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ABSTRACT 

About 40% of air pollution is generated by vehicles and transportation. The particulate matter (PM) 

emission significantly impacts human health. Fine particles below 2.5 µm (PM2.5) can enter the lungs and 
lead to respiratory problems. These particles not only influence human health, but also reduce the 
capability of many automobile exhaust heat exchanging devices. Neutron radiography is a non-destructive 
method of analyzing carbonaceous PM.  While neutron radiography has been demonstrated for soot 
measurement in the past, the application has not considered the presence of unburned hydrocarbons, 
significant amounts of moisture nor examined complex geometrical configurations.  The purpose of this 
work is to study a reliable non-destructive testing methodology using neutron radiography for 
measurement of soot distribution in automotive components.   

A soot standard (aluminium target) was designed and manufactured as a calibration tool.  The 
standard is radiographed and used to measure the differences between various soot thickness and 
compositions.  The radiograph images are analyzed to determine a calibration curve based upon the 
composition of the materials which can then be used for analysis of the automotive components.  
Experiments are performed using a diesel engine to produce soot deposits on exhaust piping. Soot 
distribution on exhaust piping is measured using neutron radiography. 

1 INTRODUCTION  

Emerging evidence suggests that fine and ultra fine PM from diesel engines (commonly referred to 
as soot) is a major pollutant from automobiles and may be the cause of adverse acute health effects [1].  
Automotive industry governing bodies set new vehicle targets for the emission of NOx, SOx and 
particulate matter (PM).  The automotive industry has made several technological advances in PM 
reduction such as the filtration, combustion methods, and plasma suppression techniques.  Yao et al. 
used pulsed Corona surface discharges to remove NOx and diesel particulate matter [2].  Okubo et al. 
used a pulsed barrier discharge for incineration of low temperature soot [3].  Chang et al. have studied 
plasma suppression of diesel soot deposition during diesel engine operations [4].   

With the development of various techniques for treating the particulate matter from a diesel exhaust, 
there is a need to develop a method of non-destructive testing to analyze the effectiveness of the PM 
reduction technologies.  The measurement of soot distribution in an automotive component is possible 
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due to the characteristics of the soot itself.  While mostly carbon, the soot can also contain a hydrocarbon 
component [5] and measurement of either carbon or hydrocarbon can be directly related to the 
effectiveness of PM reduction capability. 

Neutron radiography is an imaging technique that is based on the difference in the attenuation 
characteristics of neutrons in various materials [6]. The neutron radiography technique has versatile 
applications in non-destructive testing and multi-phase flow studies in energy and environmental 
engineering applications. Neutron radiography is applicable to observe the dynamic behaviour of 
multiphase flow [6,7,8].  

A recent application of neutron radiography as a non-destructive testing tool has been applied to 
automobile exhaust studies where it has been used to measure the thickness of particulate matter 
deposited in various components of diesel exhaust systems as part of pollution control studies [9,10]. 
While neutron radiography has been demonstrated for soot measurement in the past, the application has 
not considered the presence of unburned hydrocarbons, significant amounts of moisture nor examined 
complex geometrical configurations. The purpose of this work is to develop a reliable non-destructive 
testing methodology using neutron radiography for measurement of soot distribution in automotive 
components.   

In this work, the measurement of soot using neutron radiography is re-examined.  A standard is 
developed for testing of various carbon and hydrocarbon loadings to develop a calibration relationship 
between the soot and the measurement.  The results from the soot calibration are used to measure the 
soot deposited from a diesel engine exhaust in an exhaust pipe.  

2 EXPERIMENTAL APPARATUS 

2.1 Neutron Radiography 

The neutron radiography measurements were performed at the Dynamic Neutron Radiography 
Facility in Beam Port #3 at the McMaster University Reactor (MNR).  The facility is described in detail in 
reference [11].  The McMaster University Reactor (MNR), is typically operated between 2.0-3.0 MWth, and 
produces a neutron flux on the order of 1x10

7
 n/cm

2
s.  The layout of the Dynamic Neutron Radiography 

Facility is found below in Figure 1.   
 

 

Figure 1: Schematic of Dynamic Neutron Radiography Facility at McMaster Nuclear Reactor Bream 
Port #3 [11] 
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Dynamic Neutron Radiography at MNR uses a video camera to capture light emission from a 
Lithium-doped Zinc-Sulphide neutron-light converter screen (scintillator) [11].  Figure 2 shows a simple 
layout for radiography camera and the neutron beam. The neutrons originate from the reactor and 
collimated by the beam port.  The neutron beam passes through a test object and neutrons are attenuated 
based on the characteristics of the target. The neutrons that pass through the target hit the scintillator, 
where the neutron input is converted to a light output. This light emission is captured in real time by a 
video camera. To minimize damage of the camera by the neutron beam, a mirror (at a 45 degree angle to 
the neutron beam located after the scintillator) redirects the light emitted to an area outside the neutron 
beam where the camera is located.  
 

 
 

Figure 2: Dynamic Neutron Radiography System used for Soot Measurement 
 
The camera’s images are captured to a computer where the image files are saved.  The images can 

then be post-processed and analyzed to determine the attenuation characteristics of the target. 
The resultant neutron radiograph image is a digital grey scale image. Each pixel contains 8 bits of 

depth which means the maximum shades of grey for a pixel is 256 (2
8
).  The grey scale digital image is 

processed by a computer code programmed in MatLab. This MatLab code reads in the digital image, 
stores the 2-D image into an array; where each number, which is between 0 to 255, represents a pixel of 
the image. For visualization, the numbers in the array are mapped to a colour scale, small variance can be 
easily visualized through colour change. 

2.2 Image Processing 

Neutron radiography measures attenuation of neutrons through a target.  Neutrons travel in a 
straight path from a source until they interact by scattering, absorption or fission processes. Certain 
elements (like Hydrogen) have relatively high attenuation capability compared to other elements (such as 
aluminium).  Neutron radiography produces an image that can be correlated to the amount of neutrons 
being attenuated through a given target, and hence the thickness of the target can be determined.  Static 
and real time neutron radiography is the measure of attenuation of neutrons (small subatomic particles 
with no charge) through a target. The intensity (I) of an incident beam of radiation (I0) at a point (x) within a 
body of material is defined by the following function (where Bu is Build Up factor and µ is linear attenuation 
coefficient): 
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While the physical relationship of neutron attenuation is governed by equation 1, the use of a 

camera digitizes the images and introduces offsets and gain factors.  Figure 5a (Page 164.8) shows a 
typical result of a digitized image from the neutron radiography system for a uniform neutron beam [11] 
with no object in the beam.  The camera produces a non-uniform intensity distribution due in part to the 
low light intensity produced from the converter screen. 

To compensate for the variance in neutron spatial intensity, it is useful to average a certain number 
of consecutive neutron radiographs to produce an image with stable neutron spatial intensity. Therefore, 
every image which is processed is the average of over 200 frames of real time radiograph images (images 
are captured at a rate of approximately 30 frames per second). 

The camera produces a spatial intensity distribution like that of a cosine shape, flattened about the 
peak. The central area of the neutron beam, within the 20 cm diameter, is quite uniform at 10

7
 neutron/cm 

s, and decreases nonlinearly towards the edge of the beam.  The neutron profile has a minimal effect on 
the spatial distribution.  The majority of the effect comes from the camera itself due to the low light 
intensities being received.  Essentially, a uniform beam produces a non-uniform intensity distribution 
which has to be corrected.  

To perform the spatial intensity correction, the neutron radiography image is corrected using a 
radiography image (also called background image) of the pure beam with no object present in the beam. 

Due to the sensitivity of the camera and environmental noise, it is not possible for the camera to 
obtain a gray scale of 0 as pure black. Therefore, a black level correction was built into the above 
algorithm to improve measurement accuracy. 

The black level is determined using a camera image of no beam (i.e. no light). The averaged pixel 
number of this image is used to determine the black level.  

It was noticed that impulse noise was presented in the images either due to camera damage or 
other noise presented during the experiment. A 3 by 3 noise reduction matrix is applied to remove impulse 
noise. The centre pixel is replaced with the median pixel in the kernel when the gray value difference is 
larger than the threshold. A value of 0% was used as the threshold.   

 

2.3 Diesel Engine Test Facility 

The diesel exhaust soot was generated using the near zero emission diesel engine exhaust test 
facility at McMaster University.  Hence, the soot discussed in the remainder of this paper is commonly 
referred to as the McMaster soot.  This facility is composed of a diesel engine and pollution control system 
connected to the exhaust gas pipe of the engine. The main exhaust gas pipe is a 44.45 mm (1 ¾”) 
diameter pipe which is split into three branches. Two branches are test branches, connected together at 
their ends, leading to a Venturi flow meter. The third branch is a by-pass, and contains a Venturi flow 
meter and an electrostatic precipitator. The three branches rejoin before a diesel particulate filter followed 
by an electrical heater and a catalytic converter. The exhaust gas, now filtered, is ejected into a fume 
hood. The Diesel Engine is a single cylinder Lombardini 15LD 350 diesel engine, set with a 5.5kW 
Lombardini generator. The load is created electrically with a variable resistance, and the fuel used is 
ordinary diesel fuel stored in a small fuel containing cylinder above the engine.  The test section can be 
removed and radiographed for soot deposition and is composed of aluminium to ensure minimal 
attenuation of the neutron beam.  
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2.4 Soot Standard 

The soot standard designed for this study is a calibration tool that holds soot of various 
compositions and thicknesses.  The standard (aluminium target) was designed to be radiographed to 
quantify and measure the differences between; 1) soot thickness; and 2) various soot and hydrocarbon 
mixtures in a neutron radiograph. The soot thickness ranged from one to six millimetres.  The standard 
was placed in a neutron beam port and imaged using a real time neutron radiography imaging system. 

The soot standard designed for this work is a solid aluminium plate with 30 holes of 16 mm 
diameter bored into it.  There are five rows of holes with depths ranging from one to six millimetres (in one 
millimetre increments). Figure 3a) is an image of the soot standard, note the through holes are for the 
bolts (total of 12) and the bored holes are where the sample is loaded (total of 30).  An aluminium cover is 
placed on the aluminium plate and bolted in place.  The bolts provide a compressive force that minimizes 
the potential of cross contamination of samples.  The standard is oriented vertically and placed in the 
neutron beam for radiography. Figure 3b shows a cross sectional view of the soot standard in vertical 
orientation. 
 

  
(a) (b) 

 
Figure 3: Soot Standard for Neutron Radiography: (a) Open standard showing configuration, (b) 

Side profile with holes bored to various depths 
 

Pixel greyscale information at the centre of each sample is useable data (useable diameter is 
about 14 mm).  Useable data of each sample is averaged and is assigned an average greyscale value.  
Use of a smaller diameter area avoids edge effects created by diffusion and scattering phenomena.  This 
averaged value can then be correlated to the known depths and compositions of the soot. From this 
correlation a calibration curve between the grey scale average and soot thicknesses and compositions 
can be established. 

The main purpose of the Soot Standard is to generate a calibration spectrum for the identification of 
soot loading within automotive exhaust components. The depth of the hole is only one factor of many 
which influences the attenuation of the beam. Other notable influences on beam attenuation include the 
composition, packing density, consistency and particle size of the sample material. As such, the ability to 
accurately predict soot deposition on automotive components relies on the ability to accurately control the 
attenuating properties of the sample. Therefore a soot loading methodology is required to ensure an 
accurate calibration spectrum can be obtained. 
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2.5 Soot Loading 

The term “Soot Loading” refers to the generation, and physical loading, of samples into the Soot 
Standard. Sample generation is the preparation of soot samples to obtain uniform particle size, and 
various sample mixtures. For example, a sample which contains soot and 6% decane would be 
considered a mixture. The physical loading refers to the packing density of the samples, the management 
of cross contamination and the sealing of the Soot Standard. The handling of samples depends upon if 
they are wet or dry. Dry samples can be a direct product of combustion or may be pulverized from carbon 
sources such as charcoal. Wet samples are more challenging to handle because soot is insoluble in water 
and other hydrocarbons of interest, specifically decane and diesel fuel.   

The soot standard was loaded with four rows of soot samples plus a row of the standard was left 
empty (as a control) for image analysis methods. Rows 1 and 5 were loaded with approximately the same 
amount of graphite in each row (see Table 1 below).  
 

Table 1:  Soot and Simulated Soot Loadings in the Standard 
 

Row Depth 

  
1 mm 2 mm 3 mm 4 mm  5 mm  6 mm  

Row 1 

Graphite 
0.1154 g plus 

4 drops of 
diesel (No 

Evaporation) 

Graphite 
0.2836 g plus 

8 drops of 
diesel (No 

Evaporation) 

Graphite 
0.3830 g and 
12 drops of 
diesel (No 

Evaporation) 

Graphite 
0.4426 g and 
16 drops of 
diesel (No 

Evaporation) 

Graphite 
0.5737 g and 
20 drops of 
diesel (No 

Evaporation) 

Graphite 
0.8031 g and 
24 drops of 
diesel (No 

Evaporation) 

Row 2 
McMaster 

Soot 0.0890 
g 

McMaster 
Soot 0.2432 

g 

McMaster 
Soot 0.3208g 

McMaster 
Soot 0.4206 

g 

McMaster 
Soot 0.5469 

g 

McMaster 
Soot 0.7076 

g 

Row 3 

Fine 
Charcoal 
0.1034 g  

Graphite 0 g 

Fine 
Charcoal 
0.1066 g 
Graphite 
Back Fill 

Fine 
Charcoal 
0.1034 g 
Graphite 
Back Fill 

Fine 
Charcoal 
0.1080 g 
Graphite 
Back Fill 

Fine 
Charcoal 
0.1074 g 
Graphite 
Back Fill 

Fine 
Charcoal 
0.1065 g 
Graphite 
Back Fill 

Row 4 
Empty 

(Control) 
Empty 

(Control) 
Empty 

(Control) 
Empty 

(Control) 
Empty 

(Control) 
Empty 

(Control) 

Row 5 

Graphite 
0.1132 g plus 

4 drops of 
diesel (3 

days 
evaporation) 

Graphite 
0.2812 g plus 

8 drops of 
diesel (3 

days 
evaporation) 

Graphite 
0.3811 g and 
12 drops of 

diesel (3 
days 

evaporation) 

Graphite 
0.4426 g and 
16 drops of 

diesel (3 
days 

evaporation) 

Graphite 
0.5726 g and 
20 drops of 

diesel (3 
days 

evaporation) 

Graphite 
0.8008 g and 
24 drops of 

diesel (3 
days 

evaporation) 

 
In addition diesel fuel was added in the same proportions for each row, the only difference being the 

time between loadings (3 days). During the 3 day period row 1 remained open as to allow the diesel to 
evaporate, while row 5 was the final row to be loaded and no evaporation was allowed before radiography. 
The expectation was that and evaporation effect would be observed. 
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Row 2 was packed and tamped with a metal spatula to fill the sample holes with the maximum amount of 
McMaster soot as could fit in the hole. Row 3 contained and equal amount of simulated soot in the form of 
fine charcoal and back filled with graphite. Row 4 was the control and was left empty. 

3 THEORETICAL ANALYSIS 

The diesel engine exhaust is composed of CO2, H2O, unburned hydrocarbons, and soot.  As such, 
the by-products of combustion that can be deposited downstream of an engine can consist of the soot 
particulate matter as well as unburned hydrocarbons.  Soot is mostly comprised of carbon and a few other 
elements.  To visualize soot, it is important to understand the relative contributions to neutron attenuation 
of the soot, unburned hydrocarbons, water, and the pipe wall materials.  Figure 4 shows the attenuation of 
neutrons as a function of the thickness of material for aluminium, soot, water, decane (C10H22) and the 
main hydrocarbon in diesel (C12H26).    The results show that soot will attenuate substantially more than 
aluminium and thus performing neutron radiography on aluminium exhaust components theoretically will 
allow for visualization of soot.  Water, decane, and diesel have much stronger attenuations, hence it is 
clear that if the soot contains a significant hydrogen component it will be darker (have greater attenuation) 
in the radiograph. 
 

Attenuation of Neturons Through Different Materials

0.01

0.1

1

0 1 2 3 4 5 6

Thickness (mm)

I/
Io

Carbon

Aluminium

Water

C10H22

C12H26

 
 

Figure 4: Relative Logarithmic Neutron Attenuation for Different Materials 
 

4 EXPERIMENTAL RESULTS 

4.1 Soot Standard 
 

Figures 5 a) and 5 b) show typical neutron radiographs for the cases where there is no target 
object, and a soot standard target are present respectively.  In Figure 5a), the spatial intensity distribution 
can be clearly seen as a bright region in the centre decreasing towards the edge.  The dark bands at each 
edge are the internal seals between the neutron converter screen and the rest of the camera enclosure 
which do not pass light.  They are present to ensure that the camera remains sensitive to the low light 
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levels emitted by the converter screen.  A time code mark is located in the upper left of the screen to 
indicate an individual reference for each video frame. 

  

(a) (b) 
Figure 5: Uncorrected Radiographs: (a) Neutron beam without soot standard, (b) Neutron beam 

with soot standard 
 

Initial experiments were performed using soot from a Lombardi diesel engine at McMaster 
University where the soot was recovered from the interior of the exhaust piping and allowed to dry.  The 
soot was placed inside a simplified standard and the attenuation relationship for various thicknesses was 
measured.  Figure 6 shows that the soot taken from the diesel did not follow the carbon theoretical 
relationship but instead followed a mixture relationship consistent with 5% water content.  Other methods 
reported elsewhere have shown that dry soot exposed to atmosphere will retain a 5% moisture content. 

 

Attenuation Through Mixtures of Soot and Various Materials
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Figure 6: Experimental measurements of Soot from a McMaster Diesel Engine Test Facility 
compared to theoretical relationships for Soot and Soot with 5% water content 
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The initial work demonstrated that the presence of water (H2o) or other hydrocarbons can have a 

significant impact on the attenuation and thus on the calibration characteristics.  Further studies were 
performed with the final soot standard which examined different types of carbon based materials.  The 
McMaster Soot was used as a reference.  Graphite and charcoal with various loadings of diesel measured 
radiographed.  Figure 7 shows a typical neutron radiograph of the soot standard with different soot 
loadings as identified in Table 1. 

 

 

 
 
 
 
(1) 
 
 
 
 
(2) 
 
 
 
 
(3) 
 
 
 
 
(4) 
 
 
 
 
(5) 

Row (1) Graphite with Diesel Added Feb 12, 2008 
Row (2) Soot Produced at McMaster University 
Row (3) Fine Charcoal With Graphite Backfill 
Row (4) Empty Row (Control) 
Row (5) Graphite with Diesel Added on Feb 9, 2008 

 
Figure 7: Background Corrected Neutron Radiograph of Soot Standard with Various Hydrocarbon 

Loadings 
 
Figure 8 shows the relative attenuation relationships for the soot standard results.  These samples 

have been normalized to the empty (control) sample which was Row 4 of Figure 7.  The samples were 
normalized by dividing the grayscale value for a sample by the corresponding empty (control) grayscale 
value.  Figure 8 clearly shows that fine deposition content, on the order of 1 mm or less can be obtained 
when a hydrocarbon is present in the soot.  Large loadings can also be observed with no hydrocarbon 
present. 
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Soot Calibration Curves
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Figure 8: Relative Logarithmic Attenuations for Different Soot Mixtures from the Soot Standard 
 
The control is row 4 and is empty.  The holes in row 4 appear visible due to slightly less neutron 

attenuation where the holes have been bored in the aluminium.  Row 3 contains a fine charcoal of an 
equal amount in each hole backfilled with graphite.  From previous radiographs, graphite (pure carbon) is 
known to have very similar attenuation characteristics as the aluminium block.  Thus, the image results 
are a uniform attenuation due solely to the presence of the fine charcoal which is known to have other 
hydrogenous materials present. 

The graphite and diesel found in row one of the standard (seen in Figure 5b and Figure 7) has no 
evaporation.  The diesel was added to the standard and sealed immediately and radiographed.  The 
bottom row contains graphite and diesel that was evaporated for three days.  The results suggest that the 
evaporation effect can be significant.  The attenuation of neutrons was most significant for the soot without 
evaporation.  This is to be expected as with no evaporation the content of hydrocarbons would be greater 
then evaporated diesel.  As the liquid hydrocarbon was allowed to evaporate from the soot, the 
attenuation trended toward to the dry soot attenuation.  The results suggest that a calibration component 
is required for quantitative analysis of automotive components that have been experienced evaporation 
prior to radiography.  Ideal test conditions for automotive components would be immediately after the 
operation of the diesel engine.  

Many of the automotive components that will be tested may have experienced evaporation prior to 
radiography, it is important to recognize the rate at which diesel evaporates from soot and the impact on 
radiography from such evaporation.  A three day evaporation rate is significant from the viewpoint of 
quantitative analysis.  For the purpose of assessing the presence of soot using neutron radiography, soot 
(which has experienced evaporation) is still visible and quantifiable in a neutron radiograph.  This is further 
support by the radiographs of the McMaster soot in row 2 which has been evaporated over a period of 
several months, yet remains distinctly visible. 

Row 2 of Figure 7, the McMaster dry soot sample, relative attenuation (I/Io) is plotted in Figure 8 
and shows the same attenuation characteristics as initial tests and with the previous works.  The 
attenuation is significant, visible and follows a relatively straight attenuation curve.   

Row 3, the charcoal graphite mix used a consistent amount of finely ground charcoal in each of the 
holes of the standard.  The remainder of the space is backfilled with graphite which is known to have a 
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very low attenuation coefficient.  The relative attenuation (I/Io) in Figure 8 confirms that graphite has 
minimal attenuation effect on the sample.  The purpose of this test was to demonstrate that graphite 
backfill in a sample results in minimal attenuation of neutrons. Further tests will include soot or simulate 
soot that is uniformly distributed in graphite.  This future test will be used to compare the distribution of 
soot at very low densities in low attenuation material.  Filters generally act similarly as soot may be 
uniformly distributed, in low densities.  The results indicate that when a relatively low attenuating material 
is used, the results are unbiased.  

4.2  EXHAUST PIPE EXPERIMENT 

Experiments were performed using the McMaster Lombardi Diesel engine under a consistent 
load.  Neutron Radiography imaging was used for the soot thickness measurement of the exhaust 
components downstream of the engine. The first RTNR images are taken after the experiment which 
corresponds to the diesel engine operation for 1 and half hours.  The inlet concentration of exhaust dust 
(mostly soot) is fluctuating between 105 to 110 mg/m

3
 and the exhaust gas temperature is fluctuating 

between 250 and 260
o
C. The fluctuations are considered too small to cause a variance in the soot 

deposition levels between the test section and thus any variance observed by the RTNR system can be 
attributed to physical phenomena that affect soot layers such as deposition, flow distribution, and erosion 
effects. 

After exposure to diesel engine exhaust for 1.5 hours, the test section is exposed to dry air at 3.6 l 
/ minute for 3 hours then radiographed.  An additional radiograph is taken at 5 hours of dry air flow.  

Figure 9 shows that, the soot deposition is noticeable, particularly at the entrance of the test 
section. A significant amount of soot deposition is on the side edges, as the test section is a cylinder and 
the integral along the neutron beam path is greatest at the edge. The soot visualized on the image 
corresponds to two surfaces, as the neutrons must pass through both sides of the pipe during 
radiography. Figures 9 also show that the soot deposition is clearly asymmetric and contains 3-
dimensional structures. The high concentration on the top part of the cylinder in the image (that 
corresponds to the bottom of cylinder in the experimental loop), may be re-entrainment of soot deposited 
again by gravity. The adhesiveness of the soot layer may be also reduced by the removal of hydrocarbon 
from the soot surface during diesel operation and cold gas injection period after diesel off conditions. The 
area average of the soot deposition thickness is approximately 0.48 mm, respectively, for the diesel 
operation period.   
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3 hr 0 degree Control Radiograph Analysis
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3 hr 90 degree Control Radiograph Analysis
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(b) 
 

Figure 9: Processed Neutron Radiographs of Soot deposits on an exhaust pipe downstream of the 
McMaster Diesel Test Engine for a 3 hour dry air operation:  (a) 0° orientation, (b) 90° orientation 

(Please note: the units of x and y axis are pixels) 
 

A useful technique for image analysis is to obtain a cross-sectional averaged line profile along the 
axis of the test section. Figure 10 shows the average soot thickness along the axis of the test section for 3 
hours of operation with the test section oriented at 0° and 90° to the neutron beam.  The initial thickness is 
largest immediately after the entrance to the test section and decreases for the first 100 pixels.  There is 
an oscillatory pattern in soot thickness observed.  It is believed that there is some re-entrainment effect 
occurring which removes some of the soot causing the periodic valleys in the deposition profile.  The initial 
large deposition is due in part to the flow characteristics where the flow is expanding into the test section 
after a “T” junction.  Another reason for the large initial deposition is the thermophoresis effect caused by 
the room temperature walls cooling the gas. 
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Line Profie for 3 hr 0 degree and 3 hr 90 degree
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Figure 10: Cross-Sectional Averaged Soot Thickness along the length of an Exhaust Pipe for a 3 hr 
operation: Effect of angle on deposition 

 
 
 Figure 11 shows neutron radiography images for two different experimental conditions.  The first 
condition is after 1.5 hours of diesel operation and 3 hours of dry air operation (denoted as 3 hours in the 
images).  The second conditions are after an additional 2 hours of dry air operation denoted as 5 hours in 
the images.  The neutron radiographs for both cases show the same general trends.  The deposition is 
greatest at the inlet and decreases along the length to approximately 150 pixels, and then increases 
again.  For the initial case, the soot thickness is the greatest.  After an additional 2 hours of dry air, there is 
a decrease in the soot deposition level.  The main reason for this is that the source term (diesel engine 
exhaust) has been removed and only air flow is occurring through the test section.  The air flow is initially 
low in soot concentration and thus there is a re-entrainment effect. 
 Figure 12 shows the cross-sectional averaged soot loading along the axis of the test section for 
both neutron radiographs shown in Figure 11.  The soot loading trends are clearly seen to be consistent.  
The increase in soot loading for the 3 hour case is due to more soot being deposited from upstream.  The 
reduced soot loading at 5 hours, is due to the removal of the source term resulting in re-entrainment 
effects.   
 The cross-sectional averaged profiles show a small signal variation which is attributed to neutron 
fluctuations in the neutron beam, averaging effects, and image processing.  Thus these fluctuations are 
representative of the errors associated with this measurement technique.  The majority of the fluctuations 
range on the order of 0.05 mm of soot thickness.  Thus, for soot with hydrocarbon loading equivalent to 
that in the McMaster soot, this technique is reasonably able to resolve up to 0.05 mm in thickness.  The 
resolution is expected to be lower for less attenuating material (i.e. dry soot) and higher for soot containing 
significant hydrocarbon content. 
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Figure 11: Processed Neutron Radiographs of Soot deposits on an exhaust pipe downstream of the 

McMaster Diesel Test Engine: (a) 3 hr dry air operation, (c) 5 hr dry air operation.  
(Please note: the units of x and y axis are pixels) 
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Figure 12: Cross-Sectional Averaged Soot Thickness along the length of an Exhaust Pipe for 
Different Diesel Engine Test Conditions 
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5 CONCLUSIONS 

A non-destructive neutron radiography based technique has been investigated for the measurement 
of soot levels in automotive exhaust system components.  A dynamic neutron radiography system with 
image processing capability was used and the image correction techniques identified.  A standard has 
been developed for a controlled method of calibration neutron attenuation against diesel engine exhaust 
soot with different hydrocarbon loadings. 

The experimental results showed that: 
1. Dry soot can be seen by neutron radiography but challenges the detection limit of the 

system. 
2. Increasing hydrocarbon content allows for improved sensitivity for measurement. 
3. A soot standard is required against known conditions for quantitative analysis to be 

performed although qualitative analysis can be done using a reasonable reference 
attenuation coefficient. 

The technique was applied to exhaust piping downstream of a Lombardini diesel engine.  The 
results show that soot deposition could be detected and analyzed and both deposition and re-entrainment 
phenomena could be observed. 

Future work can proceed to use this technique for quantitative assessment of pollution control 
methodologies for particulate matter reduction. 
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