When the load application rate is reduced, 
the engine is able to provide charge boost to the engine in a relative timelier manner, 
resulting in better mixing and in-cylinder conditions that are less likely to produce 
significant soot spikes [7]. 
 
Rakopoulus and Giakoumis [10] have shown that during transient conditions in engine 
speed or torque, boost pressure and fuel injection reached steady state conditions in about 
five seconds. This means that the lambda value in the cylinder is more or less stable after 
this time, however, the structural temperature needs several hundreds of seconds to reach 
a thermodynamic equilibrium.  
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Modern engine control units (ECU) has the possibility to detect when the engine is 
operating under transient conditions and are programmed to optimize the path between 
steady state operating points and partially compensate for, e.g. turbocharger lag. 
Examples of actions during transient conditions are: advanced injection timing limited 
rate of increase injected fuel mass and closing of EGR-valve.   
 
The advanced injection timing improves the engines response but it also increases the 
maximum cylinder pressure and temperature which favours the oxidation of soot and also 
the formation of NO.  
 
By limiting the rate of increase of injected fuel mass, the air/fuel-ratio is also limited to 
values over the low values that can occur due to the lag of the turbocharger. This is done 
to prevent high soot emissions during the transient 
 
The EGR-valve can be closed during a transient. The effects are a higher air/fuel ratio 
and obviously residuals in the cylinder. This is also done to prevent high soot emissions, 
however, the absence of EGR influences the NO emissions negatively.  
 
These actions have been sufficient to reach the current emission levels but in order to 
keep up with the tightening emission standards without negative effects on fuel 
consumption and response, further improvement of the ECU´s logic is imperative. 
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3.2 Transient Operation Emission measurements 
 
Some experiments have been done to compare emission under transient conditions to 
steady state conditions.  
 
Samulski et al. [11] found that the NOx and PM emissions from U.S. FTP transient test 
cycle was 1% and 47% respectively higher compared to the ISO 8 mode non-road steady 
state duty cycle. Swain et al. [12] compared the Backhoe transient cycle and the 24 Mode 
steady state cycle and found that the transient NOx and PM emissions was 8% and 60% 
higher. 
 
These are examples of test cycle averaged results. Other researchers have tried to 
reconstruct slow response equipment to recover information with higher resolution. The 
development of fast response NOx sensors has allowed recent experiments to be carried 
out with more detailed information about the formation during transients. 
 
Darlington et al. [6] conducted experiments on a passenger car diesel engine equipped 
with VGT and EGR. It was shown that the NOx concentration and the opacity had peaks 
during the transient of approximately twice the steady state levels when the load change 
was carried out by the ECU with constant engine speed. 
 
Hagena et al. [7] showed similar results for NOx emissions on a truck diesel engine with 
VGT and EGR for a 50 to 400 Nm load change with constant engine speed. They also 
found very large peaks for PM emissions; the peak magnitude was over ten times greater 
than the final steady state value. It was also shown that that the amplitude of the peaks 
could be reduced by limiting the rate of load change. The emissions were maintained at 
steady state values when the load step was ramped for five seconds.  
 
Lindgren and Hansson [13] conducted both constant load- and constant speed- transients 
on non-road diesel engines and found that for all cases, except a positive change in 
engine speed, the NOx emissions were higher compared to steady state values. For these 
cases the increase was greater for higher rates of change, peaking at approximately three 
times the steady state values. The steady state values were maintained at a rate of change 
of 2% per second for positive and negative changes of speed or torque.   
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4 Measurement techniques 
 
This chapter describes the setup used in this experiment. The setup was designed for high 
resolution measurements of NOx and particle concentration. The most thoroughly 
explained devices are the TSI 3025 A Ultrafine Particle Counter (CPC), the Horiba 
MEXA 120NOx NOx-sensor and the Rotating Disc diluter.  
 

 4.1 Measurement setup 

 
Figure1 - Measurement setup 

 
The Engine used (2) is a single cylinder engine based on a heavy duty SCANIA D12  
6-cylinder Diesel engine. The inlet air (1) is provided by an external compressor. This 
provides the opportunity to conduct experiments with boost levels that are not coupled to 
the load or engine speed, which is the case for a full engine. The intake pressure can also 
be regulated to imitate the turbocharged engine during a transient, but slower.  
The pressure on the exhaust side of the engine is controlled by a valve downstream the 
exhaust tank (8). The valve was kept in its fully open position in order to keep the 
pressure in the exhaust pipe (3) at atmospheric. This ensures a constant dilution ratio for 
the CPC (7) and favors the accuracy of the pressure sensitive NOx-sensor (4).  
 
The sample line to the CPC and the NOx-sensor are placed about 1 m downstream of the 
engine. The total length between the Exhaust pipe and the CPC was about 250 cm, 
mostly 6mm diameter stainless-steel pipe.  
 
Before the exhaust sample reaches the CPC, it is diluted in three stages. The first stage is 
a Rotating Disc diluter (5) where the sample is heated to 150oC and the next stage is in a 
Dekati diluter (6) where it is heated to 330oC. This has been shown to be an effective way 
of suppress nucleation mode particles in a similar setup [14]. It is also similar to the 
recommendation of the Particle Measurement Program (PMP). The last dilution stage is 
also in a Dekati diluter with room temperature, which prevents thermophoresis in the 
pipes [15]. The product of the individual dilution factors is 830 but this was not 
experimentally verified.  
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The presence of the Rotating Disc before the Dekati diluter is also decreasing pulses in 
the sample stream which otherwise would influence the dilution ratio [15]. It also 
prevents fouling of the Dekati diluter, another factor that might influence its dilution 
ratio.  
 
After the exhaust tank, sample lines are connected to an AVL 439 Opacimeter and a 
Horiba EXSA-1500 Analytical system. The placement of the sample holes for the NOx-
sensor and the CPC was chosen to bee as close to the engine as possible to avoid mixing. 
They are also situated after a straight section in the exhaust pipe to avoid the changes in 
particle size distribution that can appear in bends. The sample holes to the Opacimeter 
and to the Horiba EXSA-1500 were part of an earlier setup and were left unchanged. 
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Figure 2 - Delay times for the setup 

 
Figure 2 shows normalized measurements from a transient from 30 to 220 Nm. It shows 
that the times before the exhaust samples reach the NOx-sensor, Opacimeter and CPC are 
0.1, 1.3 and 1.6 seconds, respectively. From the same figure, it could also be suspected 
that some mixing occurs before the CPC and the Opacimeter since the rise times of the 
emission measurements are greater then the sensors response times, 0.1 seconds.  
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4.2 NOx measurement 
 

4.2.1 Measurements with low time resolution 
 
The Emission Analyzer for the test cell is a Horiba EXSA-1500 and it is the equipment 
for measurement of NOx, CO, CO2, HC and lambda with low time resolution. These 
NOx-measurements was used to verify the high resolution measurements at steady state 
operation. The CO2 – measurements were used in an attempt to find the total dilution 
ratio for the system but the accuracy of the measurements was low due to a too poor 
resolution for such high dilution. 
 
NOx is measured with Chemiluminescent Detection (CLD). In short, the principle is that 
any NO2 is reduced to NO and then all NO reacts with ozone and forms NO2. About 20 
percent of the NO2 are briefly in excited state before it returns to an unexcited state. 
When it returns, electromagnetic radiation is emitted and detected as an indicator of the 
NO-concentration [16].  
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4.2.2 Measurements with high time resolution 
 
The Horiba MEXA 120NOx –sensor, often called the NOx-nose was used for the high 
resolution measurements   

4.2.2.1 Measurement principle  
 
The Horiba MEXA 120NOx –sensor, is a non-sampling sensor which can be inserted 
directly in to the exhaust. The sensor has two chambers and is made of zirconium-
ceramic. The measurements principle is shown in figure 3 below. 

 
Figure 3 - Measurement principle for the NOx-nose [17]. 

 
The exhaust enters the first chamber of the sensor through the first diffusion path 
(Barriere 1) and an oxygen pump regulates the oxygen partial pressure by pumping 
oxygen in or out of the chamber. With Platinum as catalytic electrode, CO and H2 are 
oxidized to CO2 and H2O before the gas enters the second chamber through its diffusion 
path (Barriere 2). In this chamber, Rhodium is active to convert NO and NO2 into N2 and 
O2. The oxygen is then pumped out by the second oxygen pump, and the current (Strom) 
is measured here and is a direct indicator of the concentration of NO and NO2. 
The sensor is heated to approximately 480oC to allow the migration of oxygen ions 
through the zirconium oxide material. 
 
An obvious drawback of this measurement principle is that it doesn’t distinguish between 
NO and NO2. This will affect the measurement accuracy of the total NOx concentration 
since NO2 carries twice the amount of oxygen as NO. 
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4.2.2.2  Performance and accuracy 
 
The manufacturer claims that the sensor has a measurement range of zero to 5000 ppm 
and that the accuracy is +/- 30 ppm or +/- 3 percent reading, whichever is larger in the 
range of zero to 2000 ppm. The recommended operating temperature and pressure are up 
to 900 ˚C and 300 kPa relative pressure and the ambient temperature should be from 5 ˚C 
to 45 ˚C. 
The T63 response time is claimed to be 0.7 seconds. 
 

 
Figure 4 - Signal Error at different relative pressures 

 
Figure 4 shows the pressure sensitivity of the UEGO sensor used in MEXA 120-NOx, a 
possible source of error. Figure 4 is provided by Horiba.  
 
Experimental setups including this sensor have experienced different drawbacks 
regarding the performance and accuracy. Reifarth [4] experienced a nonlinear relation 
between the pumping current and NOx-concentration with underestimation at low 
concentrations. He also found underestimation of NOx-concentration at high lambda 
values and overestimation at high exhaust temperatures. This was explained to be caused 
by oxygen pump performance in the sensor and diffusions speed into the sensors 
chambers. He also confirmed that the NO2/NOx-ratio affected the measurement accuracy 
and saw a slight overestimation at high NO2/NOx-ratio.    
 
Mridul Gautam et al. [18] found that NO to NO2 conversion and chilling was necessary to 
obtain acceptable accuracy. They also tested the response time of the sensor by changing 
the concentration surrounding the sensor from 0 to 2500 ppm and found that the T90 
response time was five seconds. Orban and Wendt [19] showed that this type of sensors 
underestimates the NOx-concentration when they have been used for a while. The result 
was that the sensors, in average, degrade linearly at a rate of 2% per 1,000 hours of 
operation. 
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4.2.2.3 Calibration 
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Figure 5 - Output of two NOx-sensors at different concentration 

 
A calibration was done with a calibration device from the manufacturer to check the 
sensors linearity and the scaling factor of the sensors output signal. Two different sensors 
were tested and the results are shown in figure 5 where the raw output is plotted against 
concentration. The sensor that was used at KTH, and was described in the previous part 
of this report, had a scaling factor of 0.4240 [ppm/mV] while the other sensor, belonging 
to SCANIA had 0.4145 [ppm/mV]. The zero offsets of the sensors, i.e. the output at 0 
ppm, were 6.87 mV for the KTH sensor and -10.04 mV for the SCANIA sensor. The 
sensor should, theoretically, have a positive zero offset since not all oxygen is pumped 
out in the first chamber as explained previous. Under these conditions both sensors 
appears to have a linear output. 
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An earlier comparison between Horiba MEXA-120NOx and Eco Physics Gas Analyzer 
CLD 700ELht showed that different scaling factors were needed for different engine 
conditions and the clearest trend was that it underestimated the concentration when it was 
low, i.e. a higher scaling factor was needed at low concentrations. The variations in 
scaling factor were about +/- 10 % with an average of 0.46 [ppm/mV].  
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Figure 6 - Output compared with emission analyzer in four different tests, scaling factor 0.45. 

 
When Horiba MEXA-120NOx was compared to Horiba EXSA-1500 at steady state 
operation, the best correlation was found with the scaling factor 0.45 [ppm/mV] and the 
result with this scaling factor is shown for four different loads in figure 6. When 
comparing these two measurement devices, a constant scaling factor seemed sufficient 
and therefore 0.45 [ppm/mV] was used when analyzing the results of the transient.  
 
In figure 6, it can also be seen that the sensor output indicated negative concentrations in 
one case. This raises serious doubt about the sensors accuracy at low concentrations, 
however, it should be mentioned that the opacity in the same test run was very high and 
this might have affected the sensor. 
 
 

 15



4.2.2.4 Response test 
 
To be able to capture any NOx-peak that may occur under a transient, it is necessary to 
have a sensor with a low response time. As a sensors response time increases, the 
accuracy of transient measurement decreases. By determining this time, it is possible to 
estimate how much information that might be lost and to, at least, partially compensate 
for it. The response time was tested with the setup shown in figure 7 below. 
 

 
Figure 7 – Setup for response time test 

 
The sensor was placed in a chamber made for this purpose as shown in figure. Calibration 
gas was emitted into the chamber containing the sensor and expelled in the other end. The 
flow was driven by a 1 Bar overpressure, controlled by a pressure regulator.  
The calibration gas used had a NO concentration of 800 ppm and the chamber containing 
the sensor had a volume of approximately 6.4cm3, of which the sensor occupied about 4.6 
cm3. The results are shown in figure where the normalized sensor signal is plotted against 
time. 
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Figure 8 – response time for the NOx-sensor 

 
Figure 8 shows response times T63 and T90-10 of about 0.6 and 2 seconds, respectively.  It 
is also showing a significant dip at the time when the calibration gas reaches the chamber. 
The dip occurred in all test runs and its origin was not fully understood; neither could the 
manufacturer provide an answer.  
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4.2.2.5 Response time compensation 
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Figure 9 – Reproduced concentration for a) response test and b) test run in engine. 

 
With the result from the response time-test an attempt was made to compensate for it. 
As described earlier the sensor operates with diffusion membranes. The rate of diffusion 
can be described as: 

 
 

)(* iad
i NONOK

dt
dNO

−=  
 

Where NOi is the concentration inside the sensor, or indicated concentration, NOa is the 
concentration outside, or the actual concentration and Kd is the diffusion constant. The 
actual concentration can then be written as: 
 

dt
dNO

K
NONO i

d
ia *1
+=  

 
Since the actual concentration was unknown, a “most likely” concentration was found by 
tuning the diffusion constant. The constant used for the reproduced signal in figure 9 a) 
was the one that gave the steepest response without overshooting. 
 
This method was then applied to an engine measurement, shown as reproduced in figure 
9 b) and although this may not be the actual concentration, it is probably closer than 
without the response time-compensation. 
 
Before the compensation is done, the signal needs to be floating average filtered in 
ordered to be suitable for derivation. This is also shown in figure 9 a) and b).  
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4.3 Condensation Particle Counter 
 

4.3.1 Measurement principle  
 
The particle number measurements were made with A TSI Ultra fine Condensation 
Particle Counter 3025 A (CPC). A schematic figure of the CPC is shown in figure 10. 
 

 
Figure 10 – Schematic of the CPC [20]. 

 
The CPC was used in its high-flow mode and therefore, the make-up air was not needed. 
As the sample flow reaches the CPC, it is surrounded by a sheath flow, keeping it out of 
contact with the piping and centered in the flow. The flow reaches a heated saturator were 
butane vapor mixes into it. Then when the flow is cooled, supersaturated vapor condenses 
onto the particles and makes them detectable for the photodetector which the flow passes 
next. [20]  
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4.3.2 Particle Counting 
 
The CPC can be used for particle concentrations up to 100,000 particles/cm3. It uses two 
different methods to calculate the concentration [20]. Up to 10,000 p/cm3 it counts the 
pulses Ci from its photo detector and calculates the concentration by dividing this with 
flowrate through the sensor Q and measurement time t as shown in equation 3. 
 

tQ
C

C i
a =     Equation 3 

 
The accuracy of this method is limited by the fact not more than one particle will be 
registered by the photodetector until the first one has past it, i.e. the counter is disabled. 
This result in lower accuracy for higher concentrations and it is recommended by the 
manufacturer that concentrations between 5,000 and 10,000 p/cm3 are corrected by 
equation 4 below [20].   
 

⎟
⎠
⎞

⎜
⎝
⎛=

10
exp i

ia
QtC

CC    Equation 4 

 
Where Ca and Ci are the actual and measured concentrations, Q is the flowrate through 
the sensor (5 cm3/s) and t is the time the counter is disabled for a single particle 
(approximately 4 µs). The exponent is supposed to represent the average number of 
particles that occur during the time the counter is disabled and (QtCi /10) is the suggested 
approximation, based on statistics.  
 
For higher concentration, the accuracy of the method described earlier is considered to be 
too uncertain and equation 5 is used instead.     
  

 
Qt

C
C

l

i
a =     Equation 5 

 
Where tl is the accumulated time that the counter is not disabled [20]. 
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4.3.3 Data Acquisition  
 
The acquisition system was connected to two different outputs on the CPC, the analog 
output, transmitting a signal from 0 to 10 V representing concentrations between 0 and 
100,000 particles, and the digital output that transmits a 12 V square pulse for each 
detected particle. The pulse output was connected to a pic-computer and logged as 
frequency, giving the concentration when divided with flowrate in accordance with 
equation 3. The pulse output provides the possibility to do high-frequency measurements, 
in this case 10 Hz was chosen. 
 
As expected, the high-frequency measurements showed lower concentration than the 
low-frequency measurements and the difference increased with higher concentrations. 
This, since it is using the more uncertain equation 3 over the entire concentration range. 
This was solved by using the correction in equation 4.  
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Figure 11 – Particle Concentration with correction for high resolution measurements 

 
 
Figure 11, where particle concentration is plotted against time, shows that the corrected 
high-frequency measurement corresponds well to the low-frequency measurement over 
the entire range during a test run in transient operation.  
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4.4 Opacimeter 
 
Opacity is the state of being impenetrable to light, i.e. absorbing light, and is an indicator 
of the soot content in the sample. The Opacity was measured with an AVL 439 
Opacimeter, figure 12.  
 

 
 

Figure 12 - Measurement chamber of the AVL 439 Opacimeter [21]. 
       
The undiluted flow is pumped into a pipe in the measurement chamber. With a light 
source in one end of the pipe and a light detector in the other, the absorption of light is 
measured.  
 
The AVL 439 has a resolution of 0.1 percent opacity and has a response time of 0.1 
seconds. The maximum sampling frequency for ASCII transmission is 10 Hz. [21] 
In this setup, the opacimeter´s communication was limited to about 1 Hz. 
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4.5 Rotating Disc Diluter 

4.5.1 Measurement principle  
 
A Rotating Disc diluter type MD19-2E from Matter Engineering was used, for the first 
stage of dilution. 
 

 
Figure 13 - Operating principle of the Rotating Disc diluter. Modified from [22] 

 
Figure 13 shows the operation principle of the Rotating Disc Diluter. By cavities (3) in a 
rotating disc (2), Exhaust is transported from the undiluted flow A into a clean gas flow 
B. The undiluted flow is sucked by an external pump and the flow to the CPC is sucked 
by its internal pump. As the rotational speed is decreased, the dilution factor is increased. 
 
The dilution factor DF can, according to the manufacturer, be calculated as: 
 

pot
tempfXDF )(*

=     Equation 6  

 
Where X is 1500 for the disc with 10 cavities, f(temp) is 1,2 for 150 C dilution air 
temperature and pot is the potentiometer setting in percent of maximum. 
 
The dilution ratio DR is then calculated as: 
 

DF
DR 1

=  

 
Equations are from manual [22]. 
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4.5.2 Dilution Ratio  
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Figure 14 - Dilution at different potentiometer settings for different size particles. 

 
Figure 14, where the dilution- ratio factor are plotted against potentiometer setting,  
shows the result of a test that was made with an aerosol generator at the Institute of 
Applied Environmental Research, Stockholm University, where the dilution was tested 
with monodisperse aerosol from a Differential Mobility Analyzer (DMA). The test was 
done in collaboration with the EMIR-1-project. The data is corrected for difference in 
Size Cut-Off between the CPC:s before and after dilution . 
 
The dilution ratio was found to be proportional to the potentiometer setting on the control 
device with this setup, i.e. with a ten cavities disc and with 150oC setting for the dilution 
air. However, it can be seen in figure14 that the dilution ratio was higher than what the 
manual suggested, equation 6. The best fit was instead found with a correction constant 
K=0,72 :     
 

Kpot
tempfXDF
*

)(*
=  

 
Figure 16 show that the smallest particles that were measured, 10 and 27 nm, does not 
follow the trend. This is caused by the Size Cut-off differences and even though the data 
is corrected for this, the accuracy decreases with the particle size.  
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A problem occurs when this dilution device is used in transient measurements; when it 
set to a high dilution factor, i.e. when the rotational frequency is low, the diluted flow to 
the sensor does not get fully mixed. Another problem at low rotational frequency is that 
the systems sampling frequency becomes the rotational frequency multiplied with the 
number of cavities. This could be seen clearly in a Fast Fourier Transform (FFT) 
analysis of data from a 100 Hz measurement.  
A low sampling frequency would decrease the resolution of the measurements.  
 
These problems were avoided by adding the Dekati diluter to the setup. By doing so, the 
rotational frequency could be kept at max, 2.5 Hz, making the exhaust sample frequency 
25 Hz. Also, a “fully” mixed flow could be concluded by FFT analysis.   
 
The dilution factor for this stage, with this setting, was 13 according to measurements, 
i.e. the concentration was 13 times lower. The dilution factor calculated with equation 6 
at this potentiometer setting is 18. 
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4.6 Dekati Diluter 
 
For the second and third stage of dilution, a two-stage Dekati Diluter was used. Figure 15 
shows the diluter and its operating principle.  
 

 
 

Figure 15 - Operating principle of the Dekati ejector diluter [15] 
 
The dilution is based on underpressure caused by the dilution gas flowing through a 
nozzle with a second nozzle centered inside it. The sample flow is drawn out of the 
second nozzle due to this underpressure. If the dilution flow is increased, the 
underpressure increases correspondingly and the sample flow is also increased. Thus, the 
dilution ratio remains constant if the pressure in the sample pipe is constant, which it is 
considered to be in this experiment.    
 
The setup in the experiment used two of these diluters, of which the one upstream was 
heated, Figure 16.  
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Figure 16 - Dekati diluter setup 

 
In the first stage in the Dekati setup, i.e. the second stage in the complete dilution setup, 
the dilution air and the diluter itself is heated to about 330oC. This is done to decrease the 
vapor pressure of volatile components and to prevent condensation and nucleation of 
theses compounds. Also, particles formed of volatile compounds in the dilution process 
of the rotating disc, are vaporized. 
 
In the final stage, i.e. the third stage in the complete dilution setup, the sample flow can 
be diluted with cold air without condensing the volatile compounds. If the second stage is 
not used, some particles may be lost on to the transportation lines due to the temperature 
difference between the gas and the pipes, this is called thermophoresis [15].   
 
The dilution factor is stated to be 8 at each stage of the Dekati diluter, i.e. 64 in total. 
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5 The Transient Test 
 
The chosen load points for the transient tests represent two steady state load points for the 
Scania DC 1201, a 6-cylinder Heavy Duty Diesel Engine certified for Euro 3. 
The points are shown in table 1, where engine speed, torque per cylinder (M), relative 
inlet pressure (P_inl), injection angle (Inj Angle) and injected fuel per stroke (fuel) are 
data from the DC 1201 and the injection duration (inj_dur) is the duration needed in the 
monocylinder to reach the same torque. 

 
Table 1 – Chose load points from full engine 

 
Point rpm M [Nm] P_inl [Bar] Inj_Angle fuel [mg/str] inj dur ms 
1 1200 28 0,05 -6 34 0,36 
2 1200 220 0,75 -7 145 2 

 
 
 
 
The transient tests consisted of going from the low load to high load with different intake 
pressures and compositions as described in table 2. 

 
Table 2 – Test Plan 

Low Load High Load 

Run rpm 
P_inl_1 
[Bar] 

EGR  
1 [%] Inj_Ang_1 

Inj dur 1 
ms 

P_inl_2 
[Bar] 

EGR  
2 [%] Inj_Ang_2 

Inj dur 2 
ms 

1 1200 0,05 0 -6 0,36 0,05 0 -7 2 
2 1200 0,75 0 -6 0,36 0,75 0 -7 2 
3 1200 0,05 0 -6 0,36 0,75 0 -7 2 
4 1200 0,75 80 -6 0,36 0,75 15 -7 2 

 
In the first test run, intake pressure was maintained at the low level corresponding to the 
low load and in the second it was at a level corresponding to the high load point.  
In the third test run, the intake pressure was raised from the low level to the high, 
similarly to the behavior of a turbocharger. The major differences compared to the full 
engine were that the intake pressure was not increased until about seven seconds after the 
load was applied and did not rise as fast. These differences make the test less realistic, 
however they allow different phenomenons to be studied separately. 
 
The fourth test run was similar two the second but with EGR. The EGR-level was set by 
letting exhaust gases from an SI-engine into the inlet air of the monocylinder and as long 
as the intake pressure is constant, so is the composition. The composition was adjusted to 
represent 15 percent EGR at high load but since the exhaust from the SI-engine always 
has close to stochiometric composition, it represented 80 percent EGR at low load were 
lambda was higher. 
 
Besides the intake pressure and composition, injection angles and fueling rate during the 
transient is also different from the full engine. In the full engine it is controlled by its 
ECU and the injection angle would be advanced during the transient and the fueling rate 
would be limited. 
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Figure 17 - Torque, inlet pressure and EGR. Torque is calculated from pmi.. 

 
Figure 17 shows b) the inlet pressure, c) the composition and a), the resulting torque.  
Inlet pressure in test run 2 can be hard to see, but is at the same level as test run 4, 0,75 
Bar relative pressure. The decrease and recovery of the torque with minimum around five 
seconds are due to the drop in common rail pressure shown in figure 18. 
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Figure 18 – Common rail pressure 

 
The common rail pressure drop were close to identical in the test runs and is probably due 
to that its regulator is too slow for this sudden increase in fuel flow.   
 
The intake temperature in the test runs with and without EGR was 28 and 22 respectively. 
The exhaust pressure was kept constant at atmospheric.  
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Figure 19 - Lambda in the test runs, calculated. 

 
Figure 19, lambda is plotted against time. It shows that lambda in test runs 1 and 3 
initially are the same, until the intake pressure is increased at about seven seconds, were 
it increses towards the same value as test run 2.Test run 4 has the same intake pressure as 
test run 2, but some of the air is replaced by EGR and thereby a lower lambda. This 
lambda is estimated from pmi-data to get high resolution information since the broadband 
lambda sensor was placed after the exhaust tank. The origin of the first peak and dip after 
0 seconds, with maximum and minimum at 0.5 and 1.5 seconds respectively, correspond 
to overshoot and undershoot of the engine speed due to the control of the dynamometer at 
load acceptance. The engine speed deviated from the wanted value about +/- 60 rpm. The 
second wider peak, with maximum at about 5 seconds corresponds to the dip in common 
rail pressure that can be seen in figure 18.   
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Figure 20 - Maximum cylinder pressure, a), the angle at which it occurs, b),  

and the angle were 50 percent of the fuel is burned c) 
 
Figure 20 a) shows a very similar development of maximum cylinder pressure in the 
different test runs but at different levels. The general trend found by comparing figures 
20 a) and c) is that an early CA50 results in a high maximum cylinder pressure. The 
pressure drop in the common rail, figure 18, is resulting in a decrease in both injected 
mass and momentum of the spray. It is therefore explaining both slower mixing and a 
delayed combustion as a result, and a lower maximum cylinder pressure. The influence of 
the over- and undershoot of the engine speed during the first 2-3 seconds, discussed 
earlier, can also be seen in figure 20 a) and c).  
 
Figure 20 b) shows that the angle when maximum pressure occurs only have small 
variation at the levels before and after the load change, both over separate test runs and 
when comparing the different runs to each other. 
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6 Results  
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Figure 21 – Emission during the transient  
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In figure 21, the particle concentration, Opacity and NOx concentration are plotted 
against time for the different test runs. A strong correlation can be seen between Opacity 
and particle concentration. The particulate emissions are also showing a good 
repeatability; test run 3, starting with low intake pressure which is increased after about 
seven seconds, follow test run 1 in the beginning and ends at the same level as test run 2 
for both Opacity and particle concentration.  
The weakest correlation between the particle concentration and Opacity is at about 2 
seconds were the particle concentration shows a peak before settling and this is indicating 
a difference in the particulate’s composition and size distribution. This peak could, for 
example, be caused by lubrication oil. It has been shown that oil consumption peaks 
occur under transients [23] and that the small oil related particles is not suppressed by 
heating [24].  
 
Another observation in Figure 21 c) is that, for all test runs, a dip in NOx-concentration 
occurs initially in the transient. It is not clear if the NOx concentration really is low or if 
it is an incorrect output from the sensor. As shown in earlier in this report, in figure 8 
when the response time of the sensor was tested and the sensor initially had a negative 
output. 
 
It should also be mentioned that it is difficult to define the nature of the initial slopes in 
the transient emissions, i.e. the rates at which they change from the lower level to the 
higher. It is hard to separate rate of development in engine out emissions from mixing in 
the exhaust and sensor response delays.  
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7 Summary and Conclusions 
 
The main objective of this thesis work was to propose a method to measure NOx and 
particle emission from Diesel exhaust during transient operation. The work has consisted 
of the following: 
 
Characterization of a NOx-sensor through tests regarding its linearity, response time and 
reliability. Also, attempts have been made to increase the accuracy by compensating for 
variations in scaling factor, and also for response time. However, the result of these 
compensations can not be verified.  
 
The next step was to investigate the possibility of high resolution measurements from the 
CPC. By counting pulses from the digital output and comparing average levels to the 
analog output, 10 Hz sampling frequency was accomplished and found as reliable as the 
low resolution measurements with 1 Hz sampling frequency.  
 
A Rotating Disc diluter was tested with different sizes of particles and was used in the 
final setup together with a two-stage Dekati diluter. In total, three stages of dilution were 
used with a total dilution factor of 830 .The first stage was heated to 150oC, the second to 
330oC and the third not at all.    
 
Finally the equipment was tested in transient operation with a monocylinder engine. 
Opacity measurements were used to compare with the particle number measurements and 
measurements of NOx with low time resolution was used to verify the concentrations 
indicated by the NOx-sensor. 
 
The setup used for the final test is characterized by low response time and good 
repeatability. However, it is not capable of providing cycle by cycle analyses, rather on 
trends over a few seconds. Mainly, there are two reasons for this. The first is that mixing 
of gases from different cycles, in the exhaust and in the dilution system, occurs. The 
second is the response times of the different measurement devices. Also, the accuracy of 
the NOx-sensor is doubtful. 
 
To improve this setup, a faster NOx-sensor is needed. Also, higher time resolution of the 
Opacity measurement would improve the setup. This could probably be achieved with the 
same opacimeter by moving the sampling point to a more upstream position, and with 
faster communication. The particle concentration measurements seem to have a sufficient 
time resolution, and this might be hard to improve without compromising the suppression 
of nucleation mode particles. 
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