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ABSTRACT OF THE THESIS 

 

Comparison of Particle Sizing Instrument Technologies for 

Vehicle Emissions Testing 

 

by 

 

Vincent Chen 

 

Master of Science, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, June 2014 

Dr. Akua Asa-Awuku, Chairperson 

 

 

 This thesis focused on the comparison of particle sizing instrument technologies 

from vehicle particulate emission measurements. It provides new information on 

particle sizing and counting techniques of atmospherically relevant Particulate Matter 

(PM) concentrations from light-duty vehicles and advanced fuel technologies. Particle 

number and particle size distribution was measured using a TSI Engine Exhaust 

Particle Sizer (EEPS), Scanning Mobility Particle Sizer (SMPS), Ultrafine 

Condensation Particle Counter (UCPC) and Fast Scanning Mobility Particle Sizer 

(f-SMPS). Four light-duty vehicles were tested based on multiple ethanol and butanol 

fuel blends over the Federal Test Procedure (FTP) and the Unified Cycle (UC). The 

regression fit of the EEPS total particle count data over the UCPC data gave a R
2
 of 

0.90 over the FTP and 0.85 over the UC. When comparing the particle size 

distribution, the EEPS, SMPS and f-SMPS data all correlated well for particle sizes 

from 25 nm to 100 nm. The shape of the graphs for these instruments looked nearly 

identical in this particle size range. 
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Chapter 1  Introduction 

The effect of particulate emissions on climate change and health is of great 

interest. A large proportion of particles emitted from light-duty vehicles is in the 

ultra-fine region and have a diameter size smaller than 100 nm [1]. Emissions from 

light-duty vehicles can contribute up to 85% of total particle number in urban areas 

[2]. Thus the criteria for vehicle particle emission regulations (size, number, and mass) 

must be reconsidered. In 2008, the European Standards first incorporated particle 

number limitations of 6.0 x 10
11

 #/km (Euro 5). New European vehicles registered in 

2009 were required to meet the standards [3]. In the US, although particle mass is 

regulated, but size and number are a growing concern and mass measurements may no 

longer be appropriate [4]. 

 Engines in light-duty vehicles can generate significant amount of gas and 

particulate emissions. Ground-level tail-pipe emissions can be transported to the 

upper atmospheric troposphere [5]. Emitted particles or aerosol in the atmosphere 

have direct and indirect effects on climate [6]. The aerosol direct effect describes the 

absorption and scattering of incoming solar radiation by particles, while the indirect 

effect describes the interactions of aerosol with warm and cold clouds. Climatic 

warming effects can occur when vehicles release gas emissions formed from engine 

exhaust. Artificial clouds are then formed from the gas emissions trapping heat from 

the sun [7]. The particulate matter (PM) from vehicle emissions can also act as cloud 

condensation nuclei (CCN) giving indirect effects on the formation of clouds [8]. 

Particles also affect health. Literature published by Brook et al (2004) shown a 

strong relationship between fine particulate matter exposure and increased rates of 

lung diseases [9]. Literature published by Lim (2013) also indicated that fine particles 
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below 2500 nm (PM2.5) are extremely dangerous to health [10]. Due to the fact that 

human lungs trap particles below PM2.5, the particles can penetrate through lung cells 

and cause lung diseases. Moreover, it can move directly into the human blood stream 

and trigger blood vessel damage [11]. Regulations for PM2.5 from vehicle emissions 

must be recognized and understanding the size and number of particles becomes 

critical. 

Particle number and size distribution from vehicle emissions can be measured in 

several ways. The Ultrafine Condensation Particle Counter (UCPC) is best known for 

measuring total particle number, whereas the most commonly used instrument for 

determine particle size distribution is the Scanning Mobility Particle Sizer (SMPS). 

However, these instruments are both limited and have several disadvantages. The 

UCPC counts the total particle number accurately, but cannot measure size 

distribution [12]. The SMPS measures the particle size distribution very well, but the 

time it takes for processing each scan is very long (135 seconds per scan) [13]. To 

overcome these disadvantages, the Engine Exhaust Particle Sizer (EEPS) 

spectrometer was introduced. It has a very short measurement time. Compared to the 

SMPS, the EEPS scans particles 10 times per second and displays data every second 

[14]. The Fast Scanning Mobility Particle Sizer (f-SMPS) combines the electrical 

mobility technology to measuring particle size distributions with a condensation 

particle counter (CPC) to count particles [15]. The measure time for this instrument is 

about 9 seconds. It is much faster than the SMPS and slightly slower than the EEPS. 

The goal for this thesis is to compare the UCPC, SMPS, EEPS and f-SMPS in 

terms of total particle number and size distribution. This was achieved by running 

multiple vehicle emissions testing in the Vehicle Emissions Research Lab (VERL) of 
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the Center for Environmental Research and Technology (CE-CERT) at the University 

of California, Riverside. Four light-duty gasoline vehicles with different engines and 

different ethanol and butanol fuel blends were tested on a rolling chassis 

dynamometer that was certified by the US Environmental Protection Agency for 

vehicle emissions testing. Data collected from the EEPS spectrometer were compared 

to the UCPC data for total particle number comparisons. It was also compared to the 

SMPS data to see whether particle size distribution correlates. Unfortunate the 

f-SMPS did not have as much data compared to the UCPC, SMPS and the EEPS. 

However, detailed analysis based on particle size distribution was still able to be 

performed and is discussed in the results and discussion chapter. 
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Chapter 2  Instrumentation 

Ultrafine Condensation Particle Counter (UCPC) 

 Condensation particle counters (CPC) have widely been used to measure 

particles [1]. In 2007, the TSI Company released a new laminar-flow alcohol-based 

CPC, the Ultrafine Condensation Particle Counter (UCPC) Model 3776. TSI has 

developed commercially available CPCs for more than 35 years and has become a 

standard in measuring airborne particles [2]. The instrument draws particles 

continuously through a heated saturator where alcohol is vaporized and diffuses 

through the sample stream. The sample then passes through a cooled condenser where 

the alcohol vapor becomes supersaturated and ready to condense. Particles present in 

the sample stream serve as condensation nuclei. The condensation process forms 

particles into droplets and transfer them through an optical detector where they can be 

counted easily. The schematic diagram of the instrument is shown in Figure 2-1. 

Currently the UCPC is well suited for combustion and engine exhaust research. 

The instrument scans particle concentrations every second and measures them 

accurately [3]. A diluter is often added to the set-up to reduce the concentration of the 

engine exhaust. This was due to the fact that the instrument cannot detect particle 

counts over 300,000 particles/cm
3
. The diluter has a 1:12 dilution ratio and is 

accounted for the data analysis. The concentration of the data is multiplied by 12 to 

calculate the actual concentration. The disadvantage of the UCPC is that it does not 

measure or detect particle size distribution. 
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Figure 2-1. Schematic diagram of the TSI UCPC Model 3776 [4] 

Scanning Mobility Particle Sizer (SMPS) 

 The TSI Scanning Mobility Particle Sizer (SMPS) Model 3080 with a long 

Differential Mobility Analyzer (DMA) Model 3081 was used to collect particle sizing 

data for vehicle emissions testing. The instrument measures particle sizes from 7 nm 

to 300 nm in diameter. Particles entering the instrument are all moved into a DMA. 

The DMA assumes the particles to be spherical, since the mobility of the particles in 

the electric field depends on its charge, but not on its density. Inside the DMA, 

particles are charged by a single current when they flow through the instrument. The 

current changes every 135 seconds for different particle size scans. After the DMA, 

particles are counted by a CPC to determine the concentration [5]. The schematic 

diagram of the SMPS can be found in Figure 2-2. The advantage of using the SMPS is 
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that it gives very robust particle size distributions. However, the process needs to be 

done by repeating a test multiple times and each time with different particle size 

settings. This is time consuming, since each scan takes 135 seconds [6]. 

 

Figure 2-2. Schematic diagram of the TSI SMPS Model 3080L [7] 

Engine Exhaust Particle Sizer (EEPS) Spectrometer 

 In 2012, the TSI Company introduced the Engine Exhaust Particle Sizer (EEPS) 

Spectrometer Model 3090. This new instrument gives high time resolution and high 

particle sizing resolution. The EEPS can detect particle sizes from 5.6 nm to 560 nm 

and is specially designed for transient particle emissions measurements. It can count 

particles 10 times per second with a sizing resolution of 16 channels per decade with a 

total of 32 channels [8]. When particles enter the instrument, they first go through a 
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cyclone to remove particles that are larger than 560 nm. The remaining particles are 

transferred to a DMA and pass through an electrical diffusion charger that assigns 

them a predictable ionic charge based on different particle sizes. After a charge is 

assign to each particle, an electric field repels them outward to transfer their currents 

to electrometer rings. From the rings, smaller particles are detected on the top and 

larger particles are detected at the bottom. After the DMA analysis, particles are then 

transferred to a CPC for particle concentration determination. A microprocessor is 

used at the end to read the electrometers for data output [9]. The schematic diagram of 

the EEPS is shown in Figure 2-3. 

 

Figure 2-3. Schematic diagram of the TSI EEPS spectrometer Model 3090 [8] 
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Fast Scanning Mobility Particle Spectrometer (f-SMPS) 

 The Fast Scanning Mobility Particle Spectrometer (f-SMPS) was built to 

overcome the need for having higher time resolution for vehicle emissions testing [11]. 

Currently the TSI SMPS Model 3080L is limited due to its slow scanning speeds. It 

requires the aerosol particles to be stabilized for at least 135 seconds. On the other 

hand, the f-SMPS only needs 9 seconds for each scan and can detect particle sizes 

from 7 nm to about 180 nm. This was accomplished due to the use of a radial 

differential mobility analyzer (rDMA) and a mixing condensation particle counter 

(mCPC). The rDMA functions just like the Inside-Out DMA used in the EEPS to give 

high resolution time and high particle size resolution [12]. The operating temperatures 

in the mCPC can be set very high so that it improves supersaturation ratios inside the 

CPC condenser to shorter particle growth times. This was also accomplished because 

of the turbulent mixing inside the mCPC to improve mixture homogeneity [13]. The 

schematic diagram is shown in Figure 2-4. 

 

Figure 2-4. Schematic diagram of the f-SMPS [11] 
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Chapter 3  Experimental Methodology 

UCR CE-CERT Vehicle Emissions Research Lab (VERL) 

 Vehicle emissions testing were performed in the Vehicle Emissions Research 

Lab (VERL) of the Center for Environmental Research and Technology (CE-CERT) 

at the University of California, Riverside. The research facility has a rolling chassis 

dynamometer that was certified by the US Environmental Protection Agency for 

vehicle emissions testing. The facility accurately measures vehicle emissions during 

dynamic, high and low speed accelerations and decelerations. The vehicles were 

originally selected based on funded project needs. The data for this thesis was 

acquired over several tests and provides a robust assessment of particle size and 

number comparisons across several data sets. The several funded projects were 

conducted simultaneously with different set of instruments shown in Table 3-1. 

Table 3-1. List of projects and performed instrumentation 

Project Name Instrumentation 

Vehicle Emissions Testing on Ethanol and Butanol Fuel Blends EEPS 

Particle Number Emissions Testing on Light-duty Vehicles EEPS, UCPC 

Particle Size Distribution of Light-duty Gasoline Vehicles EEPS, SMPS, f-SMPS 

 

In Figure 3-1, a Constant Volume Sampler (CVS) is connected to the vehicle’s 

tail pipe through a line to collect engine exhaust. The CVS separates the engine 

exhaust collected from the vehicle to multiple emissions testing instruments for data 

output. The four instruments for our comparative analysis are the UCPC, SMPS, 

EEPS and f-SMPS. In the figure, several other instruments, such as the Micro Soot 

Sensor, Multi-Angle Absorption Photometer and Particle Solubility Electrostatic 
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Classifiers were also shown. However, the data collected from these instruments were 

for black carbon analysis and particulate mass studies that will not be discussed in this 

thesis. 

 

Figure 3-1. Schematic diagram of vehicle emissions testing [1] 

Ethanol and butanol blended fuels 

Greenhouse gas emissions caused by vehicles and motor transportation has been 

an issue for more than a decade. Biofuels as an alternative method to reduce 

greenhouse gas emission therefore drew a lot of attention. In 2010, the Environment 

Protection Agency (EPA) in the United States finalized the Renewable Fuel Standard 

(RFS). The standard targeted ethanol as the primary resource to replace gasoline and 

planned to blend it into 36 billion gallons of renewable fuel for transportation systems 

by 2022 [2]. Ethanol has widely been used in the United States as a renewable fuel 

and is currently under investigation to increase the percentage blended into gasoline 

[3]. Besides ethanol, butanol blended fuels produced from biomass sources has also 

attracted attention as an alternative fuel to reduce greenhouse gas emissions. It is less 
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corrosive and has higher energy content compared to ethanol [4]. Butanol can easily 

be produced by fermentation and agricultural feedstock, such as sugarcane, corn and 

wheat [5]. However, alcohol based fuels are still not compatible with most engine 

systems in current technology. It may cause enormous error readings in fuel level 

gauging systems in vehicles. 

Compared to gasoline, ethanol and butanol fuels both have higher octane number 

[6, 7]. The higher the octane number, the greater the temperature rise of an engine can 

withstand during the compression stroke of an internal combustion engine. This 

allows more power to be extracted from the Otto-cycle of a spark-ignited engine and 

gives higher engine efficiency [8]. The high octane number also gives higher 

compression ratio [9]. With higher compression ratios, engines are able to extract 

more mechanical energy from a given mass of air-fuel mixture. This allows 

combustion temperature to be reached with less fuel required and result in a higher 

efficiency [10]. Since less fuel was burned, less engine exhaust would be produced 

and thus reduces the total amount of greenhouse gas emission from vehicles. 

The Federal Test Procedure and the Unified Cycle 

 The Federal Test Procedure (FTP) is the primary emission certification driving 

cycle of light-duty vehicles in the United States. The whole driving cycle can be 

separated into three phases. It consists of a cold start phase, a stabilized phase and a 

hot start phase. At the end of the stabilized phase, the vehicle is turned off for 600 

seconds in order to prepare for the hot start phase. The cycle covers a total distance of 

11.04 miles with an average speed of 21.2 mph [11]. The speed profile of the FTP 

cycle is shown in Figure 3-2a. 
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Figure 3-2a. Speed profile of the FTP driving cycle [11] 

 The California Unified Cycle (UC) is a dynamometer driving schedule for 

light-duty vehicles developed by the California Air Resources Board (CARB). The 

whole driving cycle has a three-phase structure similar to the FTP. The cycle consists 

of a cold start phase, a stabilized phase and a hot start phase. At the end of the 

stabilized phase, the vehicle is turned off for 600 seconds in order to prepare for the 

hot start phase. The cycle covers a total distance of 11.0 miles with an average speed 

of 24.6 mph. It is more aggressive since it has higher acceleration rates, shorter stop 

periods and a higher average drive speed [11]. The speed profile of the UC cycle is 

shown in Figure 3-2b. 

 

Figure 3-2b. Speed profile of the UC driving cycle [11] 

FTP 

UC 
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Experimental Set-up 

There are a total of four vehicles tested using the UCPC, SMPS, EEPS and 

f-SMPS. The vehicles can be categorized into two different groups. The first group 

includes a 2012 Model Year Mazda 3 and a 2012 Model Year Mercedes Benz E350. 

These two vehicles were tested based on six different types of fuels. The fuels 

consists of E10 (10% ethanol, 90% gasoline), E15, E20, B16 (16% butanol, 84% 

gasoline), B24 and B32. Each fuel was tested three times for each driving cycle to 

give three different trials, which adds up to a total of 36 (18 FTP runs and 18 UC runs) 

data files for each vehicle and each instrument. The second group consists of a 2013 

Model Year Ford F150 and a 2014 Model Year Chevy Silverado. The fuels used for 

the second set of vehicles consist of E10, E51, E83 and B55. These were also tested 

three times per driving cycle to give three different trials that add up to a total of 24 

data files for each vehicle and each instrument. 
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Chapter 4  Results and discussion 

Analysis of alcohol fuels from the 2012 Model Year Mazda 3 

EEPS data 

 The results for the 2012 Model Year Mazda 3 EEPS data were plotted in two 

separate figures. Figure 4-1a was plotted based on the average of all tests over the 

FTP driving cycle. The error bars represent the standard deviation for the average of 

each fuel. A total of six different fuel blends were tested to give six different average 

data plots. In the figure, the x-axis represents the particle size and the y-axis 

represents the average particle number. The data were displayed in a log scale so that 

it is easier to see the particle size distribution. Comparing the three ethanol blends, the 

results show that E10 has the highest particle number. The concentration of E15 is 

lower than E10 and E20 has the lowest particle number. This was due to the fact that 

E10 has the highest aromatic content and lowest oxygen content. When more ethanol 

is blended into gasoline, the aromatic content becomes lower and oxygen content 

becomes higher. This results a higher combustion efficiency, which means that the 

engine is able to extract more mechanical energy from a given mass of air-fuel 

mixture. This allows combustion temperature to be reached with less fuel required 

and result in a higher efficiency. Since less fuel was burned, less engine exhaust 

would be produced and thus the particle number becomes lower. 

This should also be true for the butanol blends; however, the results for B16 tend 

to not follow the theory. The chemical composition in B16 is similar to E10, which 

means that they should have a similar result. It does not make sense that B16 has the 

lowest particle number. Theoretically, the particle number of B16 should be similar to 



19 

E10. The results for B24 and B32 make more sense. B24 has a particle number higher 

than B32, since more butanol blended into gasoline increases the combustion 

efficiency. The results also showed that most of the particles lie under the range from 

50 nm to 70 nm in diameter. 

 

Figure 4-1a. Particle size distribution and average particle number for all fuels from the 2012 

MY Mazda 3 over the FTP. The error bars represent the standard deviation for the average of 

each fuel. 

 Figure 4-1b was plotted based on the average of all tests over the UC. The same 

fuels were tested to give six different sets of data. The results showed that in the 

ethanol blends, E10 has the highest particle number followed by E15 then E20. In the 

butanol blends, B16 has the highest particle number followed by B24 then B32. 

Although B16 has similar chemical compositions to E10, the results do not correlate. 

E10 has a significant larger amount of particles emitted from the engine exhaust. The 

overall particle counts in the UC are higher than the FTP cycle because the UC is 

more aggressive having higher accelerations, shorter stopping periods and higher 
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average driving speed. Majority of the particles also lie under the range from 50 nm to 

70 nm in diameter. 

 

Figure 4-1b. Particle size distribution and average particle number for all fuels from the 2012 

MY Mazda 3 over the UC. The error bars represent the standard deviation for the average of 

each fuel. 

Analysis of alcohol fuels from the 2012 Model Year Mercedes 

Benz E350 EEPS data 

 Different than the Mazda 3, which employs a Wall Guided Gasoline Direct 

Injection engine (WG-GDI), the 2012 Model Year Mercedes Benz E350 uses a Spray 

Guided Gasoline Direct Injection engine (SG-GDI) [1]. Currently the vast majority of 

gasoline direct injection vehicles in the United States market employ WG-GDI 

engines, in which the fuel spray is directed from a side-mounted fuel injector towards 

a contoured piston and then upward towards the spray plug. For the SG-GDI engines, 

the fuel injector and spark plug electrodes are closely spaced in the center of the 

chamber. The fuel injector configures the fuel spray such that it does not contact the 
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cylinder wall. This reduces the incidence of fuel wall wetting, improves fuel mixing 

and reduces soot emissions [2, 3, 4]. 

 Figure 4-2a was plotted based on the average of all tests over the FTP. Like the 

Mazda 3, the same ethanol and butanol blends were tested to give six different sets of 

data. Although the peak of E15 is higher than E10, the overall particle number of E10 

(2888/cm
3
) is still higher than E15 (2789/cm

3
). E20 has the lowest particle number 

compared to E10 and E15. For the butanol blends, B16 has the highest particle 

number followed by B24 then B32. Compared the results to the Mazda 3 FTP results, 

the particle number for each fuel blend has significantly decreased due to the use of 

the SG-GDI engine. Most of the particles lie under the range from 30 nm to 60 nm in 

diameter. 

 

Figure 4-2a. Particle size distribution and average particle number for all fuels from the 2012 

MY Mercedes Benz E350 over the FTP. The error bars represent the standard deviation for 

the average of each fuel. 

 Figure 4-2b was plotted based on the average of all tests over the UC. The same 

fuels were tested to give six different sets of data. Based on the results, E10 has the 
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most particle number followed by E15 then E20. For the butanol blends, B16 has the 

highest particle number followed by B24 then B32. Overall, the particle counts in the 

UC are higher than the FTP cycle because the UC is more aggressive having higher 

accelerations, shorter stopping periods and higher average driving speed. Comparing 

the results to the Mazda 3 UC results, the particle number for each fuel is significantly 

lower due to the use of the SG-GDI engine. Most of the particles also lie under the 

range from 30 nm to 60 nm in diameter. 

 

Figure 4-2b. Particle size distribution and average particle number for all fuels from the 2012 

MY Mercedes Benz E350 over the UC. The error bars represent the standard deviation for the 

average of each fuel. 

Analysis of alcohol fuels from the 2013 Model Year Ford F150 

EEPS data 

The fuel tested for the 2013 Model Year Ford F150 is a little different compared 

to the previous two vehicles. Only four different fuel blends were tested due to the 

fact that the Ford F150 is a Flux Fuel Vehicle (FFV). The vehicle was fitted with a 

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

1 10 100 1000A
v
er

a
g
e 

C
o
n

ce
n

tr
a
ti

o
n

 (
#
/c

c)
 

Particle Size (nm) 

UC 

E10

E15

E20

B16

B24

B32



23 

Port Fuel Injection (PFI) engine and was designed for operation on E0, E10 and E85. 

A conventional vehicle cannot operate on E85 or midlevel ethanol blends, unless it is 

designed with midlevel blend capability. FFVs have historically been designed to use 

higher levels of alcohol fuels in gasoline. The main difference between conventional 

vehicles and FFVs includes a fuel sensor that automatically detects the ethanol versus 

gasoline ratio. This input adjusts the vehicle’s fuel injection and ignition timing to 

compensate for the different fuel mixtures. Other differences include different fuel 

system plastics, elastomers and a different engine calibration [5]. PFI engines also 

have significant lower particle emissions due to the fact that the fuels were all 

vaporized in a port tube before injection. This allows the fuel to be burn completely, 

thus increases the combustion efficiency [6]. 

The four fuels that were tested are the E10 (10% ethanol, 90% gasoline), E51, 

E83 and B55 (55% butanol, 45% gasoline). Figure 4-3a showed that E10 has the 

highest particle number followed by E51 and E83. B55 has the lowest particle number 

among the four. This was due to the fact that E10 has the highest aromatic content and 

lowest oxygen content. Fuel E83 has the lowest aromatic content and highest oxygen 

content. Previous studies, such as publications by Wallner et al (2010) [7] and He et al 

(2010) [8] showed that the fuel-bound oxygen in ethanol suppresses soot formation 

and thus lowers accumulation mode particles. Aromatics also play a big role in soot 

formation. From the figure, most of the particles lie under the range from 30 nm to 

about 60 nm in diameter. 
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Figure 4-3a. Particle size distribution and average particle number for all fuels from the 2013 

MY Ford F150 over the FTP. The error bars represent the standard deviation for the average 

of each fuel. 

 Figure 4-3b was plotted based on the average of all tests over the UC. The same 

fuels were tested to give four different sets of data. Based on the results, E10 has the 

highest particle number followed by E51 then E83. B55 has the lowest particle 

number among the four. Overall, the particle number in the UC is higher than the FTP 

cycle because the UC is more aggressive having higher accelerations, shorter stopping 

periods and higher average driving speed. Majority of the particles also lie under the 

range from 30 nm to about 60 nm in diameter; however, this was not true for E10. 

Most of the particles from the results of fuel E10 have a diameter of about 100 nm. 
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Figure 4-3b. Particle size distribution and average particle number for all fuels from the 2013 

MY Ford F150 over the UC. The error bars represent the standard deviation for the average of 

each fuel. 

Analysis of alcohol fuels from the 2014 Model Year Chevy 

Silverado EEPS data 

The 2014 Model Year Chevy Silverado was tested based on the same four fuels 

as the Ford F150. It is also a FFV. The difference is that the engine in the Chevy 

Silverado is a GDI engine instead of a PFI engine. From both FTP and UC, the data 

showed that the average particle counts emitted through the GDI engine is about 10 

times higher than the PFI engine. This result was as expected and can be ascribed to 

the better mixture preparation of PFI engines compared to the GDI engines and the 

likelihood of fuel impingement onto the piston for the GDI engine. This may result in 

liquid fuel that is not totally vaporized at the start of the combustion. Pool fires can 

occur near the piston and generate high particle emissions [8]. 

In Figure 4-4a, the results were plotted based on the average of all tests over the 

FTP. The results showed that E10 has the highest particle number followed by E51 
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then E83. B82 has a particle number in between E10 and E51. Majority of the 

particles lie under the range from 30 nm to about 60 nm in diameter; however, most 

of the particles from the results of fuel E10 has a diameter size of about 100 nm. 

 

Figure 4-4a. Particle size distribution and average particle number for all fuels from the 2014 

MY Chevy Silverado over the FTP. The error bars represent the standard deviation for the 

average of each fuel. 

Figure 4-4b was plotted based on the average of all tests over the UC. The same 

fuels were tested to give four different sets of data. Based on the results, E10 has the 

highest particle number followed by E51 then E83. B55 has a particle number in 

between E10 and E51. Overall, the particle counts in the UC are higher than the FTP 

cycle because the UC is more aggressive having higher accelerations, shorter stopping 

periods and higher average driving speed. Majority of the particles also lie under the 

range from 30 nm to about 60 nm in diameter; however, this was not true for E10. 

Most of the particles from the results of fuel E10 have a diameter of about 80 nm. 

-5000

0

5000

10000

15000

20000

25000

30000

1 10 100 1000A
v
er

a
g
e 

C
o
n

ce
n

tr
a
ti

o
n

 (
#
/c

c)
 

Particle Size (nm) 

FTP 

E10

E51

E83

B55



27 

 

Figure 4-4b. Particle size distribution and total particle number for all fuels from the 2014 

MY Chevy Silverado over the UC. The error bars represent the standard deviation for the 

average of each fuel. 

Correlation between EEPS and UCPC based on total particle 

number from the 2012 Model Year Mazda 3 data 

 Figure 4-5a includes a total of 12 sets of data. The 6 figures on the left represent 

the comparison of the total particle number measured by the EEPS spectrometer and 

the UCPC over the FTP driving cycle, whereas the 6 figures on the right shows the 

regression fit of the EEPS versus the UCPC over the same driving cycle. On average, 

the EEPS gave about 30% higher particle counts than the UCPC. The higher values 

measured by the EEPS compared to the UCPC were also observed in the literature 

published by Johnson et al. (2013) [9]. This was different from the report by ACEA 

(1999) [10], which showed an opposite trend observing that the UCPC counts higher 

than the EEPS. However, the results from the literatures above were all measured 

based on a diesel engine truck, which was different from the light-duty gasoline 

vehicles in this thesis. There were also articles published by Zervas et al. (2004, 2005, 
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2006) indicating that the EEPS counts higher than the UCPC when the concentration 

of the engine exhaust is very high and UCPC counts higher when the concentration is 

very low [11, 12, 13] for light-duty gasoline vehicles. 

The best fit y = ax + b line was determined for the instruments and plotted in the 

figures on the right. The upper-right portion of the data points correlates well for both 

instruments. This was obvious for fuels E10, E15, B24 and B32 having a R
2
 value 

higher than 0.90, which the data points were on or very close to the line y = x. This 

could be explained by the figures on the left. The concentration of engine exhaust is 

always very high in the cold start phase, which is the first 505 seconds of the FTP 

cycle. In this phase, the vehicle has not been turned on for the past 8 hours, leaving 

the catalyst temperature to be below the light-off temperature. When the concentration 

of the engine exhaust is higher, the instruments tend to correlate better. The spikes in 

the figure correspond to emission changes while the vehicle is accelerating or 

stepping on break. 

During the stabilized phase and hot start phase of the FTP cycle, the vehicle has 

been turned on for more than 10 minutes, having the temperature of the catalyst high 

enough to go through reaction to reduce vehicle emissions. The results showed that 

the sensitivity of the EEPS becomes lower when the particle counts decrease. This 

could be observed by looking at the stabilized phase and hot start phase of the data in 

the left figures. The EEPS tends to count higher than the UCPC during these two 

phases. The figures on the right also showed that the lower-left portion of the data 

points were not close to the y = x line for both instruments. This was shown especially 

on fuels E20 and B16. When the concentrations are low, the correlation between the 

two instruments tends to decrease, having a R
2
 value lower than 0.90. 



29 

There were also 12 sets of data shown in Figure 4-5b. When looking at the 

figures on the right, the upper-right portion of the data points correlates well for both 

instruments. This is shown in fuels E10, E15, E20 and B24 with a R
2
 value higher 

than 0.88. Just like the FTP cycle, the UC also have three driving phases. The 

concentration of engine exhaust is very high during the cold start phase. The 

difference is that the cold phase of the UC only last for 300 seconds and the average 

driving speed is lower. 

Overall the R
2
 values for the UC are lower than the FTP. The UC had an average 

R
2
 value of 0.80 from all fuels and was lower than the average R

2
 value of 0.90 of the 

FTP. This was due to the fact that fuels B16 and B32 did not correlate well, having a 

R
2
 value of 0.72 and 0.48. The figures on the right also showed that the lower-left 

portion of the data points were not close to the y = x line for both instruments. This 

indicates again that the instruments are not capable of correlating data with low 

particle concentrations. 
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Figure 4-5a. Comparison between the EEPS and the UCPC data for the 2012 MY Mazda 3. 

The figures on the left represent the total particle counts over the FTP cycle. The figures on 

the right show the regression fit comparison between the two instruments. 
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Figure 4-5b. Comparison between the EEPS and the UCPC data for the 2012 MY Mazda 3. 

The figures on the left represent the total particle counts over the UC. The figures on the right 

show the regression fit comparison between the two instruments. 
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Correlation between EEPS and UCPC based on total particle 

number from the 2012 Model Year Mercedes Benz E350 data 

 The 2012 Model Year Mercedes Benz E350 was the second vehicle tested. It was 

tested to see if the instruments correlation while having almost 50% lower 

concentration in engine exhausts compared to the Mazda 3. The complete summary of 

concentration, slope and R
2
 values for each fuel and each vehicle are listed on page 41 

of the thesis (Table 4-1 and Table 4-2). The driving cycles were the same and so were 

the ethanol and butanol blends used for vehicle emissions testing. 

Figure 4-6a showed a total of 12 sets of data. The 6 figures on the left represent 

the comparison of the total particle number measured by the EEPS and the UCPC 

over the FTP driving cycle, whereas the 6 figures on the right shows the regression fit 

of the EEPS versus the UCPC over the same driving cycle. The results show that fuels 

E15, E20, B16, B24 and B32 correlates well, having a R
2
 values higher than 0.90. The 

only fuel blend that was having a slightly lower R
2
 value of 0.82 was fuel E10. Since 

the driving cycles are the same, the results follow the same trend observed in the 

previous vehicle discussion, which the upper-right portion of the data points correlates 

well for both instruments shown in the figures to the right. 

 In Figure 4-6b, the similar 12 figures were plotted based on the results of the UC. 

Fuels E20, B24 and B32 had R
2
 values higher than 0.90, whereas fuels E10, E15 and 

B16 had average R
2
 values of about 0.85. The results indicated that although the 

SG-GDI engine from the Mercedes Benz E350 generates 50% lower engine exhaust 

concentrations, the EEPS was still capable of detecting the particles and compare well 

with the UCPC. 
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Figure 4-6a. Comparison between the EEPS and the UCPC data for the 2012 MY Mercedes 

Benz E350. The figures on the left represent the total particle counts over the FTP cycle. The 

figures on the right show the regression fit comparison between the two instruments. 
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Figure 4-6b. Comparison between the EEPS and the UCPC data for the 2012 MY Mercedes 

Benz E350. The figures on the left represent the total particle counts over the UC. The figures 

on the right show the regression fit comparison between the two instruments. 
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Correlation between EEPS and UCPC based on total particle 

number from the 2013 Model Year Ford F150 data 

 Different than the Mazda 3 and the Mercedes Benz E350, the 2013 Model Year 

Ford F150 is a FFV. The FFV engine can take ethanol and butanol blends up to as 

high as 85%. Because of the high alcohol content in the fuels, the concentration of the 

engine exhaust would be significantly lower than the normal GDI engines. From 

Table 4-1 and Table 4-2, the average particle counts emitted from the Ford F150 

engine was only about 10% of what the Mazda engine have emit. 

In Figure 4-7a, a total of 8 sets of data were plotted. They were plotted based on 

the fuels E10, E51, E83 and B55 over the FTP and UC driving cycle. The 4 figures on 

the left represent the comparison of the total particle number measured by the EEPS 

and the UCPC over the FTP, whereas the 4 figures on the right shows the regression 

fit of the EEPS versus the UCPC over the same driving cycle. The figures on the left 

showed that the UCPC counts higher than the EEPS during the cold start phase. From 

the figures to the right, it was shown that besides fuel E10 having a R
2
 value of 0.85, 

E51, E83 and B52 did not have a good correlation. Their average R
2
 value was about 

0.70 and the data points were not close to the y = x line. 

The only data that correlates well for both instruments was fuel E51 in the UC. 

Its R
2
 value was 0.87 and most data point were on the y = x line shown in the right 

side of Figure 4-7b. Fuels E10, E83 and B55 had average R
2
 value of about 0.60 and 

the only data points on the y = x line were the high concentration particles from the 

cold start phase. 
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Figure 4-7a. Comparison between the EEPS and the UCPC data for the 2013 MY Ford F150. 

The figures on the left represent the total particle counts over the FTP cycle. The figures on 

the right show the regression fit comparison between the two instruments. 
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Figure 4-7b. Comparison between the EEPS and the UCPC data for the 2013 MY Ford F150. 

The figures on the left represent the total particle counts over the UC. The figures on the right 

show the regression fit comparison between the two instruments. 
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Correlation between EEPS and UCPC based on total particle 

number from the 2014 Model Year Chevy Silverado data 

 The 2014 Model Year Chevy Silverado was the last vehicle tested. It was also a 

FFV. The fuel blends tested for the Chevy Silverado were the same four fuels as the 

ones for the Ford F150. They were tested over the FTP and UC driving cycle. From 

Table 4-1 and Table 4-2, the average particle counts emitted from the Chevy 

Silverado is 10 times higher than what the Ford F150 had emitted. 

In Figure 4-8a, a total of 8 figures were presented. The 4 figures on the right 

were plotted based on the regression fit of the EEPS versus the UCPC over the FTP, 

whereas the 4 figures on the left represent the comparison of the total particle number 

measured by the EEPS and the UCPC over the same cycle. It was observed from the 

left figures that the EEPS always counts higher than the UCPC. The EEPS tends to do 

a better job on counting particles when the concentration is high. By looking at the 

right figures, the average R
2
 value for fuels E51, E83 and B55 was about 0.83. The 

only data that did not correlate well was the E10, having a R
2
 value of 0.64. 

Figure 4-8b had 8 similar figures. They were plotted based on the same four 

fuels over the UC driving cycle. For all fuels, the EEPS was counting higher than the 

UCPC observed in the left figures. The instruments also did a great job on data 

correlation. From the right figures, the average R
2
 value for the fuels was about 0.83. 

Majority of the data points were on the y = x line, especially the data points from the 

cold start phase. 
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Figure 4-8a. Comparison between the EEPS and the UCPC data for the 2014 MY Chevy 

Silverado. The figures on the left represent the total particle counts over the FTP cycle. The 

figures on the right show the regression fit comparison between the two instruments. 
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Figure 4-8b. Comparison between the EEPS and the UCPC data for the 2014 MY Chevy 

Silverado. The figures on the left represent the total particle counts over the UC. The figures 

on the right show the regression fit comparison between the two instruments. 
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Table 4-1 and Table 4-2 was constructed to list the average particle counts, 

slopes, and R
2
 values from the fuels tested for all vehicles over the FTP and UC 

driving cycle. It was observed that when comparing the results from the same fuel 

from the same vehicle, the higher concentration would result a higher R
2
 value. For 

example, fuel E10 from the Mazda 3 over the FTP cycle had an average particle count 

of 154323/cm
3
, whereas the UC had 143543/cm

3
. Comparing these two results, the 

FTP gave higher R
2
 value based on higher concentration. When looking at the results 

from the Ford F150, the average particle counts were significantly lower than the 

other vehicles. The low concentrations lead to a poor correlation between the two 

instruments, which can conclude that the instruments tend to give better data 

correlation when the concentrations are high. 

Table 4-1. Summary of the average particle counts, regression slope and R
2
 values for all 

vehicles from the FTP cycle results. 

 

Table 4-2. Summary of the average particle counts, regression slope and R2 values for all 

vehicles from the UC results. 

 

FTP

Avg Particle Count Slope (R
2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
)

E10 154323 1.3085 (0.96) 72621 1.6695 (0.82) 13567 0.6202 (0.85) 92048 1.2715 (0.64)

E15 137491 1.1451 (0.96) 73305 1.3049 (0.92) N/A N/A N/A N/A

E20 41874 0.7108 (0.72) 58902 1.1225 (0.93) N/A N/A N/A N/A

E51 N/A N/A N/A N/A 7047 0.2083 (0.43) 82994 1.5587 (0.82)

E83 N/A N/A N/A N/A 9854 0.3342 (0.72) 46421 1.0758 (0.81)

B16 76175 0.5382 (0.86) 70604 1.1728 (0.92) N/A N/A N/A N/A

B24 119361 1.4264 (0.97) 65826 0.9215 (0.94) N/A N/A N/A N/A

B32 59737 1.3446 (0.92) 47193 0.6789 (0.91) N/A N/A N/A N/A

B55 N/A N/A N/A N/A 5957 0.2131 (0.71) 76687 1.5905 (0.85)

Vehicles

Mazda 3 Mercedes E350 Ford F150 Chevy Silverado

UC

Avg Particle Count Slope (R
2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
)

E10 143543 1.3718 (0.89) 67620 1.1537 (0.80) 16568 0.4250 (0.61) 118798 1.5368 (0.85)

E15 132642 1.2135 (0.95) 68757 1.1307 (0.87) N/A N/A N/A N/A

E20 58246 1.0011 (0.89) 58304 0.9198 (0.90) N/A N/A N/A N/A

E51 N/A N/A N/A N/A 11294 1.7350 (0.87) 79280 1.3300 (0.80)

E83 N/A N/A N/A N/A 8876 0.6149 (0.70) 39520 0.8815 (0.76)

B16 107891 0.9598 (0.72) 64542 1.1724 (0.83) N/A N/A N/A N/A

B24 73815 0.5623 (0.90) 69046 1.1923 (0.90) N/A N/A N/A N/A

B32 35522 1.2916 (0.48) 48601 0.9206 (0.91) N/A N/A N/A N/A

B55 N/A N/A N/A N/A 11600 0.9216 (0.54) 91258 1.2105 (0.86)

Vehicles

Mazda 3 Mercedes E350 Ford F150 Chevy Silverado
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In addition, Figure 4-9 was plotted based on the data from all fuels from all 

vehicles. It was observed that as the average concentration increases, R
2
 values also 

increases and thus, result a better correlation between the EEPS and the UCPC. 

 

Figure 4-9. Comparison between the EEPS and UCPC for all fuel data from all vehicles 

Correlation between EEPS and UCPC based on total particle 

number for steady state conditions 

 The steady state tests were performed to see whether the EEPS and the UCPC 

correlate each other for high and steady driving speeds. The vehicles and fuels tested 

were the same. The only difference was that time only allowed one single run to test 

each fuel from each vehicle. During the steady state runs, the vehicle would first 

speed up to 70 mph and retain this speed for 10 minutes. The vehicle then decelerates 

to 50 mph and retains the speed for another 10 minutes followed by 30 mph for 10 

minutes. A total of 30 minutes of data was collected for each run and plotted in 

Figures 4-10 (a-d). 
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The left hand side figures represents the comparison of the total particle number 

measured by the EEPS and the UCPC for steady state conditions, whereas the right 

hand side figures showed the regression fit of the EEPS versus the UCPC. By looking 

at the figures on the left, it was observed that the concentration of engine exhaust was 

the highest during the first 600 seconds, which was when the vehicle was running at 

70 mph. The concentration then decreases as speed decreases. The figures on the right 

showed that majority of the data points were on the y = x line only when 

concentrations are high, which was when the vehicles is running at 70 mph. 
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E10   

E15   

E20   

B24   

B32   

Figure 4-10a. Comparison between the EEPS and the UCPC data for the 2012 MY Mazda 3. 

The figures on the left represent the steady state total particle counts. The figures on the right 

show the regression fit comparison between the two instruments. No data for B16. 
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E10   

E15   

E20   

B16   

B24   

B32   

Figure 4-10b. Comparison between the EEPS and the UCPC data for the 2012 MY Mercedes 

Benz E350. The figures on the left represent the steady state total particle counts. The figures 

on the right show the regression fit comparison between the two instruments. 
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E10   

E51   

E83   

B55   

Figure 4-10c. Comparison between the EEPS and the UCPC data for the 2013 MY Ford F150. 

The figures on the left represent the steady state total particle counts. The figures on the right 

show the regression fit comparison between the two instruments. 
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E10   

E51   

B55   

Figure 4-10d. Comparison between the EEPS and the UCPC data for the 2014 MY Chevy 

Silverado. The figures on the left represent the steady state total particle counts. The figures 

on the right show the regression fit comparison between the two instruments. No data for E83. 

In addition to the figures, Table 4-3 was constructed to list the average particle 

counts, slopes, and R
2
 values from the results for all vehicles. The results from the 

Mazda 3 showed that both instruments correlate well with an average R
2
 value of 0.85. 

The remaining three vehicles all did a poor job on data correlation between the EEPS 

and the UCPC. The average R
2
 value for the Mercedes Benz E350, Ford F150 and 

Chevy Silverado were 0.48, 0.60 and 0.43 respectively. It was observed that the two 

instruments only correlate well when the concentrations are high. For example, the 

concentration of fuel E15 and E20 from the Mercedes Benz E350 were 10 times 

higher than the remaining fuels and their R
2
 values were 10 times greater as well. 
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Table 4-3. Summary of the average particle counts, regression slope and R2 values for all 

vehicles from the steady state results. 

 

By using the data from Table 4-3, Figure 4-11 was plotted to determine the 

relationship between average particle concentration and R
2
 values. From the figure, 

steady state data showed worse agreement compared to the FTP and UC cycles. 

 

Figure 4-11. EEPS and UCPC correlation based on steady state particle concentration data 

 

 

 

SS

Avg Particle Count Slope (R
2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
) Avg Particle Count Slope (R

2
)

E10 92984 1.0731 (0.95) 4430 1.0294 (0.07) 99293 0.4401 (0.20) 118101 0.3396 (0.19)

E15 413601 0.9789 (0.89) 65933 1.0656 (0.58) N/A N/A N/A N/A

E20 276313 1.0061 (0.56) 36886 0.3484 (0.61) N/A N/A N/A N/A

E51 N/A N/A N/A N/A 784750 0.8885 (0.89) 718097 1.6223 (0.68)

E83 N/A N/A N/A N/A 652006 0.9743 (0.39) N/A N/A

B16 N/A N/A 4767 2.1831 (0.01) N/A N/A N/A N/A

B24 262960 0.4513 (0.84) 3217 1.0502 (0.15) N/A N/A N/A N/A

B32 59625 1.1521 (0.99) 10712 0.5768 (0.01) N/A N/A N/A N/A

B55 N/A N/A N/A N/A 1213619 1.0917 (0.91) 334237 0.2584 (0.40)

Mazda 3 Mercedes E350 Ford F150 Chevy Silverado
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Correlation between EEPS and SMPS based on particle size 

distribution from the 2012 Model Year Mazda 3 data 

 In the previous section, the results have shown that the UCPC and EEPS 

correlate well based on total particle number. The down side was that the UCPC does 

not have the ability to measure particle size distributions. Therefore, the study needed 

another instrument to do this job. The instrument used was the SMPS. For a single 

scan, it is capable to measure particle size distributions ranging from 7 nm to 289 nm. 

Compared to the EEPS, the EEPS has a wider range covering the entire range of 

interest for engine exhaust particles. It ranges from 6 nm to 560 nm. 

 In Figure 4-12, 12 sets of data were plotted for the 2012 Model Year Mazda 3. 

These results were based on the average of three measurements conducted for each 

fuel. The 6 figures on the left represent the comparison of size distribution of the 

SMPS and the EEPS over the FTP cycle, whereas the figures on the right were over 

the UC. The results followed the theory indicated in the papers published by Johnson 

et al (2003) [9] and Zimmerman et al (2014) [14], which they both stated that for 

smaller particles (< 25 nm), the SMPS data showed lower concentration due to 

diffusion losses and for larger particles (> 100 nm), the SMPS data showed higher 

concentration. The only results that did not follow this trend were the results for B24 

under the FTP cycle and B32 under the UC. The methodology of data analysis used in 

this thesis was a little different compared to the studies conducted from the past. For 

both the SMPS data and the EEPS data, the concentration was divided by the 

maximum so that their peak overlaps. While doing so, the shape of the graphs would 

be much easier to visualize for the particle size distribution comparisons. 
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E10   

E15   

E20   

B16   

B24   

B32   

Figure 4-12. Comparison between the EEPS and the SMPS data for the 2012 MY Mazda 3. 

The figures on the left represent the particle size distribution over the FTP cycle and UC on 

the right. The error bars represent the standard deviation of the average of each fuel. 



51 

Correlation between EEPS, SMPS and f-SMPS on particle size 

distribution from the 2012 Model Year Mercedes Benz E350 data 

 The 2012 Model Year Mercedes Benz E350 was the only vehicle that has 

f-SMPS data. It has the data for fuel E10, E15, B16 and B24. The particle size 

distribution for the f-SMPS ranges from 7 nm to 180 nm. In the paper published by 

Cocker (2005), [15] their results showed that for particles in the range of 25 nm to 

100 nm, the f-SMPS data would be identical to the data of the SMPS for light-duty 

vehicles. By looking at Figure 4-13, this was true for all the results except for fuel 

E15 and B24 over the FTP cycle. 

In the paper published by Zimmerman et al (2014), [9] their f-SMPS data were 

identical to the EEPS data for particles in the range of 25 nm to 100 nm for 

heavy-duty vehicles. Although the vehicles tested in this thesis were all light-duty 

vehicles, the results of each fuel under both FTP and UC still followed the same trend. 

The shape of the graphs of the f-SMPS looks identical to the shape of the EEPS for 

particles ranging from 25 nm to 100 nm. For particles under and above this range, 

there was no correlation. 

When comparing the particle size distribution for only the EEPS and the SMPS, 

the results followed the same trend just like the Mazda 3 results, which for smaller 

particles (< 25 nm), the SMPS data showed lower concentration due to diffusion loss, 

and for larger particles (> 100 nm), the SMPS data showed higher concentration. For 

particles that ranged from 25 nm to 100 nm, the shape of the graphs was identical, 

except for the results of fuel E15 over the FTP and fuel B32 over the UC. 
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E15   

E20   

B16   

B24   

B32   

Figure 4-13. Comparison between the EEPS, SMPS and f-SMPS data for the 2012 MY Mercedes Benz 

E350. The figures on the left represent the particle size distribution over the FTP cycle and UC on the 

right. The f-SMPS does not have data for fuel E20 and B32. The error bars represent the standard 

deviation of the average of each fuel. 
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Correlation between EEPS and SMPS based on particle size 

distribution from the 2013 Model Year Ford F150 data 

 For the 2013 Model Year Ford F150, the fuels tested were E10, E51, E83 and 

B52. This was different from the fuels tested for the Mazda 3 and Mercedes Benz 

E350. Since the Ford F150 is a FFV, its engine can take ethanol and butanol blends up 

to 85%. 

In Figure 4-14, a total of 8 sets of data were plotted. The 4 figures on the left 

represent data over the FTP, whereas the 4 figures on the right represent data over the 

UC. Overall the shape of the graphs looked very different compared to the Mazda 3, 

Mercedes Benz E350, and even the Chevy Silverado results. The peak of the graphs 

was held around 10 nm instead of 50 nm. However, the response of the EEPS and the 

SMPS were very similar. They both have identical shape of graphs, especially for 

particles sizes between 25 nm to 100 nm. For the results of fuel E10 and B55 over the 

UC, the graphs looked nearly identical. In general, the SMPS concentration seemed to 

be lower than the EEPS, especially for smaller particles (< 25 nm). 
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E10   

E51   

E83   

B55   

Figure 4-14. Comparison between the EEPS and the SMPS data for the 2014 MY Ford F150. 

The figures on the left represent the particle size distribution over the FTP cycle and UC on 

the right. The error bars represent the standard deviation of the average of each fuel. 
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Correlation between EEPS and SMPS based on particle size 

distribution from the 2014 Model Year Chevy Silverado data 

 The 2014 Model Year Chevy Silverado was another FFV tested based on high 

ethanol and butanol content fuels. The fuels used were the same as the ones used for 

the Ford F150. The difference is that the Chevy Silverado runs with a GDI engine and 

the Ford F150 runs with a PFI engine. By looking at the results in Figure 4-15, the 

shape of the graphs looks identical to the graphs from the Mazda 3 and the Mercedes 

Benz E350. They all have a peak around 50 nm. This was probably due to the fact that 

both the Mazda 3 and the Mercedes Benz E350 runs with a GDI engine as well. 

 From the figures, the SMPS data were having lower concentration for particles 

smaller than 25 nm and higher concentration for particles larger than 100 nm 

compared to the EEPS data. The two instruments correlated the best under the range 

with particle sizes between 25 nm and 100 nm. The shape of the graphs was nearly 

identical for all the results from each fuel under this particular size range. 
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E10   

E51   

E83   

B55   

Figure 4-15. Comparison between the EEPS and the SMPS data for the 2014 MY Chevy 

Silverado. The figures on the left represent the particle size distribution over the FTP cycle 

and UC on the right. The error bars represent the standard deviation of the average of each 

fuel. 
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Correlation between EEPS and SMPS based on particle size 

distribution for steady state conditions 

In addition to the FTP and UC, the steady state driving cycle was performed to 

see whether the particle size distribution correlates well for the EEPS and the SMPS 

under high and steady drive speeds. For each vehicle, there was only time to perform 

one single run for each fuel. In Figure 4-16a, the SMPS data showed lower 

concentration for particles (< 25 nm), and for larger particles (> 100 nm), the SMPS 

data showed higher concentration. For particles ranging from 25 nm to 100 nm, the 

SMPS data showed higher concentration, except for the results of E10. This was 

different from the results of the FTP and UC. The results for the FTP and UC 

correlated well for both the EEPS and the SMPS in this range. In Figure 4-16b, the 

only data that showed correlation for all three instruments was the results of fuel E10. 

The shape of the graphs looks nearly identical for particles in the range of 25 nm to 

100 nm. The results in Figure 4-16c did not make much sense, since the peak of the 

graph should be in the range of 25 nm to 100 nm. This is also true for the results in 

Figure 4-16d. 
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E10  

E15  

E20  

B24  

B32  

Figure 4-16a. Comparison between the EEPS and the SMPS data for the 2012 MY Mazda 3. 

The figures represent the particle size distribution over steady state conditions. There is no 

data for fuel B16. Since only one run was tested for each fuel, error bars were unable to be 

determined. 
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B16  
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B32  

Figure 4-16b. Comparison between the EEPS and the SMPS data for the 2012 MY Mercedes 

Benz E350. The figures represent the particle size distribution over steady state conditions. 

There are no data for fuel E20 and B32 for the f-SMPS. 
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E10  E51  

E83  B55  

Figure 4-16c. Comparison between the EEPS and the SMPS data for the 2013 MY Ford F150. 

The figures represent the particle size distribution over steady state conditions. 

 

E10  

E51  

B55  

Figure 4-16d. Comparison between the EEPS and the SMPS data for the 2014 MY Chevy 

Silverado. The figures represent the particle size distribution over steady state conditions. 

There is no data for fuel E83. 
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Chapter 5  Conclusion 

The purpose of this thesis was to compare particle sizing instrument technologies 

for vehicle emissions testing. Particle number and particle size distribution was 

measured using multiple particle sizing instruments to see whether the results 

correlate to each other. The 2012 Model Year Mazda 3 and 2012 Model Year 

Mercedes Benz E350 was tested based on six different fuel blends, which includes the 

E10, E15, E20, B16, B24 and B32, whereas the 2013 Model Year Ford F150 and 

2014 Model Year Chevy Silverado used the E10, E51, E83 and B55. These vehicles 

were performing emission testing under the FTP and UC driving cycle. In addition, 

steady state runs were also conducted to see whether the instruments have similar 

trends compared to the transient cycles. 

From the EEPS data analysis for fuel property comparison, the results showed that 

when more ethanol or butanol blends into gasoline, it decreases the aromatic content 

and increases oxygen content. This will eventually increase the combustion efficiency 

and reduce the total particle number from the engine emissions. The total particle 

number in the UC is generally higher than the FTP cycle because the UC is more 

aggressive having higher accelerations, shorter stopping periods and higher average 

driving speed. Overall there is no correlation between the ethanol blends and the 

butanol blends, even though some of the fuels, such as E10 and B16 have similar 

chemical compositions. 

When comparing the total particle number using the EEPS and the UCPC, the 

response of both instruments was well consistent. The figures with concentration over 

time showed that the two instruments track well together with nearly identical curves. 

The EEPS tends to count more than the UCPC due to the fact that there is a 
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background in the EEPS counting particles even when there are no particles. The 

EEPS becomes less accurate during the stabilized phase and hot start phase, where 

concentrations are much lower. This observation was also shown in the regression fit 

plots. When the concentration is high during the cold start phase, majority of the data 

points fall onto the y = x line. The data points falls off the line when the 

concentrations are low. From Table 4-1 and Table 4-2, the overall R
2
 value for all the 

vehicles under the FTP was about 0.90, whereas the UC was about 0.85. It was 

observed that higher concentration would result a higher R
2
 value. Low 

concentrations (EEPS < 10,000 particles per cm
3
) would lead to a poor correlation 

between the two instruments. In addition, steady state data showed worse agreement 

compared to the FTP and UC. 

From the particle size distribution comparisons between the EEPS, SMPS and 

f-SMPS, the vehicles with a GDI engine, which the Mazda 3, Mercedes Benz E350 

and Chevy Silverado all have similar responses for particle size distribution. The peak 

of the graphs was all help around 50 nm. In general, the SMPS data showed lower 

concentration for smaller particles (< 25 nm) and higher concentration (> 100 nm) 

compared to the EEPS data. The two instruments correlated the best for particle sizes 

from 25 nm to 100 nm having their responses to be nearly identical. This was also 

true for the f-SMPS data showed in the Mercedes Benz E350 section. The f-SMPS 

correlated well with the other two instruments in this particular size range. For the 

Ford F150, the shape of the graphs was different from the other three vehicles. This 

was due to the fact that it ran by a PFI engine instead of a GDI engine. However, the 

responses from the EEPS and the SMPS were still identical. 




