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ABSTRACT

In this thesis we focus on applications of neutron activation of oxygen for several purposes: A)
measuring the water level in a laboratory tank, B) measuring the water flow in a pipe system set-up,
C) analysing the oxygen in combustion products formed in a modern gasoline S engine, and D)
measuring on-line the amount of oxygen in bulk liquids.

A) Water level measurements. The purpose of this work was to perform radiation based water level
measurements, aimed at nuclear reactor vessels, on a laboratory scale. A laboratory water tank was
irradiated by fast neutrons from a neutron enerator. The water was activated at different water levels
and the water level was decreased. The produced gamma radiation was measured using two detectors
at different heights. The results showed that the method is suitable for measurement of water level
and that a relatively small experimental set-up can be used for developing methods for water level
measurements in real boiling water reactors based on activated oxygen in the water.

B) Water flows in pipe. The goal in this work was to investigate the asymmetric distribution of
activity in flow measurements with pulsed neutron activation (PNA) in a laboratory piping system.
Earlier investigations had shown a discrepancy between the measured velocity of the activated water
by PNA and the true mean velocity in the pipe. This discrepancy decreased with larger distances
from the activation point. It was speculated that the induced activity in the pipe did not distribute
homogeneously. With inhomogeneous radial distribution of activity in combination with a velocity
profile in the pipe, the activated water may not have the same velocity as the mean velocity of water
in the pipe. To study this phenomenon, a water-soluble colour was injected into a transparent pipe for
simulation of the transport of the activated water. The radial concentration of the colour, at different
distances from the activation point, was determined. The result illustrated how the activated water
would propagate along that pipe.

C) Combustion products. In order to investigate the oxidation in combustion products (deposits),
the total amount of oxygen in the deposits collected from combustion chambers of a modern gasoline
engine was measured, using cyclic fast neutron activation analysis (FNAA). As a complement, the
organic compounds containing oxygen were identified using ' 3C solid-state nuclear magnetic
resonance (NMR) spectroscopy. The results of FNAA showed that the amount of oxygen in deposits
varies depending on where the deposits have been formed. 3C NMR has showed that the carbon
backbone of the deposits exists as highly oxidized polyaromatics and/or graphitic structure.

D) On-line fast neutron activation analysis. On-line neutron activation analysis was used to detect
the amount of oxygen in bulk liquids. The method was optimised for on-line detection of oxygen in
rapeseed oil. The goal was to develop a non-intrusive method for measurement of the total amount of
oxygen n oil' during combustion/oxidation.

Keywords: fast neutrons, water level in boiling water reactors, pulsed neutron activation, flow
measurements, 13C solid-state nuclear magnetic resonance spectroscopy, on-line detection of oxygen,
combustion chamber deposits.



The present thesis is based (In the following papers, referred to by letters in

the text:

A. Owrang, F.; Mattsson, H.; and ANordlund, H.; (2002), "Method of Water

Level Detection in Boiling Water Reactors Using 16N Decay".

Kerntechnik 67 (2002) 296.

B. Mattsson, H.; Owrang, F.; and Nordlund, A.: (2002), "Simulation of

Pulsed Neutron Activation for Determination of Water Flow in

Pipes". Kerntechnik 67 (2002) 78.

C. Owrang, F.; Mattsson, H.; Nordlund, A.; Qisson, .; and Pedersen, G.;

(2003), "Characterization of Combustion Chamber Deposits from a

Gasoline Direct Injection SI Engine". SAE (ociety of Automobile

Engineering) paper 21003-01-0546.

D. Owrang, F.; Nordlund, A.; and Mattsson, H.; (2003), "On-line Fast

Neutron Activation of Oxygen in Bulk Liquids". To be submitted for

publication.



Other relevant works of the author:

I. Sandquist, H., Denbratt, I.; Owrang, F.; and Qisson, .:. (200]), "INFLUENCE OF

GASOLINE FUELS AND ENGINE OILS ON FORMATION OF DEPOSITS IN A

GASOLINE DIRECT INJECTION ENGINE", SAE (Society of Automotive

Engineering) paper 2001-01-2820.

2. Owrang F. Matisson H and Nordlund, A... "ANALYSIS OF LUBRICATING

ENGINE OIL USING LIQUID C AND 'H NMR SPECTROSCOPY", Report 2001-

06-0], Chalmers university of technology, Department of reactor physics, SE-412 88

Goiteborg.

3. Owrang, F.; Pedersen, J.; and Olsson, J... "CHEMICAL ANALYSIS OF EXHAUST

EMISSIONS AND DEPOSITS FROM ENGINE POWER PLANTS FUELLED

WITH NATURAL GAS", Report 2000-03-0], Chalmers Industriteknik ACA,

SE-412 88 Goteborg.

4. Owrang, F.; Pedersen, .; and 01sson, J.: "METHODS FOR CHEMICAL

ANALYSIS OF EXHAUST EMISSIONS FROM GASOLINE DIRECT INJECTION

ENGINE", Report 2000-04-0], Chalmers Industriteknik ACA, SE-4]2 88 G~iteborg.



TABLE OF CONTENTS Page

IN TO R T I ON......... .......................... 1

GENERAL BACKGROUND................................ 1

PART A: MEASURING TE WATER LEVEL IN A LABORATORY

VERTICAL PIPE .......................................... i1

Al. THEORY ........................................ . . . . ... 12

A2. EXPERIMENTAL . ........ . . ..................................... 13

A4. RESULT AND CONCLUSION ........................................ 14

PART B: MEASURING THE WATER FLOW IN A PIPE SYSTEM SET-UP.. '16

111. THEORY........................................ ........... . . . . . . 17

B2. EXPERIMENTAL ................................................... 20

112.1 PNA experimental set-up ....................................... 19

112.2 Colour Experiment........................................... 20

112.3 Counter detector measurement ................................... 20

B33. RESULTS AND CONCLUSION.......................... . .. ............ 21

PART C: MEASURING THE TOTAL AMOUNT OF OXYGEN IN

COMBUSTION PRODUCTS FROM A MODERN SI ENGINI1.............. '23

Cl. THEORY ...................................................... 24

C2. EXPERIMENTAL .................. ................................ 26

C2,1 The Engine................................................ 26

C2.2 The chemical micro reactor. .................................... 27

C2.3 Cyclic Fast Neutron Activation Analysis (cFNAA)....................... 28

C2.4 Nuclear Magnetic Resonance Spectroscopy (NMR) ..................... 32

C3. RESULTS AND RELEVANCE OF THE RESEARCH ....................... 38

PART D: ON-LINE DETECTION OF OXYGEN IN BULK RAPESEED OIL.. 42

D . T H E O R Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............... 42

D2. EXPERIMENTAL. ................................................. 43

D3. RESULTS AND RELEVANCE OF THE REFAC.46

ACKNOWLEDGEMENTS.................................. . . 48

REFERENCES ......................................... . . 49





INTRODUCTION

Non-destructive analytical rmethods are of general interest. In this work, non-destructive

and non-intrusive methods based on activation of oxygen are resented. Today, neutron

activation analysis is used very widely as a powerful analytical technique for research and as a

conventional analytical tool. Neutrons are enerated by nuclear reactors, radionuclides or

neutron generators. The use of neutron generators allows for a small neutron source, which is

possible to switch off when it is niot in use. Neutrons generated from a neutron generator are

of relatively high energy (14 MeV). At this energy it is possible to activate oxygen

independent of the matrix. Bec.ause fast neutrons are very penetrating, it is possible to activate

oxygen deep inside the different material bulk.

The thesis presented shows four different applications of fast neutron activation of oxygen

(PART A - D). The purpose of the work in PART A was to perform radiation-based water

level measurements, aimed at nuclear reactor vessels, on a laboraiory scale. In PART B, the

goal was to investigate the inhornogeneous activity distribution in flow measurements with

pulsed neutron activation. In PART C, the oxidation in combustion products (deposits) of a

modem gasoline engine was measured. The goal in PART D was to develop a method for

measurement of the total amount of oxygen in oil aimed to be used for detection of oxygen

during combustion/oxidation of oil in a thermal reactor.

GENERAL BACKGROUND

Neutrons have no charge and their mass is slightly larger than protons. They can be

removed from nuclei by different nuclear reactions (. Free neutrons can interact with nuclei.

These interactions may lead to the capture or scattering of neutrons from the nuclei. These

nuclear reactions may sometimes produce unstable nuclides. The produced nuclei often decay

with gamma ray emission with a gamnma energy characteristic of the nuclide. By measuring

the gamrma spectrum with a sufficiently high resolution to separate individual peaks, it is easy

to prove and quantify the presence of a specific nuclide even in small amounts. The sensitivity

of the mnethod depends on the neutron cross-section, which varieus drastically with different

nuclides. With fast neutrons, the sensitivity of the method is in the order of from a few ptg up

to a few teniths of g, depending on what element is irradiated. Thlere, is also a possibiliuy to

slow down the neutrons and lower the neutron energy, which changes the relative sensitivity

for different nuclides. This process of slowing down is called moderating the neutrons.
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There are relatively few elements that can be activated by fast neutrons. It is often easier to

activate elements using thermal neutrons because of the higher cross-sections. Oxygen, in

contrast, can only be activated by fast neutrons (>10 MeV).

The natural abundance of 160 in oxygen is about 99.7 %. Therefore we neglect nuclear

reactions in other isotopes of oxygen (17Q0 and [80) . The most probable reactions, the energy

and the probability of each of the reactions when oxygen is bombarded with 14 MeV neutrons

are shown in Table 1. Note that the probabilities listed are the probabilities for gamma

emission, and in some cases the nuclear activation can cause several gamma photons to be

emitted [2].

Table 1. Characteristics of fast neutron activation of oxygen [2].

Isotope abundance Reaction Half-life Gamma energy Probability within

an isotope

2.75 1 %

99.76 % 160(n, p) 6N 7.16 s 6.13 69 %

7.11 5 %

0.37 % 1 70(n, P)17N 4.16 s 0.87 3 %

2.19 0.5 %

0.82 59 %

0.204 % O80n, p) 8N 0.63 s 1.65 59 %

1.98 100 %

2.47 41 %

The 0 (n, p) 16N reaction is followed by prompt gamma photons and P--decay and the

resulting 0 is then at an excited state. De-excitation of the 10 is possible through a few

different gamma decays. Figure 1 shows the energy levels of the oxygen nucleus. Compared

to other elements the detection of oxygen is less complicated since the energy of the emitted

gamma radiation from the activated oxygen is relatively large and few other elements

interfere.

2



. ... 

..... ..... ~ ~ ~ ..I.
3- ~ ~ ~ ~ - . -

STFM! L 

Figure 1. Energy levels in the 16 0 nucleus.

The probability of a nuclear reaction is defined by a cross-section. Figure 2 shows the

160 (n, p) 16N cross-section of oxygen for fast neutrons (>10 MeV). As seen in this figure

neutrons below 1 1 MeV cannot induce 0(n, 16N reaction. At high energies the cross-

section decreases with increasing neutron energy.

IMW.o 

b

10. 12.7 14. *8.? L D

E,, (MeV)
Figure 2. The 160 (n, p) 6 N cross-section of oxygen for fast neut rons [4].

The number of activated oxygen nuclei in a sample of unit volume is proportional to the

reaction rate R [3]. If we assume the neutrons to be monoenergetic 14 MeV neutrons:
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R = 0 (14 MeV) (1)

where is the neutron flux produced from the neutron generator and XE(E) is the total

macroscopic cross-section. The total macroscopic cross-section () is a product of the

microscopic cross-section () and the number of atoms in the sample per unit volume (No):

E = a NO ~(2)

The rate of decay is given by ~.N, where X is the decay constant (k = In(2) ) and N is the total

number of radioactive nuclei present. The rate of change in N is given by the difference

between the rate of formation and the rate of decay:

dt

Using the condition N = 0 at t = 0 and constant R during the activation one can solve Eq. (3):

N(t) = R(1 - ekt) (4)
A

The activity A (A = kN) can thus be derived from Eq. (4), as follow:

Affi = R (I- e-") (5)~~~~~~~~~~~~~~~~~~~

The asymptotic value of the activity for long activation time (t >> -) is:

A-= R E ~~(6)

The activity of sample A(tiff) for an irradiation time t is:

A(tif) = A0. (1 - e-Xtrr) (7)

After irradiation the unstable isotope starts to decay (cool) and the activity (A,,00 l) follows the

general decay law during the cooling time (t, 0,i):

A(t,..1) = Aoec-?tcool (8)
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A0 is the activity after t The measurement of gamma photons occurs during the decay

A't.)1
period (tco0 0 1). Figure 3 shows the activity -i ir of a sample con Laing oxygen during 10 s

activation and a 20 s subsequent decay. As seen in this figure the generated activity in the

sample does not continue to increase significantly after long enough radiation (the grey

curve). An economic method is several short t, as done in cyclic activation (see Part C).

100 
90 -A
80-
70 At~~

~60-
~50 -Atol

40 40
30 30
20-
1 0

0

0 5 1 0 1 5 20 2 5 30 3 5

tirr tcool

Time [s]

Figure 3. Activation and decay of oxygen.

Since neutrons only react with the nuclei, he method is unaffected by electron shells and

chemical bonding. However, the self-shielding in the samples may affect the results. The self-

shielding shades nuclei from becciming activated. It depends on the size and density of' the

sample, the cross-section of the nuclei and the distribution of material in the sample. This

phenomenon is almost negligible for small samples that are irradiated with fast neutrons due

to generally small cross-sections. For 14 MeV, the total microscopic cross-section varies only

slightly between different nuclei (Figure 4).
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(a) (b) (c)

Figure 5. Different shapes of a neutron pulsc: (a) a perfect pulse, (b) and (c) disturbed pulses.

The neutron generator. The single argest research tool at the Department of Reactor

Physics is our SAMES neutron generator type T400. This is an accelerator specially designed

for neutron production by deuterium-deuterium (DD) or deuterium-tritium (DT) nuclear

reactions yielding 2.5 and 14 MeV neutrons, respectively. The generator can be run in both

continuous and pulsed mode. The shortest pulse duration is in the range of a few nano

seconds, which makes it possible to perform time-of-flight neutron spectroscopy of fast

neutrons.

The DT-reaction has a high cross-section for relatively low acceleration voltage of deuterons

(300 - 400 keV) (Figure 6). This. makes this reaction suitable for a small accelerator-based

neutron source [5].

i0 ~ Beg (d,n )B"
d.Thick target

Ti-T forget i7(PMn13e7

42.5mg/cm~~~l Thick target

d-d Be9(p,n)3 9
g Thick 00Thick torget

toId Icetarge

0.2 0.5 I 2 5
Bombarding Energy (Mev)

Figure 6. Neutron yield from some possible reactions.

Because tritium is radioactive, it is encapsulated in a titanium plate on a copper assembly.

Figure 7 illustrates how deuteron ions hit a titanium plate and l~ead to an almost isotropic

production of fast neutrons.
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Figure 7. 300 keV deuterons are focused and accelerated to the target plate containing tritium. The result is a

fusion reaction that leads to an almost isotropic production of 14 MeV neutrons. The neutron spot is labelled

black.

Detector. We have used a Bismuth Germanate or BGO detector, an inorganic scintillation

detector containing crystalline Bi 4Ge 3O 12 for gamma detection. The disadvantage of a BGO

detector is the low energy resolution because of the low light yield from the scintillation

material. However, because of the large atomic number of bismuth and the high density of the

scintillation material, the BGO detectors have the largest probability per unit volume of any

commonly available scintillation material for photoelectric absorption of gamma rays. Figure

8 shows a BGO detector.

Figure 8. BGO detector.

The high gamma energy of the 6N decay normally means that there is a few interfering

gamma radiation and that we have an uncomplicated spectrum. This was checked with a high

resolution Ge-detector where a BGO detector was used because of its high efficiency.
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In order to correct the measurements for variations in the neutron yield, the neutron flux had

to be measured. This was performed with a plastic scintillator as neutron monitor. These

scintillators detect neutrons through the reaction 'H (n, n') 'H. Generally, plastic scintillators

have a relatively high efficiency fr fast neutrons (Figure 9). The gamma radiation gives rise

to pulses with small amplitudes ompared to the neutron-induced events. It is thus easy to

discriminate the gamma-induced events.

He3 (n, p)

H'nn)H'

gay ~a IMei
NiNron energy

Figure 9. Macroscopic crcss-section of somne isotopes used for detection of neutrons.

Figure 10 shows the monitor hanging over the neutron generator.
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Figure 10. The monitor used in the experiments.
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PART A: MEASURING THE WATER LEVEL IN A LABORATORY

VERTICAL PIPE

The work aims at performing water level measurements using radiation from activated

water. This technique is supposed to be used in nuclear reactor pressure vessels. It is very

expensive and time consuming to experiment with real nuclear reactors to develop a method

for water level measurement. The use of a laboratory set-up minimizes the background

radiation and creates a good environment for testing different detector configurations. In a

nuclear reactor, accurate measurements of the water level in the reactor pressure vessel is of

very high importance since the reacstivity is affected by the water level [6,7,8,9]. Loss of water

may lead to melting of the fuel. As water level is a variable relevant to safety, it is of

importance to apply diverse measuring sstems. In boiling water reactors, the steam

generation leads to a water-steam mixture in the reactor annular space and reactor plenum [6].

Therefore, the measurement is complicated by the fact that the mixture level differs from the

measured collapsed water level, iLe. the water level without boiling.

In most boiling water reactors, the liquid level is today determined by means of differential

pressure drop measurements in the downcorner (Figure Al). The instruments used have the

advantage of being robust and simrple and have high durability. However, the readings from

these instruments may be difficult to interpret during transient conditions, which may exist

during an accident situation. Therefore, water level monitors must be able to indicate rapidly

and clearly when the cooling of the reactor core is lost. At present, there exist no

diversifications of water level measurements in boiling water reactors [6].

It is possible to use the gamma radiation from the pressure vessels for water level detection.

There are two ways to use radioactivity for water level measurements in a reactor vessel. The

first method is to use the 16N in the water in the reactor [6]. The second method is to use

gamma radiation emitted directly from the core [6,7,8,9]. In this study, we have

experimentally investigated the possibility for 1 N measuremerts in laboratory scale for

determination of the water level and simulated the reactor induced 16N activity on a smaller

scale without other gamma sources [9]. The experimental set-up miay be used for developing

methods for water level measurement in boiling water reactors based on measurement of

gamma radiation from the reactor pressure vessel.
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One major problem with measuring the gamma radiation from the reactor pressure vessel is

the detector systems. Not any type of detector can be used for this purpose because neutrons

can damage them. The used gamma detectors in the nuclear reactors are normally scintillators

with a relatively low energy resolution but high efficiency [6,7]. This leads to a gamma

spectrum with a large number of unresolved peaks. In the following the sources of gamma

radiation in boiling water reactors are described.

Al. THEORY

Figure Al shows schematically the water level in a boiling water reactor. The water is

vaporized in the pressure vessel and transported to the turbine.

Reactor
pressure
vessel

Condenser vessel

Water eve ~ ~ ~ ~ ~ ~ ~ Waerlee

Water level ~~~~~standpipe
plenum ~~~~~~~~~(Bypass)

Figure Al. Water level in a boiling water reactor (the figure has been copied and modified from Ref. 1).

In a BWR the interface between the liquid and the vapour moves in a very complicated way

[10]. This makes the water-level measurement a non-trivial problem and thus there is a need

for measurements.

During power operation, the main sources of gamma radiation are from nuclear fission, 16 in

the water, fission products inside the fuel cladding and thermal neutron capture in different

elements in the core and surrounding concrete [6,11,12]. Table Al summarizes the

contribution to gamma radiation in a nuclear reactor from different sources during the reactor

operation and after reactor shutdown.
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Table Al. Contribution to gamma radiation in a nuclear reactor from different sources [12].

TYPE OF RADIATION REACTOR OPERATING RE9ACTOR SHUT DOWN
Prom t fission amma rays One of the main source __None

Capture gamma rays One of the main source None
Inelastic scattering gamma rays Minor source None

AActivation gamma rays Minor source One of the main source
Fission products gamma rays:

(i) short-lived products One of the main source None
(ii) long-lived products Small contribution One of the main sources

Production of 16N in a nuclear Flower plant derives from the 06( (n, p) 16N reaction. The

produced nuclide is radioactive with a half-life of 7.13 s, emitting mainly photons of 6.1 MeCV

[12]. Since oxygen is mainly found in the water in the reactor vessel, the gamma radiation

may be used to get information about the water in the reactor.

The measurable gamma radiation intensity outside the reactor pressure vessel depends on the

density of water and steam, absorption of radiation and secondary, radiation (Compton-effect,

pair production effect, etc.)

A2. EXPERIMENTAL

In our experiment, water in a vertical pipe was irradiated by fast neutrons. The oxygen

of the water molecules was activated by the reaction 160 (n, p) 16N. The decay of 16N gave rise

to gamma photons, which were detected by two BGO detectors. The water in the pipe was

mixed by a magnetic stir to distribute the activated water as homogeneously as possible in the

pipe. A flux of air was injected continuously from the bottom of the vertical pipe to simulate a

two phase flow. The water level was lowered in steps and significant changes in the detector

response were monitored [13].

In a reactor possible interfering gamma radiation derives from the fission, activation and

neutron capture reactions. The prompt fission gamma rays, fission product gamma rays and

activation gamma rays have energies of less than 2 MeV and do not interfere with the 6 MeV

gamma radiation produced by C)6 (n, p) 6N reaction [ 1 1. However, thermal neutron capture

[11] in different elements in a nuclear core may have interferences with gamma ray from

10 (n, p) 16N reaction. Table A2 summarizes gamma ray spectra for thermal neutron capture

in some elements 1 ) . As seen in this table, the main interference reaction is gamma radiation

generated by thermal neutron capture in iron.

1 3



Table A2. Gamma ray spectra for thermal neutron capture in some various elements [11].

Target ay, barn Photons /100 captures Highest energy
Nucleus (0.0253 eV) gamma ray,

MeV
0-1 1-2 2-3 3-5 5-7 7-9 >9

~~~~ ~~~MeV MeV MeV MeV MeV MeCV MeV
H 0.332 0 0 100 0 0 0 0 2.230
D 0.00053 0 0 0 0 100 0 0 6.244
c 0.0034 0 0 0 100 0 0 0 4.95

Na 0.530 >96 127 187 70 3 1 0 0 6.41
Al 0.230 >236 195 69 62 19 19 0 7.724
Si 0.16 >100 63 30 89 1 1 4.1 0.1 10.59
Fe 2.55 >75 60 27 23 25 38 2.1 10.16
Pb 0.170 0 0 0 0 7 93 0 7.38
U 2.73 254 178 91 34 0 0 4.06 ________

To minimize the interference from the iron in a boiling water reactor, the detectors should be

well collimated and placed as far as possible from the irradiated iron constructions.

A3. RESULT AND CONCLUSION

The results showed that it is possible to measure water level in a laboratory water tank

using a neutron generator. Characteristic features (the grey zones) in the vertical gamma

radiation distribution could be verified when water level passed each detector (Figure A2).

-N-Detecto 1 -- Detector 2
70

U ~~~~~~~60

4 6~~~~~~0

02 4
Characteristic 

10

Vertcal gamm radiation diatribution

Figure A2. Characteristic features in the signal when the water level decreases and it passes the detectors.

The detector response in Figure A2 indicates that in principle the water level could be

measured with a string of detectors, axially to the pipe, simulating the reactor vessel.

However, not only the water level, but also variations in the total neutron flux, or the power

level of the reactor, would affect the detector response. A better detector system, less sensitive
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to variations in reactor power, can be obtained by taking the ratio of the activity recorded by

the detectors thereby reducing the effects of variations in neutron flux.

Measurement of water level with 16N has been shown to be possible in a laboratory scale. The

special lbenefit with this experimental set-up is that the experiment can be carried out with a

minimum of background radiation. Because of the relatively low operation cost, this type of

experiment is very suitable for development of new types of water level measurement

techniques based on N for nuclear reactors. The accuracy in this experiment is deternined

by the slope of the curve in the grey zone in Figure A2. In this experiment the water level can

be measured at centimetre resolution.

Beside the interference from the core, several other factors should be considered for using this

method in a boiling water reactor. The amount of water in a boiling water reactor is much

larger than the amount of water in this experimental set-up. Because of the larger dimensions,

the detectors must be better collimiated. To measure the absolute water level, the detectors

must be calibrated relative to each other. The future work might focus on experiments based

on injection of air of varied pressure into the vertical pipe to simulate different two-phase

boiling regimes.

15



PART B: MEASURING THE WATER FLOW IN A PIPING SYSTEM

SET-UP

The aim of the work is to investigate the asymmetric distribution of activated water in

flow measurements with pulsed neutron activation. There are several methods for measuring

the average velocity of water in a pipe [14]. Despite the fact that many have a very sensitive

measurement capability, there are several drawbacks that limit their application. Measurement

techniques require intrusion in the pipe and disturb the flow pattern. Therefore the monitored

velocity of water flow by these instruments may not be quite reliable. Such instruments suffer

from organic and inorganic (metallic) deposits. Flow measurement methods based on

magnetic properties or ultrasonic sounds function in a very limited range of water flow.

Generally, all the water flow meters have low accuracy at lower flow velocities (<1 m/s).

Determining the average velocity of a fluid in a pipe without penetration of any instrument

through the pipe wall into the fluid is of general interest. Such a system has been developed

by Linden et al. using pulsed neutron activation (PNA) of oxygen in the water [14,15,16]. One

major problem is a discrepancy between the reference average velocity and the measured

velocity using PNA. The difference between the measured value with PNA and the reference

flow shows a dependence on both the distance between the activation point and the point of

detection and the flow velocity. It has been suggested that the reason for this discrepancy is

the inhomogeneous distribution of activated water in the pipe (see section B2).

The flow pattern of diffused activated water along the pipe was almost not known to us.

Therefore a simulation method using injection of colour in the pipe flow was developed in

this work. Simulation of the transport of the activated water in the pipe using a computer code

was seemingly very difficult and time consuming. A simulation code, such as DNS (Direct

Numerical Simulation) and CFD (Computational Fluid Dynamics), demands detailed

information about the piping system such as roughness of the pipe and the instant velocity of

the water flow. Such information was not available. Moreover, DNS does not consider other

flow phenomena such as swirl flow after pipe bending.

In the Ref. [17], depositing a small amount of colour in a transparent Plexiglas pipe simulated

the diffusion and the transport of the activated water. Based on the colour experiments, a

semi-empirical model has been developed that describes the distribution of the activated water

at different distances from the activation point.
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Bi. THEORY

In PNA, calculations of activation profiles have shown that water is activated mainly

very close to the pipe wall 15]. Figure BI1 shows the radial distribution of the activity.

X 1
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0.022 .

0 ~~~~~~~~~~~0
4606 0 
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00 OQ~~~~~~~~~~~2

Figure Bi. PNA activation profiles in a radial plane calculated from the uncolfided neutron flux. In the left case,
the source is positioned on the periphery of the pipe and in the right case the distance between the pipe and the

source is one pipe diameter.

Monte Carlo calculations have shown that activation is produced[ in a rather large volume.

Figure 132 shows the axial distribution of the activity along the pipe for stationary water.

1WX4
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0 5 0 15 2) 35 3) 35
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Figure B2. The relative concentration of activated water in the pipe produced after one neutron pulse.

During the PNA experiment, the activated water is transported with the water flow along the

pipe. Naturally, the longer the activated water is transported, the more it is mixed with the

water flow. Two detectors along the pipe measure the 16N decay in the water flow (Figure

B3). Subsequent analysis of the activity downstream in the pipe gives information about the

velocity of the water in the pipe [ [4,15,16].
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Detector 1 leector 2

Figure 133. Schematic principle of the PNA.

However, the measured velocity by the PNA method differed 3 to 6 % from the reference

velocity depending on the distance between the neutron generator and the detectors [15]. The

error decreases the longer the activated water goes through the pipe. It was suspected that this

difference depended partly on the asymmetric distribution of the activated water along the

pipe. If the activated water mainly is located near the pipe wall, where the velocity is smaller,

this will lead to an underestimation of the flow. Further away from the activation point, the

activated water will mix in the pipe and we will have a better flow determination with PNA.

Flowing water in a pipe may have two different flow patterns: lamninar and turbulent. Lamninar

flow is a well-ordered flow and occurs when adjacent fluid layers slide smoothly over one

another without mixing between layers (or lamina) [18]. This type of flow depends on the

transport process at molecular level. In turbulent flow, small packets of fluid particles are

transferred between layers. This phenomenon gives the flow a fluctuating nature that is very

difficult to predict. Reynolds studied turbulent flow in 1883. He classed experimentally the

different types of pipe flow due to the water velocity. He has studied the pattern of water

flows by injection of a dye, having the same density as water, in a transparent pipe. Using this

technique, Reynolds progressively observed the flow pattern at different flow velocities [18].

He observed that the transition from lamninar to turbulent flow depended on the pipe diameter

(D), fluid density (p), fluid viscosity () and naturally fluid velocity (v). These four variables

can be combined in a dimensionless parameter called Reynolds number (Re):

Re = Dpv/Ri

The transition from laminar to turbulent flow occurs at Reynolds number 2300. Below this

value, the flow is lamninar and above it turbulent.

The water flow in a pipe has not equal velocity at every point even if it is a lamninar flow. The

velocity of flow in a pipe varies radially. It is highest in the middle and lowest close to the
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pipe wall. The velocity profile for laminar flows is parabolic (Figure B4). The velocity profile

for turbulent flows is sketched in below.

Radial velocity of a laminar flow Radial velocity of turbni flow
Figure B4. Radial velocity of lamninar and turbulent flow, in a pipe.

The propagation of activated water along the pipe depends on the radial velocity profile. This

velocity profile depends on the mean velocity and also on a factor called the Fanning friction

factor f For turbulent flow, the Fanning friction factor is a function of pipe roughness but that

is not the case for laminar flow. For laminar flow, the Fanning friction factor varies only with

the Reynolds number [18].

When the flow is turbulent, there exists a very thin laminar filra in a boundary layer, the

laminar sub-layer. In this sub-layer, the flow is still lamninar ad a large velocity gradient

exists. It is supposed that some aount of activated water in this region blends very late with

the flomw [18]. This may lead to underestimations of the velocity with PNA measurement.

B2. EXPERIMENTAL

B32.1 PNA experimental set-.up

The piping system set-up is fully described in Ref. [14]. Figure B5 shows

schematically the PNA experimental set-up. The water in the Fluid Container is run into the

Constant Fluid Level Container. The velocity, of the flow can be adjusted by the Flow Control

Valve. The water then flows with constan; velocity into the ipe located in front of' the

neutron generator. The water can either flow from the pipe intc, the Weight Container for

reference mean velocity measurement or be pumped back into the Fluid Container.
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Figure B7. Couinter detector PNA.

B3. RESULTS AND DISCUSSION

Colour experiments have shown how ctivated water formed in a small region would

propagate along the pipe. This shows that the activated water distributes non-homogeneously

along the pipe. Figure B8 shows the concentration of colour in different parts of the pipe.

0,35-

-0 0,30 -j-
C

0,2

oD 0205
0 ,0

0,05-

Radial distance [cm]

Distance along the pipei [cm) 100 115 C

Figure B8. The concentration of colour in different parts cf the pipe, CQz,x).

Table BI shows the ratio of the signal from the two detectors on cipposite sides of the pipe in

the counter detector PNA experiments. As seen in this table, the ratio decreases as the

distance, from the injection point increases. This has also been observed in Ref. [19] and

suggests that the activated water blends more homogeneously at longer distances from- the

activation point.
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Table Bi. Ratio between the signal in the counter detector experiment.

Distance from the injected point Ratio determined from PNA
experiments

50 1.7
I ~~110 I1.7

139 1.4

The colour measurements are used to model the distribution of activity at different positions

in the pipe. It does not show what response this activity distribution will give in the detectors.

On the other hand, the PNA measurements only show the signal in the detectors but do not

give any direct information about the distribution of the activity in the pipe. This colour

distribution was then combined with a theoretically derived radial velocity profile to obtain

the velocity of the colour, simulating the activated water in a PNA experiment, in the pipe.

This is discussed in Ref. [17].

One way to improve the measurements could be to make calculations of the transport of the

activated water. In a complicated flow, this can prove to be very difficult. However, it is clear

that the transport mechanisms of the activated water in PNA measurements have to be taken

into account when performing measurements with a high level of accuracy.

It should also be noted that the absolute values derived from PNA measurements depend on

the data analysis, and background subtraction as well as the experimental set-up, such as

collimation and radiation shielding. Since the detector may detect some of the activity before

it passes in front of the detector, the effect of collimator penetration and finite collimator

aperture has an important influence on the results. Another factor is photons that are Compton

scattered into the detector. However, the effect of Compton scattering can be reduced by

increasing the threshold level of the detection.
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PART C: MEASURING THE TOTAL AMOUNTr[ OF OXYGEN IN

COMBUSTION PRODUCTS FROM A MODERN SI ENGINE

The aim of this part of the work was to non-destructively mea sure the amount of oxygen

in the carbonaceous combustion products (deposits or soot) formed in combustion chambers

of a modern gasoline engine (gasoline direct injection stratified charge Spark Ignition engine).

As a complement, organic compounds (especially those containing oxygen) in the deposits

were identified.

Generally, formation of solids, particles and deposits (soot), )i] the combustion engines

constitute a serious problem. Since the beginning of the combustion engines, we are burdened

with this phenomenon. The deposits lower the engine performance and cause engine damages

[20]. The released small spherical particles, so called particulate emissions, lead to problems

of environmental pollution and health problems [20,21]. In spite of different types of catalysts

and particle traps, measurements show a continuous increase of particles in the atmosphere.

Polyaromatic hydrocarbons, known as a carcinogenic part of the deposits, have been found

even in very distant lakes in North America. This finding indlicates that the whole Northnern

Hemisphere has been exposed to emission from combustion [22]. The mechanism behinL the

deposit formation is not fully understood. To understand the physical and chemical processes

that lead to formation of deposits and thereby particulate emissions, we need complementary

analytical methods. Information about the elemental and molecular composition of the

deposits may help us to a better understanding of the compounds and the mechanisms that

lead to the deposit formation.

The amount of oxygen in the deposits may be a characteristic: property for the deposits.

Oxygen in the deposits originates from combustion (oxidation) of fuel in the combustion

chambers. This is easily checked when the fuel contains almost no oxygen. The amount of

oxygen in the deposits formed on the different parts of the combustion chambers may be used

for modelling/simulation of gas flow in the engines.

Chemically-based methods for detlection of oxygen in the complex organic compounds have

often a very high sensitivity, but there unfortunately exists some drawbacks that limit their

applicability for analysis of organic compounds. Chemical elemental analysis of organic

compounds is based on combusti~'on/pyrolysis of relatively small amounts of sample. The

oxygen is often calculated indirectly. The sample is usually toally burned at 90 0 C and
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heated at 750'C on the surface of Cu/CuO. The products are then analysed by gas

chromatography. This method is completely destructive and for achieving good results, the

procedure must be repeated several times. It is thus not suitable when the amount of sample is

limited because the reproducibility of the results cannot be properly examined. This method

suffers seriously of matrix effects when metallic elements are present in the sample.

The neutron activation method works in a different way and provides a possibility to detect

elements in much more complicated matrices. Since the neutrons only react with the nuclei

the method is unaffected by electron shells and chemical bondings. The samples are normally

from milligrams to some grams, depending on which nuclides we want to study. No special

preparation of the samples before insertion is needed except for substances in the gas form

[23].

Solid-state C NMR spectroscopy has previously been used for analysis of coal [24]. Solid-

state 3C NMR spectroscopy based on a different technique (cross polarization) has been used

for analysis of combustion deposits [25,26,27,28,29]. In this work a single pulse 1 3 NMR

technique has been used for characterization of different carbon compound classes in the

deposits. We have not seen anywhere that single pulse 1 3C NMR technique has been used for

analysis of the deposits. One possible reason is that the NMR instruments have been too weak

to be used in single pulse mode. In our case, the used instrument has been twice as strong as

instruments that have previously been used [25,26,27,28,29].

Cl. THEORY

Combustion chamber deposits are formed when the fuel is oxidized in the combustion

chambers of an engine [29]. It has also been shown that the engine oil contributes to deposit

formation but the extent of this contribution is difficult to assess. To understand the chemistry

of the deposits, one should review some general concepts regarding the chemistry of carbon

compounds and incomplete combustion of organic compounds.

Carbon compounds are characterized by covalent bounding which involves the sharing of 8

electrons [30, 31]. Each carbon atom can share electrons with up to four different atoms.

Carbon can combine with other elements as well as with itself. This allows carbon to form

many different compounds of varying size and shape. Hydrocarbons are compounds that

contain only carbon and hydrogen. The hydrocarbons are divided into several groups: alkanes,

alkenes, alkynes, and aromatics. Oxygen containing hydrocarbons usually divide in alcohols
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(C-OH), carbonyls (C=O) and car boxylic acids (OH-C=O) [30, 3 1. Table Cl summaries

the general concept of each organic group and functionalities that have been found in the

deposits and gives an example to each group:

Table Cl. Some molecular groups and functionalities found in the deposits.

Groups General formula. Example Formula Structure

H H H

Alkane CnH 2n+2 propane C3H8 H-- -C .

I i 1
H H H

H H

Alkene CH.Propene C3H6

H-C-C=~C

H H H

Functionalities General formulla Example Formula Structure

R-OH H H H

Alcohol (alkane molecule Propanol C3H70H H-C-

abbreviated as R)I I
H H H

H

Aromatic Ar-H Benzene C6H6 HH

compounds: Arenes:H

0 0~~~~~~~~~~~ 

Aldehydes R HPropanal C3H60 CH CH2 C H

0 0

Ketones 11i Propan one C3H60 I I
R -C__R CH, C H,

Complete combustion of organic mrolecules always results in water and carbon dioxide but the

products of incomplete combustion are quite complicated. Incomplete oxidation of organic

molecules takes place in several steps, so-called elementary reactions: stepwise breakdown of

the molecules, which may eventually lead to compounds containing oxygen (see part D).

Incomplete combustion of fuel in combustion chambers of a spark-ignition (SI) engines

leads to formation of relatively ing rained carbonaceous solids in form of deposits or soot on

the combustion chamber surfaces. It has been reported that deposit formation in SI engines

depends strongly on type of fuel [29].
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C2. EXPERIMENTAL

C2.1 The Engine

The engine tested in this study is a four cylinder Mitsubishi GDITM (4G9GDI) direct

injection, four-valve pent roof DISC engine. The eine works in a different way compared to

standard SI (Spark Ignition)-engines. Gasoline is injected directly into the engine cylinders

(Figure Cl). In a standard SI engine the mixture ratio between gasoline and air is 1/15.

However, in the GDI1-engine, the ratio is decreased to 1/50. Thereby, gasoline is saved by

about 30 %,while the power increases with 10 %

Figure Cl. A schematic figure of a cylinder of a GD1 (gasoline direct injection) engine.

A cylinder consists of a piston and a head cylinder. The piston has a specially designed cavity

on the top. The head cylinder contains two inlets and two exhaust valves. Figure C2a and b

shows the surface of a piston and a head cylinder of the used GDI engine when the deposits

are fully formed.

Figure C2a. The surface of a piston containing Figure C2b. The surface of a head cylinder
deposits. containing deposits.
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The deposits were analysed in several ways: thermal desorptiorn followed by gravimetric

analysis, cyclic fast neutron activation analysis (cFNAA) and solid-state 13C nuclear magnetic

resonance (NMR) spectroscopy. Using these methods, the amount of oxygen was measured

quantitatively and the compounds containing oxygen were characterized.

C2.2 The chemical micro reactor

Combustion chamber deposits taken from SI engines arel two-component mixtures.

They consist of a non-volatile and a volatile part [32,33,34,35,36]. To separate the volatile

part from the deposits, a chemical micro reactor had been designed. The instrument was used

to vaporize (to desorb) relatively small organic molecules that are not covalently (shared pair

of electrons) bound to the hydrocarbon skeleton of deposits. Figure C3a shows a schematic

drawing of the reactor. The aim was that the individual particles of the sample would comne in

contact with the flowing inert gas through the chamber. When the temperature was increased,

the volatile organic compounds from the spherically solid particulates diffused to the gas

phase and the particles were decreased in, weight. As a result, the sample was totally

pulverized and the particles were flashed homogeneously and circulated freely inside the

chamber without accumulation on the chamber wall (Figure C3b). Using an induction-heating

coil, the temperature was controlled. In this way the thermal desorrption was optimized.

Inert gas in

Sample Helium gms inI

Sample Vent Head ~~~~~~~~~~~~~Vent Head

lleating ~~~~~~~~~~~~Heating
E~~~~~~lock ~ ~ ~ ~ ~ ~ ~ lc

Whirl
1550 ~ ~ ~ ~ athlflow Ceramic

Sample 6.0-cm ~~Powder sample ) Copper

Thermocouple

M Stainless steel [ l solationz Quartz tube

Figure C3a. Schematic figure of the thermal micro Figure C3b. Schematic figure of chamber.

reactor. Individual particles come in contact with inert gas.

27



C2.3 Cyclic Fast Neutron Activation Analysis (cFNAA)

The procedure of activation analysis using the neutron generator and pneumatic

transfer system can be divided into five parts: sample preparation and encapsulation, sample

transportation, sample irradiation, sample measurement and data evaluation.

The selection of a suitable container material is based not only on the desired low activation

response from the container but also on its mechanical properties. Polyethylene has been

known with favourable properties for use in 14.1 MeV neutron activation analysis.

Polyethylene consists only of carbon and hydrogen. Fast neutrons activate none of these

elements. Each sample was put in a cylindrical polyethylene container (14 mm * 32 mm) and

the container itself was placed in a thicker but softer polyethylene tube called rabbit. The

powder sample was homogenized and filled half the volume of the polyethylene container

(Figure C4). When the container was placed horizontally, the powder was distributed

uniformly along the container. The standard samples were prepared in the same way. For

liquid samples, the sample containers were sealed carefully by melting the cap to the

container.

Cap Polyethylene container

Powder Sample

Figure C4. Rabbit for 14 MeV activation analysis. The powder sample is homogeneously distributed along the
rabbit when it is placed in front of the neutron generator in the rotor.

The samples were sent to the neutron generator using a pneumatic transfer system. Because

the half-life of 16N is very short (7.16s), the isotope must be detected very soon after

irradiation time. The sent sample must be back to the cavity for measurement short after the

irradiation procedure. This irradiation-measurement cyclic procedure is repeated several

times. The more cycles, the higher sensitivity. The instrument for cyclic activation located at

the Department of Reactor Physics is schematically described in Figure C5.
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Figure C5. Schematic picture of cFNAA.

The rabbit is sent through a pneumratic tube sample transfer systemn to a mechanically rotating

assembly device placed in front of the target plate of the stationary neutron generator. The

distance between the outer surface of the rotor and the neutron-proilucing target of the neutron

generator was 6 mm and the diameter of the rotor is 4.1 m. The sample was rotated during

activation in order to irradiate it homogeneously.

After iadiation, the rabbit was sent back for measurement. To) minimize the background

radiation, the detector was kept inside a lead container of 5 cm thickness. The activation time

was 1 0 s, about Tv/, of 16N. The number of cycles was 6. The flight time between the detector

and the rotor was 3 s and the detection time was 20 s.

The number of counts from the BGO-3 detector is proportional to the amount of oxygen in the

sample. However, in the data evaluation one should consider the background and the variation

in neutron flux during activation.

Figure C6 shows a typical time spectrum of the 16N decay recorded by a BGO detector. Figure

C7 shows the N gamma energy spectrum or the same sample.
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Figure C7. 6 N energy spectrum.

The natural background radiation affects the measurements. It mainly originates from the

ground. The rabbit itself is not activated (see above) but it can be contaminated by oxygen

containing dirt such as Fe2O3 during cyclic transport. An empty rabbit was therefore activated

and measured for background correction. The measured signals can then be background-

subtracted.

A few factors affect the amount of produced neutrons during activation analysis, for example

variation in the voltage of the neutron generator. A neutron flux monitor was used to correct

for any variations in the number of neutrons produced by the neutron generator during the

irradiation of the sample(s) and the standard(s). Figure C8 shows the variation of produced

neutrons during two measurements with 15 cycles each.
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Figure C8. The variation of neutron flux during activation displayed by the monitor.

There are mainly three factors that may cause variations in the induced activity. The first

factor is the heterogeneity of the, samples. The sample is placed] very close to the neutron

target and thus the neutron flux may have a large gradient in the sample. Therefore the

heterogeneity in the sample may cause variations in the activation between different samples

of the same type. The second factor is the movement of the neutron spot. The location of the

neutron spot may slightly change during the operation and this may cause different results for

same sample. The third factor is the dirt and condensed water molecules on the sample

container and the rabbit. The last factor can be minimized by carefully cleaning the container

and the rabbit with ethanol.

For quantitative analysis of oxygen in the deposits, standards containing exactly known

concentrations of the oxygen are needed. The standards used cn internal or external.. An

internal standard is a substance that is added in a constant amount. to all samples and even to

the blaniks (empty tubes). Exterrnal standards are analysed separately. The signal from these

standards indicates the amount of he isotopes of interest. For powder solid samples, it is mnore

suitable to use external standards in powder form. One problem using internal standard with

powders is that it is very difficult to blend homogeneously the standard substance with the

sample. In this work, two powder samples with different volumes (and consequently weights)

were used as standard samples to calibrate the system: aluminium oxide (A120 3) and iron

oxide (Fe20 3). The weight % of oxygen in the deposit samples was calculated using; the

following expression:

Sm,)nitor X 100

Al sample
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where Ssample and Smonitor are the signals from the sample and the monitor, respectively. M~i

is the weight of the sample and k is the slope of the calibration curve (the detailed description

of the calibration curve made by Fe2 0 3 and A12 03 standards is in Ref. [34]). Sample is the area

under the nitrogen peaks (from channel number 400 to 600) in Figure C7. The fraction

Ssample /S monitor, is called the net signal per neutron.

For very dense and large samples, the neutron absorption in the sample and standard may not

be equal. The same remark holds for the emitted 6 MeV y-ray of 16 N in sample and standard.

This is due to the fact that sample and standard have different transmission factors. However,

in light and small samples such as powders, this can be neglected. Assume that the rabbit

(Figure C4) is filled with Fe2O 3 and is placed in front of the neutron generator with the

activation point located in front of the middle of the tube. 99.1 % of the 14 MeV neutrons

pass through the diagonal of the tube without a single collision. If the tube was filled with

deposits (assumed to consist of 30 % 0, 10 % H and 60 % C), 99.6 % of the fast neutrons

would have gone through the diagonal axis of the tube. However, if the task was to analyze

the amount of oxygen in a thin layer around an iron tube with the same size as the rabbit, the

amount of uncollided neutrons would be 95 %.

C2.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy is based on transitions between nuclear spin states. It provides

information that can be used for determining the chemical compositions and even molecular

structures of organic molecules. The atoms of greatest interest to organic chemists are

hydrogen- ( H) and carbon-13 (13C). NMR requires the nuclear spin to be non-zero. This

makes it impossible to perform NMR on C. 99.9 % of the natural abundance of hydrogen is

protium and 1 % of the natural carbon is carbon-13. Nuclear spins of the nuclei of the sample

atoms are oriented randomly in the absence of an external magnetic field. However, when the

sample is placed in a strong magnetic field the nuclei adopt spin orientations aligned with the

magnetic field (parallel or antiparallel). The two orientations are not of the same energy.

Nuclei with the antiparallel orientation are slightly more energetic than nuclei with parallel

orientation. A radio-pulse with a frequency that corresponds to the energy difference between

the spins flips over the spins from the lower level to the higher. This is the principle of nuclear

NMR. A more detailed description of NMR theory from [37,38] follows below.
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Many nuclei possess a spin angular momentum, I (or just spin), ad consequently a magnetic

moment, t. The relation is:

Rt =,yI

,y is the magnetogyric ratio and it is characteristic of the nucleus. For example the

magnetogyric ratio for hydrogen is 42.58 MHz/T. If we expose the nucleus to an external

magnetic field B0 the magnetic moment of the nucleus interacts with the external field. The

external field forces the magnetic moments of the nuclei to align with the field. However, the

spin axes undergo precession around the direction of the external field. Figure C9 illustrates

nuclear moment in a magnetic field along the laboratory Z-axis.

z

BOA

Co=y*BO

Figure C9. The nuclear moment undergoes precession with the frequency o" ii a magnetic field B0 around the
field direction.

The frequency of this is wO (the Larmor precession frequency) and it is given by:

w=y Bo

However, the net magnetization (Mo) lies along the Z-axis at thermal equilibrium (Figure

C1O). Mo is the total moment of all individual nuclear moments (i) in a sample along the Z-

axis with magnetogyric ratio y andl I = 1/2. The magnetization vectors are:

M, = M)and M,,=N4Y O, MO 51t
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Figure C10. The net magnetization of the nuclei aligns with the external field B0 in the equilibrium.

The net magnetization can flip over by a second magnetic field B1I. In order to do the most

effective transition between the two states, the B must lie in the xy-plane. The net

magnetization vector rotates around the direction of the applied B, field (Figure Cli1). The

rotation angle (0) is proportional to the magnetogyric ratio of the nucleus (), the magnitude

(B,) and the duration of the pulse (tp):

0 = 2icy tp B

z

B1
X

Figure Cl l. Two external fields B0 and B lead to tipping of net magnetization by angle 8 from Z-axis.

Practically the B, magnetic field is produced by a coil of wire placed around the X-axis of the

sample. Such an assembly will provide a magnetic field along the X-axis when a direct

current is passed through the coil (Figure Cl2a and C12b). The strength of the B1 is then

changed simply by an alternating current f (radio frequency) through the coil. This will

produce a magnetic field, which alternates in the X-direction. The field B will now rotate

around the Z-axis.
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magnetizedX
by rf pulse

Figure C12a. Magnetization of sample along X-axis. Figure C12b. B, lead to tipping of magnetization by
The generated B1j rotates around the Z-axis. the angle 0. The magnetization rotates around the Z-

axis.

The field B, together with B0 tips the magnetization MO from the Z-axis. It will then rotate

around the Z-axis. At resonance B and thereby, M rotates with the Larmor precession

frequency "o. After the induced pulse, the magnetization will go, back (relax) to the original

position by a time constant called Ti. The decay of the magnetization along the X or Y-*axis

(so called transversal relaxation) can be experimentally recorded. The decay of the transversal

magnetization is denoted "free induction decaiy" or simply FID, referring to the absence of the

radio frequency (rf) field. The FID is characteristic of a molecule.

In this work we used 900 pulses (0=90). Figure Cl 3a-d illustrates the whole NMR procedure.

z z z

_ _ _ _ _ _ _ _ _ _ _ _ M .

X X K

Figure C13a. The sample is placed Figure C13b. The magnetic field Figure C13c. B ]=0 and the

in the magnetic field B0. The nuclei B.[ is applied by an rf field. magjnetization vector precesses in

are in equiilibrium. the xy-plane around the Z-axis by

Larmor frequency.
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Figure C13d. The spin is relaxing in the xy-plane and Figure C13e. The relaxation is complete and the FID

along the Z-axis. signal is detected.

Figure C14 illustrates a 90' f pulse and the resulting FID signal. The time domain FID data

can easily be converted to frequency domain using Fourier-transformation. The produced

signal is also referred to as the 9' signal.

0 C

> 90 degreeE

VV V' ~~~~~~~~~Frequency

Figure C14. Representation of a 900 rf pulse, the FID and the Fourier-transformed FID.

The NMR spectrum is calibrated by a reference; often tetramethylsilane (TMS) is used. In

other words the chemical shift of TMS is zero. The magnetic environment of a nucleus of an

atom is strongly affected by the adjacent atoms that are covalently bound to that atom.

Therefore a certain atom bound to different other atoms appears at different chemical shifts.

The chemical shift of a peak is given in parts per million from the TMS peak:

Chemical shift [Measured peak position (Hz) - position of TMS peak (Hz)] * 106]

Spectromneter frequency (Hz)

Figure C15 shows schematically the principle of liquid-state NMR. The liquid sample is

poured into a special sample tube. The sample tube is then placed vertically in a coil or probe.

The probe and the sample tube are placed in a strong magnetic field B0. The rf signal goes
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through another coil and produces a magnetic field that is perpendicular to the sample. The i-f

signal together with B0 induce a time dependent signal in the probe that can be detected. The

time domain signal is then Fourier transformed to a frequency domain signal: the NMR

signal.

B0

aSample
tube

FT signal out
-~r in

Figure C15. Principal sketch of instrument for liquid-state NMR.

The solid-state NMR is a more complicated method. Generally broad, featureless peaks

characterize the NMR spectra of solids. However, the broad signals are often a superposi tion

of many, sharp peaks with different frequencies.

When a solid sample is placed in an external magnetic field (B0), a local magnetic field (Bloc)

is produced in the sample. Consequently, every spin is affected by wo magnetic fields:

Binduced m B0 + Bloc

A powder sample consists of very many crystals, all with different orientations of B10c (Figure

Cl1 6a and Cl1 6b) and consequently Binlduced. This causes broadening of the NMR spectra.

B0

Figure C16a. Small crystals do not align the external Figure C16b. The arg le between B0 and B,,,.
field B0.
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The B,,,, is proportional to the factor 3CsO -0_1. More about this factor can be found in Ref.

[37,38]. To eliminate this local field, this factor should be zero; thus 0 = 54,740. This is called

the magic angle. By rotating the sample around its axis at the angle 54,740 from the B0 , a

high-resolution spectrum from the solid samples is achieved. This is the basis of the technique

called magic-angle spinning (MAS). The solid samples are poured in a special probe so called

CPfMAS probe designed for solid-state NMR spectroscopy.

Technically the powder sample in the CP[MAS probe should be tightly packed. Otherwise the

probe rotates incorrectly and it can be damaged. The ferromagnetic impurities in solid

samples lead to a loss of NMR signal intensity and resolution. Therefore such substances

should be removed using a bar magnet.

C3. RESULTS AND RELEVANCE OF THE RESEARCH

Thermal desorption followed by two non-destructive nuclear based methods (cFNAA and

solid-state NMR spectroscopy) have been developed and calibrated for analysis of small

amounts of carbonaceous combustion products from a new type of gasoline engine. Thermal

desorption has shown that up to the 50 weight % of the deposits consisted of volatile

compounds [34]. According to cFNAA, there is a high amount of oxygen (between 20 and

30 %) in the deposits [34]. The amount of oxygen in the deposits varies depending on where

the deposits have been formed. The non-volatile part of the deposits was also highly oxidized

(between 10 and 15 %). Ref. [34] describes the detailed procedure and the results of

quantitative analysis of oxygen in deposits. Figure C17 shows the calibration curve made by

aluminium oxide (A120 3) and iron oxide (Fe20 3). Table C2 shows the standard deviation and

fractional error of each measured standard sample using FNAA in Figure C17. As seen in

this table, the fractional error is relatively large (--20 %) for standard samples containing

0.01 g oxygen. For larger samples (containing around 1 g oxygen), the fractional error is

relatively small (--0.5 %). cFNAA is a non-destructive method and the use of cFNAA is

especially interesting in this area because the production of deposits is very expensive and

highly limited in yield.
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Figure C17. c]-NAA calibration curve with Fe203 andl A1203.

Table C2. The accuracy of each standard sample.

Sample Amount of Amount of Net counts Statistical
sample [g] oxygen [g] per neutron errors

(counts Fractional
per error

______ _____ neutrn)

Fe203 0.01989 0.00598 0.00057 0.00012 21.0 %
A1203 0.02982 0.0 1404 0.00047 0.00011 22.3 %
A1203 0.02982 0.01404 0.00073 0.00012 16.2 %
Fe2O3 0.62443 0.18769 0.01064 0.00019 1.8 %
A1203 0.42499 0.20007 0.01220 0.00017 1.4 %
A1203 0.42499 0.20007 0.01380 0.00021 1.5 %
Fe2O3 2.65697 0.79862 0.04896 0.00030 0.6 %
Fe2O3 2.65697 0.79862 0.05392 0.00033 0.6 %
A1203 4.13404 1.94614 0.12011 0.00046 0.4 %
A1203 4.13404 1.94614 0.12084 0.00055 0.%

Solid-state 13 NMR has shown that organic oxygen was found in different types of carbon

compounds: oxygenated aliphatics (C-O), carboxyls (HO-C=O) and carbonyls (C=O). Table

C3 shows the chemical shift range, of these carbon compounds.

Table C3.. Aproximate Chemica shft ang!s.

Compound classes Chemnical Shift

Aliphatics 50-- 0 ppm

Oxygenated aliphatics 1 IC- 50 ppm
Light aromatic molecules, Polyarormatic 160 - 1 10 ppm

molecules and graphitized structure
Carboxyls andi carbonyls 240:- 160 Pp)m

Figures C18 and C19 compare the chemical make up of deposHlis before and after thermal

treatment respectively. As seen in Figure C18 the deposits contain a large fraction of

aromatics including small and large polyarornatics (160 - 1 10 ppnn). They also contain a large
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fraction of liquids originating from engine oil (0 - 50 ppm). Previously the existence of such a

phase has been confirmed by other methods [32,33]. The volatile compounds consist of a

mixture of all the classes in Table C3. The detailed information of the fractions of the

different compounds and the precision of the values is in Ref. [34].

/ \ - / Lkunedngk ol
jH

OH

Y OH

250 200 150 100 50 0 -50 ppm
Figure C18. 13C NMR of deposits before thermal desorption.

Figure C19 shows the chemical composition of the carbon backbone of the deposits free from

the volatiles. As seen in this figure the largest fraction of the carbon backbone of the deposits

exists as polyaromatics and/or graphitic structure (chemical shift 110 - 160 ppm). The small

aromatic compounds have already desorbed (removed). Oxygen exists mainly as carbonyls

and carboxyls. It is unknown how these compounds are connected to each other. However, it

can be guessed that the small volatile compounds are dissolved in the liquid phase (otherwise

they would have disappeared). The polyaromatics may have a central position stabilizing the

structure of the deposits and making the deposits highly thermally stable.

OH

o OH

250 2 1 00 50 0 -50 ppm

Figure C19. Solid-state 1
3 C NMR of deposits after thermal desorption.

40



Figure (720 shows schematically the molecular model of the deposits.

(7>

N #' 

Figure C20. Deposits containing the volatile part (the grey zone) and the non-volatile part (the graphitized

structure i the middle). The black atoms are oxygeyn.

Generally, very sensitive method.s for analysis of combustion products from spark-ignition

and especially from diesel engines are of great interest. These types of methods are needed for

studying the connection between the chemical composition of the deposits and the used fuel.

The developed method can also be used for studying the airborne particles emitted from

different gasoline/diesel engines. The experimental results of the research may give a basis for

modelling and potentially eliminating generation or distribution of deposits and particulate

emissions in the future.
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PART D: ON-LINE DETECTION OF OXYGEN IN BULK

RAPESEED OIL

A neutron activation based measurement method has been developed to detect oxygen in

bulk rapeseed oil. The main object was to detect quantitatively the amount of oxygen in

different types of oil in a small chemical reactor during the combustion/oxidation process.

This procedure can be used for determination of the thermal oxidative stability of oil.

D1. THEORY

The result of complete combustion of any organic molecule is C 2 and H 2 0 but

incomplete combustion leads to many types of organic compounds with different molecular

weight and structures that may contain oxygen [39,40,41,42]. The combustion process begins

when oxygen molecules attack organic molecules. During this process the oxygen molecules

break into very high reactive atomic oxygen radicals. The oxygen radicals cleave the organic

molecules into smaller oxygen-containing organic radical fragments. These fragments attack

each other or other molecules (see PART C).

Oil consists of hydrocarbon molecules. There are several standard methods for determination

of the thermal oxidative stability of oil. The most applied methods are: Infrared spectroscopy

(IR), gas chromatography-flame ionization (GC/FID), gas chromatography-mass spectroscopy

(GC/MS) and different types of thermogravimetric analysis (TGA). TGA is used to evaluate

the thermal behaviour of oil. In TGA, the oil is oxidized by oxygen and the weight decrease is

measured. Application of this method is under development [41]. IR, GC/FD and GC/MS in

combination with TGA show the changes in the molecular composition of oil during the

oxidation [44,45,46,47]. In this work we present a different method for determination of the

oxidative stability of oil. The method is based on on-line detection of the total amount of

oxygen in oil using fast neutrons. This method could be calibrated and used for detection of

the total amount of oxygen during oxidation of oil in a chemical reactor.

The choice of fast neutrons is due to their three distinct properties. Firstly, the neutrons only

react with the nuclei and the method is non-intrusive and unaffected by electron shells and

chemical bondings. Therefore the matrix does not affect the results. Secondly, fast neutron

beam can penetrate through the vessel and the bulk liquid without being severely attenuated.

Thirdly, the interactions of neutrons with oxygen in the liquid lead to significant high gamma
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energy and this makes it extremely selective for determination of the total oxygen in the liquid

without interference.

Among other possible on-line neutron based nuclear measurement methods there are neutron

prompt gamma activation analysis [48,49], neutron scattering analysis [50,51] and time-of-

flight measurements. For analysis of oxygen, fast neutron activation analysis (FNAA)

compared to the mentioned methods has a significantly better selectivity. In FNAA, the

isotopic oxygen becomes radioactive during a comparatively long time. However, one major

problem with on-line FNAA is the high background radiation. This fact is due to the

prevalence of oxygen in the surroundings.

D2. EXPERIMENTAL

Figure Dl shows the used experimental set-up for on-line fast neutron activation

analysis of oxygen in liquids. This has been briefly described in Ref. [52].

Figure D)1. Photograph of the on-line set-up showing the shielding material around the detector. The vessel (not

shown in the picture) is placed in front of detector.

Samples consisting of 200 ml rapeseed oil, glycerol and water n a cylindrical aluminium

vessel with 6.4 cm in diameter (not shown in the Figure Dl1) were used. The water sample was

measured twice. A magnetic stir was used to distribute the activated oxygen nuclei

homogeneously in the liquids.
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A major technical problem with on-line detection is shielding of the detector

from direct radiation from the neutron generator. The 14 MeV neutrons can

activate the oxygen atoms in the BGO detector and give rise to false signals. To

minimize the problem, it is favourable to use elements to lower and/or scatter

14 MeV neutrons before they reach the detector. Usually, thick hydrogen

containing elements such as paraffin and water are used for shielding of

neutrons. Hydrogen atoms are the lightest element but they have the smallest

total atomic cross-section (0.6 b) for 14 MeV neutrons. Instead, we have used

relatively thin but very dense high atomic weight materials: tungsten and iron. Figures D2a

and b show schematically the cross-sections of main nuclear reactions in tungsten and iron at

different neutron energies [53]. The total cross-section of these elements (7 and 2.6 b

respectively) for 14 MeV is much larger than hydrogen. In this way, a larger fraction of the

14 MeV neutrons undergoes different types of nuclear reactions, reducing the uncollided

neutron flux. As seen in Figures D2a and b, elastic scattering and (n, 2n) reaction dominates at

14 MeV. Neutrons may not change the direction dramatically when they scatter with heavy

nuclei but new neutrons generated from the (n, 2n) reactions may have any direction. Because

the cross-section of (n, 2n) reaction is quite large in tungsten and iron, it is expected that

fewer neutrons reach the detector. A more detailed investigation based on Monte Carlo

calculations and/or experiments is needed to determine the flux of neutrons that have been

diffused through the tungsten. The detector was shielded by iron and tungsten against direct

neutron radiation and by lead against gamma radiation from the surroundings (sees Figure

Dl).
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Figure D2a. Nuclear cross-section of tungsten,
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Figure D2b. Nuclear cross-section oil iron.
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Table D1 summarizes properties of some elements that could be used as shielding against 14

MeV neutrons. The values are taken from Ref. [541. The parameters in the Table Dl are

already described in "GENERAL BACKGROUND" above.

Table D1. Some properties of different elements that could be a candidate as shielding against 14 MeV
neutrons.

Elements: Lead Iron Copper Water Nickel Glass Tungsten Platinum Coal Cadmium
Density
[g/cm 

3
i 11 8 9 1 9 2 19 23 2 9

Atomic/mole
cular weight

Eg/mol] 207 56 64 1 8 59 60 184 195 12 -112
N [I/cm3] 3.3 X l0O' 8.5 X 1022 8.5 X 1 02 lO0X 1022 9. 1 X 1022 2.2 X 1022 6.3 X 1022 7.2 X 1 022 1.1>X 1011 4.6X 1 022

oa_ for 14
MeV (b) 5.2 2.4 2.7 1.2 2.7 1.7 5.2 5.2 1.4 4.0

Y_ for 14
MeV (/cm) 0.17 0.20 0.23 0.12 0.25 0.04 0.33 0.38 0.16 0.19
Fraction of
uncollided
14 MeV
neutrons
after

penetration 42 % 36 % 32 % 56 % 29 % 83 % 19 % is5% 46 % 40 %
in 5 cm of
shielding __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

As seen in this table a larger fraction of 14 MeV neutrons undergoes any nuclear reaction in

tungsten and platinum compared to other elements. Since the neutron energies larger than 10

MeV are needed to activate oxygen, we disregard scattered neutrons, and the attenuation of

neutrons is approximated with a simple exponential decay (see "GENERAL

BACKGROUND" above).

D3. RESULTS AND RELEVANCE OF THE RESEARCH

Figure D3 shows the calibration curve made of five points: background, rapeseed oil,

glycerol and two water samples by on-line activation analysis.

The accuracy in this experimental set-up for on-line fast neutron activation analysis was

relatively low (±20 g). In the present set-up the error in the measurements is determined

mainly by the statistical error of the monitor signal. Theoretically, if we decrease the monitor

distance from the neutron generator by 50 % and increase the measurement time from 100 s to

I h, the accuracy could be improved to ±0.6 g.
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Figure D3. Calibration curve or on-line detlection of oxygen in 200 nil of different samples.

The geometry of the vessel in this experiment was not optimal. Using the optimal geometry,

the measurement time can be significantly decreased. Monte Carlo) calculations show thatl the

optimal radius and height of a cntainer containing water would be about 10 cm and 44 cm

respectively. These dimensions give a volume of about 14000 ml that should also be suitable

for rapeseed oil [52].

The on-line fast neutron activation measurement is affected by background radiation. The

background radiation is most probably 16N decay in the surrounding materials [52]. The

experimental set-up was protected[ against the background radiation by lead (see Figure D.I).

The on-line fast neutron activation nalysis; developed here, can be used for detection of

oxygen in a dynamic process. It can be used for determination of thermal oxidative stability of

different types of oil. By optimnizing the experimental set-up, the accuracy can be increased to

approximately a few per cents.

It should be noted that when the elemental ratio in oil, e.g. CIH, CGO and HIO0, changes during

comnbustion/oxidation, the attenuation of fast neutrons in oil may change significantly. Before

usage of the described on-line method, the transmission/attenuation of the fast neutrons in oil

with different elemental ratio should be investigated.
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F Owrang, H. Mattsson and A. Nordlund

A method of water level detection in boiling
water reactors using the 6N decay

to experiment with real nuclear reactors to develop a method
An experimental simulation of water level dejection in boiling for water level measurement. Therefore it would be desirable
water reactors is presented. The water in a vertical pipe was ir- with a method for :mulation of water level in a laboratory
radiated with fast neutrons produced by a neutron generator, scale. The aim of tis work is to simulate BWRZ water level
whereby I60 was activated to 'N Two BGC) detectors along measurements using, 16N in a laboratory vertical pipe.
the pipe at two different heights measured the gamima radiation
at different water levels. The 1

6 N detection i a boiling water
reactor could thus be simulated in an experimental set-uip with
a minimum of other sources. 2 Material and methods

Eine Methode zur Fiillstandsmessung in Sic dewasserreakto- 14 MeV neutrons from a neutron generator activated water
ren mit Hilfe des 6 N Zerfalls. Eine Methode, zur Ffillstands- during s in a 60 cm long and 10 cm diameter vertical pipe, si-
messung in Siedewasserreaktoren wird an einer Versuichsein- mulating the reactor vessel (Fig. 1). After activation, the de-
richtung vorgestellt. Das Inhaltswasser iner vertika 'en tector response of two detectors due to gamma radiation from
Roiirleittung wird schnellen Neutronen asgesetzt, die mit ei- the 16N decay was recorded. The neutron generator was
nem Neuitronen generator erzeiigt werden. Dabei entsteht 6N turned off during detector recording since the neutron gen-
Gammnastrahing. Zwei BGO Detektoren enticing der Rohriei- erator produces intense gamma radiation, which blocks the
tung miessen an zwei verschiedenen Positioren die Gamma- detection system. Thie water in the pipe was mixed by a mag-
strahlutng, tahrend der Fillstand abgesenk!t wird. Die 16 N netic stir to distribute the activated water as homogeneously
Gamnmastrah/ungsmnessung an einem Siedewasserreaktor as possible in the pipe. A flux of air was injected continuously
koninte an der Versuchseinrichtung simuliert werden mit einern from the bottom of the vertical pipe to simulate a boiling
Minimumi anderer Strahluingsquellen. water reactor.

The neutron target of the generator was placed at the ower
part of the pipe. The neutron yield during the activation was
1011 nls, emitted isotropically. Two BGO-detectors with di-

1 Introduction mensions of 2"x 2" (length x diameter) were lplaced at 20
and 36 cm from the bottom end of the pipe. The detectors

Monitoring the water level in a reactor vessel is important or were collimated wit'. lead and iron (Figs. 1-3). The water le-
regulation of reactor operation. It is also important for avoid- vel could be lowered using an electrical water vent placed at
ing loss of coolant to the reactor core. As water level is a vari- the lower part of the pipe. The transparent water pipe was
able relevant to safety, itis of mportance to apply diverse itg.. raded and observed by a video camera so that a reference le-
measuring systems [1-6]. vel could be determined. The level was lowered in steps of

In boiling water reactors, the steam generation leads to a 5 cm. At each water level five neutron pulses, each with a
water-steam mixture in the reactor annular sace and reactor length of one second, were produced and the detector re-
plenum [2]. Therefore, the measurement is ?complicated by sponses after each lpulse were summed up. The generated
the fact that the mixture level differs from the measured col- gamma radiation was detected during one minute after each
lapsed water level, i.ec. the water level without boiling. nurnple

In most boiling water reactors the liquid level is today de-
termined by means of differential pressure drop measure-
ments in the downcomer. The instruments ued have the ad-Ot
vantage of being robust and simple and can be used over 10cm 
very long times. However, the readings from these instru- 0ee r2 1c OO 
ments may lbe difficult to interpret during transient condi- -' 00 00 
tions, which may exist during an accident situation [6]. There- 0 Pb 0O0
fore, water level monitors must be able to indicate rapidly and b0 0 00 

clearly when the cooling of the reactor core is lost [2]. ~ ~ ~ ~ ~ Pb 0 Neutron

During power operation, the main sources of gamma radia- j~n eetr1'Igeneratorpleroduts when ise producedo thrugho th e n pis6 reacion. 201P

tion are fromn nuclear fission, 1 N in the water [3] and fission Pb it0

Pb0It has a half-life of 7.13 seconds and emits phcotons with ener-________I
Arflow in

gies of 6.1 McV (68.8 %) and 7.1 MeV (4.7 %/) [7]. M~tinec tr~-Magnet
Water level measurement using 6N is a technique undler M 

development [1-6]. It is very expensive and time consuming Fig. 1. A schematic sketch over the experimental set-ztp

296 © Carl Hanser Verlag, Miinchen KERVTrcHNiK 67 (2002) 5-6



F. OwranR. H. Mlattsson and A. Nordlund: A method of water level detection in boiling, water reactors using the 16 N decay

~~Z~~I ~~~ -~~material in the vicinity of the neutron generator. The results
are shown in Fig. 6.

The effect of collimation can be seen in an increased serisi-
tivity in the ratio of the detector signals with respect to he
water level. The experimental signal ratio (Fig. 5) differs from
unity at high and low water levels as could be expected from
Fig. 6. This depends on different background in the two detec-
tor positions and different detector efficiency, which is also re-
flected in the different sizes of the detector signals in Fig. L.

4 Discussion

The detector response in Fig. 4 indicates that in principle the
water level could be measured with a string of detectors, axi-
ally to the pipe, simulating the reactor vessel. However, riot
only the water level, but also variations in the total neutron

Fig.. Phtogaphothest-ipshoinghetrnspaentateripe flux, or the power level of the reactor, would affect the detsc-
Fig 2.Phoogrph f he et-ip howng hetraspaentwatr ppe tor response. A better detector system, less sensitive to varia-

tions in reactor power, can be obtained by taking the ratio of
the activity recorded by the detectors thereby reducing the ef-
fects of variations in neutron flux (Fig. 5).

As has been shown in Refs. [3] and [7] the accuracy could
.~be improved by using the signal from a string of detectors as

input into a neural network that would yield the water level

5 Conclusions

Measurement of water level with 6 N has been shown to be
possible in a laboratory scale. With a multi-detector set-up
along a larger water pipe irradiated by a neutron generator

Detector 1 -4- Detector 2

Fig 3 The eperimental'set rip 0.7
0.6-

The detector sianals were corrected for variations in the 0.5-
neutron flux since the amount of activated water depends on 0.4-
the neutron flux. The neutron flux was monitored with a neu- 0.3 
tron detector during the activation. 0.3 1D

0.1 

0
3 Results 0 10 20 30 40 50 60 70

Fig. 4 shows the detected signals from detector 1 (at 20 cm Water leve (cm)
height) and detector 2 (at 36 cm height). It can be seen from Fig. 4. Recorded t6eN activity; DI and D2 denote te axial position of
the figure that the signal is almost constant when the water le- the two detectors
vel is lowered from 60 cm down to the height of the detectors.
When the water level passes the detectors the signal decreases -+d1/d2
significantly. The decrease in signal can be observed at the in- 2.5 -
terval 15 to 25 cm for detector 1 and 30 to 45 cm for detector
2. 2 -

In Fig. 5 the signal ratio of detector and detector 2 is -a1,
shown. As expected and as can be seen from the figure, the r,
sensitivity of the ratio to the water level is low when the level 1-

is far below or above both the detectors. Maximum sensitivity
is obtained in a region between the detectors. 0,5

In order to interpret the experimental results, a simple 
model of the detector responses has been made. In this mod- 0 1 0 20 30 40 50 60 70
el, the 1

6 N activity is assumed to be homogenously distributed Water level cm)
in the water. A constant background level has been added to
reflect the contribution from activated oxygen in the air and Fig. 5. Ratio of recorded activity in the two detectors
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70035

600 30 - --

300-
500 25 

400 2 00

100 -4----~~~ Detector at 20 height

200 0~~~-4- Detector at 20 cm height 50 -s- Detector at 36 cm height
100 0-

-{---Detector at 36 cm height 0 10 20 30 40 50 60
01

0 I0t 20 30 40 50 60 Water level (cm)

Water level (cm) ~~~~~~~~~Fig. 6. 2. Simulated detector response from
Fig. 6. 1. Simulated detector response from two collimated detector's

two uncollimnated detectors

1,6 ~~~~~1,6 --

1,4 1,4_ __ _

1,2 ~~~~~~~~~~12 -____

0,8 - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0,8~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,4 ~ ~~~~~~~~~~~~~~~~~0 10 20 30 4 o 60
0 10 20 30 40 50 60

Water level (cm)
Water level (cm)

Fig. 6.4 Simulated ratio of detector signals
Fig. 6.3. Simulated ratio of detector signals fiom two collimated detectors

from two uncollimated detectors

Fig. 6. Simulated detector responses without (6.1 and 6.3) and with (6.2 and 6.4) collimation

together with calculation tools it would be possible to simu- 3 Hampel, R.; Fleische; S; Drlger, and Maekawa, 77: Water level
late and evaluate the performance of water level measure- measurement system for boiling water reactors using optical gammia

mentsysemsfor nuclear reactors. radiation sensors - neural network applications. International Topi-
ment systems ~~~~~~~~~~~cal Meeting on Nuclear Plant Instrumentation, Control and Hu-

man-Machine Interfaced Tecnologies, Nov. 2000
4 Pools, . and Schoop, K~.: Level measurement by the measurement of

gamma count rate at the reactor. Kerntechnik 58 (1993' 170
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H. Mattsson, E Owrang and A. Nordlund

Simulation of pulsed neutron activation
for determination of water flow In pipes

lications [1-61. Since there exists a velocity profile in the pipe,
The effect of the asymmetric distribution of activated water in with the highest velocity in the middle and the lowest close to
PNA (pulsed neutron activation) measurements has been in- the pipe walls, immediately after activation the mean velocity
vestigated experimentally by depositing a small amount of col- of the activity will be lower than the mean velocity of the
our, simulating the activated water, in a transparent Plexiglas water. However, further downstream the mean velocity of
pipe. Based on the colour experiments, a semi-emnpirical model the activity will approach the mean velocity of the water.
has been developed that describes the distribution of the acti- Thus the accuracy oF flow measurements by PNA, is strongly
vated water a different distances from the activation point, dependent on the radial transport of the activated. water.
The model shows that the combination of inhomogeneous acti- The turbulent flow in the pipe can lead to very compli-
vation and a radial velocity profile makes the mrean velocity of cated transport phenomena that have been studied pre-
the activity lower than the mean velocity of the water. It can viously using computer simulations [2, 7]. In this work the
also be seen that the velocity of the activity increases as the dis- activity transport hais, been studied experimentally. A small
tance from the activation point increases. The mnodel has been amount of colour was deposited in a transparent Plexiglas
compared with experimental values from PNA measurements pipe and by video recording and analysing the flow, the ra-
and the measured mean velocity shows a similar dependence dial distribution of te coloured water could be: found. By
on the distance from the activation point, combining this with the velocity profile in the pipe, an esti-

mate of the velocity cif the colour could be found at different
Simulation der gepulsten Neutronenaktivierung zur Untersu- positions along the pipe.
chung der Wizsserfliejigeschwindigkeit in Rohren. Die asym-
metrische Verteilung von aktiviertemn Wasser ist durch PNA-
Messungen untersucht worden, indem man e wenig arbe,
welches das aktivierte Wasser symbolisiert, in e transparentes 2 Background
Plexiglasrohr gab. Basierend auf dem Farbexperiment, wurde
emn semi-empirisches Modell entwickelt, un die Verteilung des A typical time spectrumn from a PNA measurement is shown
aktivierten Wassers in verschiedenen Abstbnden zum Aktivie- in Fig. 1. There are two main ways to obtain the average time
run gspunkt zui beschreien. Das Modell zeigt dss die Komnbi- from the time spectrum, by different time averaging methods
nation von inhomogenen Aktivitaten und einemn radialen and by computer sirnilations including Monte Carlo calcula-
GeschwindigAkeitsprofil die Durchschnittsgeschwindigkeit des tions.
aktivierten Wassers niedriger werden lsst, als die des nicht ak-
tivierten Wassers. Es ist des Weiteren festzusteljien, dass mit zU- 1600
nehimender Entfernung zumn A ktivierungspunkt die Geschwin-
digkeit des aktivierten Wassers zunimmt. Das Modell wurde 1400 - ____

mit den Werten der PNA-Messungen im Experiment verg li-
chen, wobei es sich zeigte, dass die gemessene Durchschnitis-
geschwindigkeit ebenfalls vomn Abstand zum Aktivierungs- 120__
punkt abhizngt. .. 1 00__ 

00

CL 800 ___

1 Introduction U
600___ _-

The pulsed neutron activation technique (PNA) is a method 
for non-intrusive measurement of water flow in pipes. Th 40ic__
principle of the measurement is activation of cixygen by irra- 40
diating water with 14 MeV neutrons. Subsequent analysis f 20 __ ____

the activity downstream in the pipe gives infarmation about
the velocity of the water in the pipe.

One concern with the technique is the non-uniform activa- 0 __

tion in the pipe. In order to achieve maximumi neutron flux 0 5 10 15 20 25 30
as well as a well-defined activation point, the neutron source Timne after neutron pulse [s]
is normally placed as close to the pipe as possible. It is well
known that this leads to a very inhomogeneous distribution Fig. 1. Time spectrum of the PNA experiment. Energy window 4-
of the activated water in the pipe, as described in earlier pub- JO MeV
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The simplest approach to find the average transport time of Detector offside
the activity is to use a weighted mean value. Several forms of
time averaging methods have been suggested (Table 1). One

problem with these methods is that they at best provide a val-D
ue of the mean velocity of the activated water and not the
mean velocity of the water, which is the sought parameter.

Ref. [8] has recommended the (lit 2 ) equation for turbulent
flow while Ref. [5] recommends the (lit) equation for turbu-
lent flow and the (lit 2 ) equation for laminar flow. There have
been a few experimental comparisons between the different
methods. Ref. Li] has evaluated PNA measurements with the
(t) method and the (lit) method. A comparison was madeD
with the measured mean velocity of the water. It was found
that the relative error is less than 3 % for (lit) while the ()Neutron generator Detector onside
method gives a relative error of less than 10 %.

Ref. [9] compared the (l/t) and (lit2) methods. It was found Fig. 2. The set-up of the PNA experiment
that for large distances the two methods give approximately
the same mean velocity while the (lit) method is better for in earlier works [1, 2, 3]. Some of the main features of the sys-
short distances. tem are described here. A PVC pipe with inner diameter of

The other method to find the average time from a time 10.36 cm and wall thickness of 0.4 cm was used. Stable flow
spectrum is using computer simulations including Monte Car- was achieved by using a water tank with a constant fluid level
lo calculations. This can be used to simulate the whole prob- connected to the water pipe. The pipe passed in front of the
lem: activation of the water, transport of the activity and de- neutron source and the gamma detectors in a slightly upward
tection of the emitted photons. Fitting the experimental data direction to minimise air bubbles in the pipe. The distance
with the calculated data gives both the mean velocity of the from the nearest 90-degree bend to the activation point was
activity and the mean velocity of the water. approximately 40 pipe diameters.

This latter method is much more complicated but seems to The reference mean velocity of the water was determinzd
have a higher potential to give accurate results, by a system consisting of a weighing tank, a scale and a quartz

One problemn of both these methods is that different activity crystal timer. The amount of water passing through the pipe
distributions can produce almost identical time spectra. This pro- during a measured time was weighed by three separate pie2o-
blem has been investigated by using neural networks in Ref. 2]. electric scales, one under each leg of the weighing tank. The

signals from the piezoelectric scales were summed up a:ld

3 Material and methods logged. This set-up has an accuracy of better than 0.5 %

Two experimental set-ups were made. First the traditional 3.2 PNA experiments
PNA method was used and then the experiment was repeated
with colour replacing the activity in the pipe. A stationary neutron generator (SAMES, France) emitting

14 MeV neutrons was used and its target was placed as close
3.1 Piping system as possible to the water pipe. The neutron generator was oper-

ated in pulsed mode, emitting neutron pulses of 0.1 s lengths.
A piping system with large inherent flow stability has been No collimator was used for the neutron generator. The water
constructed earlier at the department and has been described in the pipe was activated through the 1 6 0 (n,p)16 N reaction,

which has a threshold energy of approximately 10 MeV. The

Table . Diffrent tme aveaging ethodsN-16 decays with a half-life of 7.13 s, emitting 6.1 MeV
Table I Diffeent tie ai~eagzng ethods(68.8 %) and 7.1 MeV (4.7 %) photons [10].

Equation Suggested in Two cylindrical 2" x 2" (height x diameter) BGO detectors
were placed on opposite sides of the pipe facing each other

N [Ret 5] (Fig. 2). This set-up was used to detect asymmetries in the dis-
Ce"' ~~~~~~~~tribution of the activated water. The detector on the samec

'I ~~~~~~~~~side as the neutron generator is denoted "onside" while the
Z C.&" detector on the opposite side is denoted "offside". Each de-

tector was collimated with a cylindrical collimator (2.3 cm of
__________________ lead and 0.3 cm of aluminium) covering the whole detector.

N ~~~~[Ref 5 Approximately 70 % of 6 MeV photons are attenuated in
c 2.3 cm of lead. The detectors were placed at three distances

I ______ [Ref. 83 ~from the target of the neutron generator (50, 110 and
\t/ ~~~~~-'ce ~~~139 cm). An energy window between 4 and 10 MeV was used

and the count rate in the detectors as a function of time was
measured. In each measurement the detectors were inter-

,v ~~~~[Ref. 2] changed to correct for the dependence on individual detectbr
ZCie/,ti characteristics, following the procedure in Ref. [12]. In this

N ~~~~~~~~~~experiment the reference mean velocity of the water was
Q Ce"' 8.38 cmis (Re 0.8 ).

An exponential background was fitted to the data with both
amplitude and decay constant as free parameters.

KerTnEC~mm 67 (2002) 2-3 '79
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From these experiments, the mean velocity of the water The set-up of the colour experiments is shown in Figs. 3, 4 and
using the (t) method was determined as well as the relative 5. A part of the pipe from the PNA experiments was exchanged
signal between an onside and an offside (letector. for a transparent Plexiglas pipe. A bottle was filled with colour

and placed about four metres above the pipe. Approximately

3.3 Colour experiments the same height as te water tank was used so that the colour
would be introduced into the pipe at a low velocity. The bottle

In order to simulate the distribution and tralnsport of the ti- was connected with it thin plastic tube to an injection needle in
vated water, experiments were performed with colour depos- c ml ole obtepp.Tu tay lwo oorit h
ited in the pipe. The purpose was to find the radial distribu- pipe col eotameld. Black colour (Jotun Multicolor Brekk-
tion of the induced activity at different positions in the e. farve) was introduced as close to the pipe wall as possible in or-

pe. der to simulate a PMA measurement. In a PNA measurement
with a 10.36 cm diameter pipe, the activated water in front of
the target has a radial distribution with about 50 04 of the activ-
ity produced within about 1.3 cm from the wall. Qualitative de-

- ~~~scriptions of this have been made previously [11, 121.
The flow f coloured water in the pipe was recorded with a

-4 metres ~~~~~~~~digital video cameras at the same three distances as in the
PNA experiments. The reference mean velocity of the water
was 10.3 cm/s (Re 104), thus a little higher than in the PNA
experiments.

Two experiments were made to verify that the colour mixes
Fig. 3. Set-up of the colour experiments (not to scale,) well with the water. In the first experiment the colour was in-

troduced in the middle of the pipe and it was determined vis-
ually that the colour was distributed evenly in the upper and
lower part of the pipe. In the second experiment the sedimen-
tation rate of the colour was investigated. Colour and water
was mixed in a bowl and left for several days. After that time
no sedimentation could be seen. Thus, it was concluded that
the colour was suitable for these experiments.

3.4 Data analysis

The analysis of the data from the colour measurements has
been made in several steps. The first step was to find the radial
distribution of the colour at all distances in the pipe. A theore-
tical calculation was mnade of the radial distribution of the acti-
vated water in front of the neutron generator (0 cm). The ra-
dial distributions at 50, 1 10 and 139 cm downstream from the
activation point were determined from the colour experiments.
Finally, an interpolation was made between the four radial dis-
tr-ibutions to get the colour distribution at all distances.

The radial colour d istribution was then combined with a theo-
retical velocity profile in the pipe and the mean and instanta-
neous water velocities were determined (Sections 3.4.2 and 3.4.3.).

The relative signals in an onside and an offside detector
were also determined. A computer code was written that

Fig.. Thset~pfoinjetionfcoluratheege~g~theipetakes the radial and the axial distribution at a specified dis-
Fig 4.Thesetup or njetio ofcolur t te ege f te ppetance as input and calculates the signal in a detector adjacent

to the pipe (Section 3.4.4.).

3.4.1 Colour distribution

3.4.1.1 The radial distribution in front of the neutron
generator

The radial distribution of colour in the pipe in front of the
r ~~~~~~~neutron generator (0 cm) was calculated theoretically. The in-

itial colour distribuition is assumed to be identical to the in-
dued activity immeiliately after a neutron pulse. Due to the

high-energy threshold of 10 MeV for the reaction and negligi-
ble scattering in the thin tube walls, multiple scattering is ig-
nored. Thus, the induced activity in the pipe can be deter-

Fig. . Colour distribution at 50 cm distance from rhe injection pont. mined from the uncollided radial neutron flux in the pipe,
The R01 (Region of Interest) shown in the pictire was moved radially
across the pipe and the luminosity at each position wa's given by an im- described by
age-processing program. The coordinates used in this article are also
shown; the wate~ris flowing from right to left in the picrure and the mean Ne-(1
velocity of the water was 10.3 cm/ls 4
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where r is the distance to the source and y is the distance in pipe wall, the mean velocity of the colour at different di3-
the water with the total neutron macroscopic cross-section Y. tances from the injection point can e calculated from
NO is the number of neutrons emitted from the generator per
unit time. The influence of the pipe wall was ignored. E U Zu(x) CZ, X)

z

3.4.12 'Reradia distibutin at 0, 11 and 39 cmwhere CQzx) is the colour distribution in different parts of te
The radial colour distribution was determined at 50, 110 and pipe, u(x) is the projected velocity profile as described
139 cm from the neutron source. Pictures that were judged above. The instantaneous velocity of the colour can be calcu-
to e representative of the flow were extracted from the re- lated from
cording and analysed. At each position the radial distribution
of the colour was determined using an image-processing pro- iii = Ell(X)CQZ X)()
gram. To avoid local fluctuations of the colour distribution, a
ROI (Region of Interest) that was extended over almost the
whole picture width was used (Fig. 5). The ROI was moved
radially across the pipe and the program gave the average lu- 3.4.4 Relative signal in an onside and an offside detector
minosity at each position. The same was done with pure
water in the pipe so that a background subtraction could be A computer code was written to calculate the relative signal
made. in an onside and an offside detector. The Taylor distributicn

was chosen as the axial distribution [2]

3.4.1.3 The radial distribution at all distancesA e- 2

C. ~(z, t) = ~ e e V02](6
With the assumption that the initial colour distribution is 7 K,
identical to the initial induced activity, the colour distribution where Cm(z, t) is the mean concentration of activity at axial
can be deter-mined in front of the neutron generator. The col- position z and at time t, ii is the mean velocity of the water,
our distribution is now known at four positions. Interpolation A is the decay constant for 16N and K is the virtual coefficient
was made by fitting a polynomial of the third order between of diffusion. A is the number of particles per unit area in a
the distributions. The radial distribution of colour at all dis- plane at z = 0 and at t = 0.
tances could thus be estimated. The radial distribution was taken from the colour experi-

ments as described above. The detectors were assumed to be
3.4.2 Radial velocity distribution points approximately 2.5 cm from the surface of the pipe, cor-

The mean velocity of the coloured water at different positions responding to a point in the middle of the BGO detector used
along the pipe was determined using a typical radial velocity in the PNA experiments. No collimators were assumed for the
profile, which was assumed to be [2] detectors. The water in the pipe was divided into volume ele-

menits and the radiation contribution from each element was
u~~r) = u~~~~~ (i - ~~(2) summed to obtain the signal S in the detector:

where r is the distance from the center of the pipe, R is the ra- SE 2~~ (7)
dius of the pipe and uOi is the maximum velocity of the water. i Y
The exponent n varies with the Reynolds number, where A1 is the activity in a volume element i at distance ,

From equation (2) the ratio of the mean velocity to the from the detector, yi is the distance in water between the a-
maximum velocity can be derived as tivity and the detector and p is the attenuation coefficient for

a 2n2 6 MeV photons in water.
UO=(n + 1)(2n ± 1) (3) The onsideloffside ratio determined in this way was conm-

pared to the experimentally determined ratio. The compaii-
where is the mean velocity of the water. The value of ii/uo son is complicated by the fact that the colour is injected in a
depends on Reynolds number and was taken from Ref. [13]. point while the initial activity after a neutron pulse is distribu-
The value of n could thus be calculated from (3) and using this ted in a volume. Since there is a radial velocity profile in te
in (2), the velocity profile u(r) of the water in the pipe was cal- pipe, it means that the activity has a range of different initial
culated. velocities while the colour has more or less the same initiail

Although the velocity profile is known, it cannot be applied velocity.
directly to the colour distribution, since the colour distribu-
tion is a projected image while the velocity profile is not. To
be able to compare them the radial velocity profile in equa- 3.5 Comparison between PNA and colour experiments
tion (2) was projected on an axis perpendicular to the pipe.
The projected velocity profile, denoted u(x), was calculated Finally, the velocities determined from the colour experi-
numerically. The obtained projected profile is less flat than ments and from the PNA experiments were compared. How-
the radial velocity profile described in (2). ever, the two experiments were made with different mean ve-

locities of the water, 10.3 cmr/s for the colour experiments and
3.4.3 The mean and instantaneous velocity 8.38 cm/s for the PNA experiments. Since the velocity differ-

ence is small it was assumed that the diffusion pattern is te
By combining the distribution of colour in the pipe with the same for the two cases and thus that the radial distributicn
projected velocity profile, the mean and instantaneous veloc- as a function of distance scales linearly with the water flow.
ity of the activated water can be determined. As an accuracy estimator, the relative velocity will be used.

With the coordinates indicated in Fig. 5, where z is the dis- It is defined as the ratio between the measured or calculated
tance from the injection point and x is the distance from the velocity and the reference mean velocity of water in the pipe.
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Table 2. The determined velocities from the PA measurements. The Table 3. Ratio between the signal in the detector onside and offside, de-
reference mean velocity was 8.38 cm/s. The two values in the second col- termined experimentally and theoretically
Umn refer to measurements with each of the two detectors onside

-- - ~~~~~Distance from Ratio determined Ratio determined
Distance (cm) Mean veloz-ity [cmis] the injection from PNA theoretically

(lit) method point [cm] experiments

50 8.18; 8.13 50 1.7 2.8

110 8.39; 8.35 110 1.7 1.5

139 8.37 ;8.37 139 1.41.

4 Results the computer code described above. The results are shown in
Table 3. The experimentally determined ratio has been cor-

4.1 PNA experiments rected for detector characteristics. It can be seen that the
agreement between the values from the computer code and

The velocities using the (lit) equation fromn the PNA ineas- the experimentally determined values is good for 110 and
urements were determined. The results are shown in Table 2. 139 cm. However, the difference between the two ratios at

50 cm is large. This suggests that the colour simulates the be-
4.2 Colour distribution havior of the activated water well only for large distances.

The colour experiments gave the radial distributions shown in 4.4. The mean and instantaneous velocity
Fig. 6. The first point in the curve for 50 cm should be higher
than the second point. That it is not so could be explained by The mean velocity of the colour and the water was deter-
that the colour might have been injected a small distance mined at different distances from the injection point. These
from the wall of the pipe. Another thing that can be seen in results are shown i Fig. 8. Note that the curves for the instan-
Fig. 6 is tha: the radial distribution flattens out at large dis- taneous and mean vlocity are identical for water.
tances from the injection point. It can also be seen that the
difference between the distributions at 110 and 139 cm is rela-45CoprsnbvenPAadcluexrint
tively small.4.CoprsnbwenPAadcluexrint

The concentration of colour in different parts of the pipe, A comparison between the velocities determined from the
CQz, x), can now be determined and is shown in Fig. 7. PNA experiments and from the colour experiments was

From the colour experiments it was also observed that made. The relative mean and instantaneous velocity of the
there is swirl flow in the pipe. Swirl flow a ppears in a pipe colour are shown i Fig. 9 together with the relative velocity
after a bend and it is a long-lived distortion that may propa- of the activity.
gate 50 pipe diameters or more from the bend. Such a distor- The shape of the wo curves of the mean velocity is similar
tion might influence the shape of the velocity profile and even with increasing relative velocities. It can be seen that the e-
make it asymmetric. locity of the activated water increases with about 5 % be-

4.3 elaivesigal n a onideandan ffsde etetortween 50 cm and 100 cm downstream from the activation
4.3 elaive ignl i an nsie an anoffide etetorpoint. As expected, the instantaneous velocity of the colour

The relative signal in an onside and an offside detector was increases more rapid(ly than the mean velocity of the colour
determined both from the PNA experiments and by using

0.35 --

-050 cm 0.35
-- W- 1 10 cni

0.30 - -- ~~139 ci

0.30
0~=0.25- 

0
c ~ ~ ~ ~ ~ ~ ~~~~~~~~~~~6 0.25

0.20 - _ _ __ _ _ - d
0.20

00.15 _

cc ~~~~~~~~~~~~~~N
0.10 -~01

0.05-_ __

0.00 - 0.00 _ __ _ __ _ _

0 2 4 6 8 10 02

Radial distance [cm] stnC6 010is 

Fig. 6. Radial distribution of the injected colour at three distances. The P te CM]
curves have been normalized so that the area under ach curve is unity.
The mean velocity of the water was 10.3 cm/ls Fig. 7. The concentratio1 of colour in different parts of the pipe, CQz, x)
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0.80 -* close to the activation point the measurement is made. What
velocity would be expected if a PNA measurement is made'?

0.75 - ~~~~~~~~~~~~~For an ideal detector system, detecting only activity in a plane
I ~~~~~~~~perpendicular to the pipe, the activity passing close to the de-

>, ~~~~~~~~~~~~~~~tector (where the velocity is low) will contribute more to the
'S0.70- T signal than the activity passing in the middle of the pipe

a) ~~~~~~~~~~~~~~(where the velocity is high). This means that a PNA measure-

> 0.65 -___-__ ment in such a system will measure a velocity that is lower
Instant veloctty of-the colour than the mean velocity of the activity.

0.60 ~ ~ ~ I-WUMean erocutyofthe cour However, if the PNA measurements that were made is con-~~0.60 - - -*-~~~~~~~~ nstant velecty of t~e water
1-4-Mean veioty osthe wate, sidered (the upper curve in Fig. 9) it is found that the PNA

method actually measures a higher velocity than the mean ye-
0.55 ~~~~~~~~~~~~~locity of the colour. This depends on several factors. One is

0 20 40 60 80 100 120 140 the effect of collimator penetration, since the detector seS
Distance along the pipe [cm] some of the activity before it passes in front of the detector.

Another factor is photons that are Compton scattered into
Fig. 8. The mean and instantaneous velocity of the colour and the water the detector. This effect depends on the threshold level f
relative to the maximum velocity. These results are based on the colourthenrywdo.Asiaraleecrssemheee-
experimentsthenr wno.Asiareldtcosytmheeec

tor does not see only a plane but a larger volume since the
collimator aperture has a finite width. These effects will come:

and at 100 cm the relative velocity is approximately 3 % lower both from activity upstream and downstream from the detec.
than the reference mean velocity of the water. tor. However, since the half-life of N-16 is short, there is more:

activity upstream than downstream, although the difference
will be lower as the velocity increases. Similarly, the neutron.

5 Conclusions and discussion generator will activate water both upstream and downstream.
but the signal in the detector from the activity downstream

Colour has been used to simulate the distribution of the acti- will be higher since this is closer to the detector. All these fac-
vated water in PNA measurements. The relative signal in an tors will make the measured velocity higher than the refer-
onside and an offside detector in the PNA experiments, meas- ence mean velocity.
ured under similar conditions as the colour experiments, has Thus, it seems that the effect of collimator penetration, fi-
been compared with the ratio determined from the cotor ex- nite collimator aperture and Compton scattering has mrore in-
periments (Table 3). The comparison shows that if the dis- fluence on the result than the effect of activity at different
tance from the activation point is large, the ratios agree well, depths in the pipe.
while the difference is large for shorter distances. There are From the lower curve in Fig. 9 it can also be seen that mov-
two reasons for the larger differences at short distances. One ing the detection point from 60 cm to 100 cm from the activa-
is that the colour is injected in a point while the activated tion point will give a difference of approximately 1 % in the
water has a more dispersed initial distribution. The other is mean velocity of the activity. The experimental values from a
that the induced activity in a PNA measurement has the same PNA measurement, the upper curve in Fig. 9, show a similar
initial velocity as the water, while the colour was introduced dependence on the activation-detection distance as the colour
at a low velocity to avoid disturbance of the flow, experiments, with lower measured velocities closer to the acti-

The experimentally derived radial distributions were com- vation point. This is in agreement with what has been ob-
bined with a theoretical velocity profile to obtain the mean served earlier 1.
and instantaneous velocities at different positions in the pipe. From the curve for instantaneous velocity of colour in Fig. 9
The results, presented in Fig. 9, show that the inhomogeneous it can be seen that the effect of the inhomogeneous activation
radial distribution of the activated water does have an impact
on PNA measurements. To understand the results presented 1.05 - __

in Fig. 9, it should be observed that there is a principal differ-
ence between the curves from the colour measurements and
the PNA measurements. The colour measurements show the 1.00 -__

distribution of activity at different positions in the pipe. It
does not show what signal this activity distribution will give 0 095___

0
rise to in the detectors. On the other hand, the PNA measure-m
menits only show the signal in the detectors but do not give a) o.go- ___________

any direct information about the distribution of the activity -M

It should also be noted that the absolute values derived 08

from PNA measurements depend on the experimental set- -- The mean velocity of colour

up, such as collimation and radiation shielding, as well as the 0.80 -&- The instant velocity of colour

data analysis, such as the background subtraction. The PNA -4--The mean measured velocity from PNA measurement

data were taken at the same time and treated in the same 0.75 j :-

way for all points. Thus there are larger uncertainties in the 0 20 40 60 80 100 120 140 160

absolute value of the PNA curve than in the general trend Distantce along the pipe [cml

onsidpern tho oefurei i the thumdevpedct Fig. 9. A comparison between the relative mean and instantaneous
Consderig th lowr cuve n Fi. 9,the odelpredctsvelocities determined from PNA and colour experiments. The PNA ex-

that the velocity of the activity is less than 10 % lower than periments were made with an onside detector. The (t) method was used
the reference mean velocity of the water, depending on how for evaluation
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is considerably lessened if the PNA measurement is per- 4 Perez-Griffo, M. Z_;Block, R. C; Lahey, R. T Jr: Nonuniform Tag-
formed using two detectors at large distance from the activa- ging and Flow Structure Effects in PNA Measurements. Trans. Am.

Nucl. Soc. 35 (9f0) 637
tion point, for instance one detector at 100 cm and another 5 Perez-Griffo, M. ;Block, R. C; Lahey, R. T Jr: Measurement of
at 150 cm from the activation point. Flow in Large Pipes by the Pulsed Neutron Activation Method.

One way to improve the measurements could be to nsake Nuclear Science and Engineering 82 (1982) 19
calculations; of the transport of the activated water. In a com- 6 Santee, G. E.; Price, C C, Wilson, A. E.: Asymmetry Effects in Fluid

plicted low thi ca proe t be ery iffcult Hoever it Flow Measurements Using Pulsed-Neutron Activation. Trans. Am.
plicatd flo, thiscan pove t be vey dificult.Howevr, ~t Nucl. Soc. 27 (1957-) 217

is clear that the transport mechanisms of the activated water 7 Gardner, R. P; Borrett, C L.; Haq, W; Peplow, D. E... Efficient
in PNA measurements have to be taken ito account when Monte Carlo Simulation of 16 0 Neutron Activation and 16 Decay
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122 (1996) 326
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flow and transport of radionuclides in actual (and therefore standpoints of fundamental understanding, geological and
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ABSTRACT several advantages, especially low fuel consumption, it is
important to minimize the deposit formation problem.

Combustion chamber deposits (CCDs) from a gasoline
direct injection stratified charge SI engine were analysed. Experiments, using SI-engines, indicate that deposits are
The engine was run with two fuels: a typical European formed on the in-cylinder surfaces due to condensation
base fuel, containing 9.8% MTBE, and a ow volatility of fuel and partially oxidized fuel components [1,2]. It has
worst case fuel. The worst case fuel is a standardized also been showNn that the engine oil contributes to
European fuel, CEC RE 86-A-g6, prone to form deposits. deposit formation [3,4] but the extent of this contribution
It contains high amounts of aromatics and olefins but no is difficult to assess [5].
MTBE. The deposits were analyzed in several ways;
thermal desorption followed by gravimetric an alysis, fast In our earlier study [2], the GIDI engine was run with
neutron activation analysis and solid-state ' nuclear several types of fuel differing in aromatic content. The
magnetic resonance spectroscopy. volatiles contained in the deposits ere desorbed

thermally and collected on a filter. Gas
Up to 50% of the deposits, formed inside the 1SDI engine, chromatography/mrass spectrometry (GC/MS) analysis of
consist of volatiles. The composition of the deposits is the volatiles showed that they mainly consisted of higher
strongly related to the composition of the engine oil. n-alkanes (n-paretffins) originating from the engine oil and

only small amounts of aromatics. Analogously, Kim et al.
The fraction of volatiles in the deposits decreased in the [6] detected similar compounds in deposits from a
order: cylinder head, piston squish surface and piston conventional SI engine. In our GIDI study, the amount of
bowl. The deposits from the piston squish surface non-degraded engine oil components in the deposits
contained the highest fraction of oxygen, about 30 %. decreased in the order: cylinder head, piston squish

surface, and pislon bowl [2].
The non-volatile part of the deposits was highly oxidized.
The organic oxygen in the non-volatile part was found in Deposits are highly oxidized [6,7,8]. Ebert et al. [7]
different types of carbon compounds: oxygenated analysed the elemental composition of deposits, without
aliphatics, carboxyls and carbonyls. discriminating with respect to location, generated by

conventional six-cylinder SI-engines. The deposits were
The fuels used in this study apparently did not pyrolysed at 5 0 C resulting in a weight decrease by
significantly affect the content of oxygen and the volatile almost 38%. Abcout 25 wt% of the deposits consisted of
organic found in the deposits. oxygen according to the conventional LECO-method.

Most of the oxygen in deposits was bound as -OH, C=O,
INTRODUCTION and C-0 (see also Lauer et al. [8] and Kim et al. [6]).

The new gasoline direct injection (DI) engine, which is The aim of this study was to investigate in chemical
based on spark-ignition (SI), is sometimes hampered by detail the combustion chamber deposits of a GDI engine,
formation of deposits [1]. Combustion chamber deposits from different Iccations, using several methods. The

(reeredtoas deposits in the continuation of the pae) following methods were used alone or in combination:
can cause pre and post ignition of the fuel-air mixture, hra eopin[,,0,gaiercaayifs
increased occurrence of engine knock, decreased power
and increased emissions. Since GDI engines have

1



neutron activation analysis (FNAA) [7,11-16], and solid- Table 2. Test cycle [2].
state 1 3C N MVR spectroscopy [14,17-1 9].__ _ _ _ _ _ _ _ _ __ _ __ _ _ _ _ _ _ _

Stage Time Speed --BMEP *Torque typical X.
A special focus of the present work was to determine ____ mini [rpm] *[kPal [Nm] -___

the dominating types of organic compounds present in 1 0.5 800 ±50 0 0 +1.8 2.2 -2.4
the non-volatile part of the deposits. This has been done 2 1 1dle±2 251_ 36_7_±_8__ -0

as a complement to our previous study of the volatiles 3 2 2500 ±25 251 36.7 ±1 .8 1.6 - 1.9
contained in GIDI-deposits [2]. 4 1 30_2 25 36.7 ±1.8 1.-4

EXPERIMENTAL The combustion was stratified for steps 1 - 3 and
homogeneous lean for step 4 [2].

ENGINE
FUELS

The engine tested is a four cylinder Mitsubishi GDITM
(4G9GID1) direct injection, four-valve pent roof DISC The engine was run with two gasoline blends: a typical
engine. The engine, which was taken from a car, had a European base fuel, and a low volatility worst case fuel
series engine control unit (ECU) that controlled the fuel (Table 3). According to the specification, the used
injection, ignition and exhaust gas recirculation (EGR) gasoline fuels contain no additives.

[2]. ~~~~~~~~~~~~The CEC Experimentation Fuel RF 86-A-96 batch 2 was
The combustion system in this study uses wall-guided chosen as the worst case fuel due to its tendencies to
mixture formation, which is prone to deposit formation in form deposits. It contains comparatively high amounts of
the piston bowl. The key components are: the four-valve aromatics and olefins and has a low volatility. GC/MS
pentroof cylinder head, the piston, and the high-pressure analysis of these fuels has shown that the amount of
swirl injector. The temperatures (2 mm below the distillation residue is slightly higher for the worst case
surface) of the pistons (the bowls and the squish fuel [2].
surfaces) and the cylinder heads were about 100 C and Tbe3 pcfctoso h aoie sd
120 C, respectively. The function of the ECU to change Tbe3 pcfctoso h aoie sd
the combustion mode to facilitate brake vacuum Poet aeul Wrtcs
generation was circumvented. Table 1 shows the Prpraeluel vosae
specification of the engine [2]. Density 1C [kg/din3] 0.750 0.780

RON 98.6 99.6
Table 1. Engine data. MON 87.9 85.9

RVP (kPa) 79.7 62
Bore 81 mm Olefins [% vl 16.3 16.1
Stroke 89 mm Aromatics 30.8 50.4
Compression ratio 12.5 [ vll___________
Displacement volume 1834 cm" MTBE [ vl 9.8 0
Fuel inection ressure 5 Mpa lBP [C] 30.5 35

Test Cycle ~~~~~~~~~~~~~ ~ ~~~~~~T 47.3 44
Test Cycle ~~~~~~~~~~~~~T50['C] 103.8 105

T90 [C] 165.6 169
The CEO F-020-A-98 (M 111) test method was FBP 00C 209.4 213
developed by the Coordinating European Council E70' [`% vl 24.5 33
(CEC) PF-020 group to evaluate IVID (ntake valve El100 [% vl 47.2 48
deposit) and CCID formation. CEC develops and El180 % vol 94.8 95
performs tests for transportation fuels, lubricants and C % mass] 85.3 -

other fluids. The complete test, which is 60 h long, H [% mass] 12.9 -

consists of 800 cycles, see Table 2. The Mill1 test 0 [`% mass] 1.8 1.8
was modified for the DISC engine tested to maintain H/C ratio 1.802 1.58

the same bake mean ffective ressure (MEP) as0/C ratio 0.01S8 0.1the same brake mean effective pressure (BMEP) as Stoich. A/F ratio 1.113.80
for the M1ill engine, that is 251 kPa BMEP [2]. Additive no n

T1O0 = Temperature when 1 0 % vol has evaporated
E70 = Percent volume evaporated at 70 0

2



ENGINE OIL

The oil used was a CEC reference oil, COC RL-189
batch 5, 1 5W/40 SAE grade often used in the CEO fuel
tests. Table 4 shows the specification of the oil.

Table 4. Specification of the engine oil.

Property Value _____

SAE Grade 15W/40 ____

Density at 15003 0.880 g/cm' _____

Flash Point 22000T ____

Pour Point -300C Fiue__Deoitnhpsonbwl(hecviyi
Viscosity at 10000 14.44 mm2 S iue2 eoso h pso ol(h aiyi
Viscosity at 40CC 106.0 mm2 S-i the middle) arild piston squish surface (the area
Viscosity at -1 5 321 0 m Pas _____around the piston bowl) after the first 60 h worst-
TBN (Perchloricj. 8.91 mg K0OH g 1 ____ case fuel test.

TAN 2.61 mg K0OH g-11
Sulfated ash 1. 14 %mass -THERMAL MICRO REACTOR

Elemental Analysis:
Zinc 0. 109 % mass

Phosphorus 0.097 % mass In the present study, thermal desorption (TO) was used
Calcium 0.203 % mass for removing olatiles from the non-volatile part of the

Magnesium 0.433 % mass deposits. Thereby, we could use FNAA (Fast Neutron
I R Comparison with Satisfactory AciainAayis n oi-tt 13CNRt

oniginal batchAciainAayi)adsldsae CNVRt
_________ investigate the remaining non-volatile part in a unique

Purpose of the oil Standard crankcase lubricant for fuel way (see below>l TD of the deposits was done in a
tests, gasoline and dieselspcaldegndtrmliroeco.

Available fromn Silkolene Lubricants, Belper erbys U pcal eindtemlmcoratr
HeTSKur MOnt auigna, Fran Previously, we have used thermal reactors for pyrolysis

ETS, ont-aintAignn, Fanceof bio fuels [9,101~ and TD of deposits [2]. The chambers
SAMPLING OF DEPOSITS of these reactors,' were made of stainless steel. Some

problems may occur with those reactors. The metallic
Before changing the fuel, the engine was dismounted surface of the reactors may catalyze some reactions.
and deposits were collected from three different parts of Also the sample introduction is difficult. The cleaning up
the combustion chambers: cylinder head (Figure 1), procedure is difficult, posing a risk for interferences.
piston squish surface and piston bowl (Figure! 2) [2]. The
cylinders and other parts of the engine ere then Based on the experiences above with those reactors a
carefully cleaned. The deposit films were .3craped off new model of Et thermal micro reactor was developed
with a scapula and sucked up using an air pump (Figure 3). It was optimized for TD (vaporization) of the
(Aircheck). All the deposits for a specific fuel (base fuel volatiles from the, deposits in the absence of oxygen.
and worst case fuel) and a specific location (cylinder
head, piston squish surface and piston bowl) from the This time disposable sample tubes were used. These
four cylinders were combined together. The six resulting were made of borosilicate (CaB32Si2013) with the
fractions were analyzed using thermal desorption dimensions of 75 mm x 10 mm. The tubes fitted
followed by fast neutron activation analysis, and solid- precisely in the furnace part of the reactor. For gas
state '3 C NMR spectroscopy. introduction and gas outflow a special vent head was

developed and built. To avoid melting of the vent head it
was cooled by an air flow.

During TO of the deposits, the sample tube was flushed
with helium to minimize oxidation. The flushing gas was
introduced at the bottom of the sample tube through a
thin capillary. The working temperature cof the sample
tubes was 600 C. The gas flow wae approximately 2
mI/min.

The heating block contained a large mass and was well
isolated. The inner tubing of the heating block was

Figure 1. Deposits on the cylinder head (the whole constructed of stainless steel. The temperature of the
are) ate th fist60 wostcase fuel test. furnace was monitored using a thermocouple and could

area) after the first 60 h worstbe varied from roam temperature up to 1000 C.
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Each sample deposit from a specific location of Detection of oxygen
combustion chamber was ground and homogenized.
350 mg of each sample was divided into five parts of Oxygen can be detected by the radioactive decay of 16N,
70 mg and each part was separately thermally desorbed. produced by the nuclear reaction 160 (n, p) 16N [11,12].
The samples were put on the bottom of the sample tube. This reaction has a threshold energy of approximately 1 0
After that, the vent head was closed and the sample tube MeV. The 6N decays with a half-life of 7.13 s, emitting
was placed in the furnace. Each sample was thermally 6.1 MeV (68.8 %) and 7.1 MeV (4.7%) photons [1 5,16].
desorbed for 40 m. To check the integrity of the
method, with respect to volatiles, engine oil was used as Sample transport and cyclic activation
a sample. It was found, according to 130 liquid NMR
spectroscopy, that TD did not significantly affect the Because the half-life of the 16 is very short (7.13 s) the
composition of the engine oil collected as volatiles. nuclide must be detected very soon after irradiation. An

instrument for cyclic activation is available at the
Department of Reactor Physics to detect short-lived

Sample Sample nuclides. A rabbit is sent through a pneumatic, tube
tube outlet Vent head ~sample transfer system to a mechanically rotating

assembly device, placed in front of the target platE) of the
Coolan air instationary neutron generator. The distance between the

outer surface of the rotor and the neutron-prcducing
target of the neutron generator was 6 mm. The sample

Heating was rotating during the activation in order to irradiate the
block ~sample homogeneously. After irradiation the rabbit was

sent back for measurement. To minimize the background
radiation, the detector was kept inside a lead container of

Coil ~5 cm thickness. The activation time was 10 s, about 1
15 c (anha half-life. The number of cycles was 6. The flight-time

wire) ~~between the detector and the rotor was 3 s and the time
Ceramic ~for y detection was 20 s for each cycle.

Sample encapsulation

S Furnace ~~~~~~~~The selection of a suitable container material is based

Thermocouple not only on the desired low activation response from the
Stainless steel Isolation container but also on its properties [12]. Polyethylene
Stinniess steel Isolation contains only carbon and hydrogen and is not activated

by fast neutrons. Each sample was put in a cylindrical
Figure 3. Schematic figure of the thermal micro polyethylene container (14 mm x 32 mm) and the
reactor. container itself was placed in a thicker but softer

polyethylene tube (the rabbit). The powder sample was
FAST NEUTRON ACTIVATION ANALYSIS homogenized and filled half the volume of the

polyethylene container.
In the present study, fast neutron activation analysis
(FNAA) [11,12] was used to investigate the oxygen Standard samples
content of the deposits. Using TD, above, this was done Topwe ape ihdfeetvlms(n
with and without volatiles. FNAA is a non-destructive Topwe ape ihdfeetvlms(n
method that has been used for determination of total consequently weights) were used as standard samples
amount of oxygen in coal samples [13] and even to calibrate the system: aluminum oxide (A12C)3) and
occasionally with regard to deposits [14] of especially iron oxide (Fe203).

oxygen. ~~~~~~~~~~~~Atomic elements of deposits, accuracy and interferences

The fast neutrons were generated by a stationary 1

neutron generator with a neutron source strength of up to The gamma energy from the 1 N-decay is comparably
1011 neutrons per second with energy of 14.1 MeV from high and few elements interfere with this energy [14].
the T (D, n) 4 H reaction. Atomic elements (metallic and non-metallic) of the

deposits originate from gasoline, engine oil and
corrosion. None of these elements can interfere with the
oxygen detection.

A BGO detector (5.08 cm x 5.08 cm) was used for
detection of activated nitrogen in deposits and engine oil.
The spectrum from the activated samples was



uncomplicated with only few peaks. No interferences Table 5. Decreasing of weight after thermal
from the phosphorus and metallic elements in Table 4 desorption (graphic representation in Figure 4).
were seen. D! to the cleanness of the spectrum the
hicgher efficiency of the BGO detector was preferred to a Weight after TD is Standard
high-resolution system. Sample decreased by: () deviation in

________________ ~~~five sam ples
Worst-case:

SOLID-STATE "30 NMVR SPECTROSCOPY Cylinder head 47.3 1.7
Piston squish surface 44.7 1.8

In the present study, 130 solid-state NMVR was used to Piston bowl 37.0 1.2
investigate the organic composition of the deposits. Base fuel: 5. .
Using TD, above, this was done with and without Cylinder head 5. .

13C ~~~~Piston squish surface 47.8 2.2
volatiles. Cross polarization (P/MAS) 10solid-state Piston bowl 34.9 2.1
NMVR has been used before for chemical investigations Thstnadditonffveamlsrrnacgou
of the organic composition of coal [17] and deposits for Th eltandard deviin ofe five samples fom22 ealgrou
example organically bound oxygen [5,14,18,191]. In those asd Frevy lowin the rageofe1r2atos2.2 deost Tabe5
NMVR studies, he volatiles of the deposits were not and Fiue4sowtewihDdcesso dpstu
removed. t D

Solid-state 13C NR spectroscopy was performed on a Weight before thermal desorption

Varian Inova 500 MHz spectrometer with magic angle 400 Wih fetemldsrto
spinning. The resonance frequency for 130 was 125,673
pipm and the recycle delay was 1 s. No proton
decoupling was used. The probe used was a room _300
temperature CP/MAS probe. The samples Were groundE
and homogenized. Around 100 mg was packed into a 5 
mm rotor. The ferromagnetic impurities were removed E200-

using a bar mag net. The run time for each sample was
45 min with the spinning rate of 8000 Hz. In :this method
carbon atoms in different compounds were monitored at 100 
different chemical shift ranges. Chemical shifts of
hexamethylbenzene (C121--18) were used for referencing
the spectra. The relative amount of evert type of 0-
compound was calculated using integration of the area Cylinder Piston Piston CylinderPistori Piston

under the peak. ~~~~~~~~~~~head sus bowl head sq~uish bowi
under the peak. ~~~~~~~~~~~~~~~~~~~sirface surface

To identify the chemical shift of the compounds Worst case deposits Base fuel deposits

originating from the engine oil in the volatiles of the
deposits, 100 p unused engine oil was run in the rotor Figure 4. Decreasing of weight after thermal
with magic angle spinning. The spinning rate of this desorption (valiues in Table 5).
sample was 600 Hz.

Generally, independently of fuel used, a very high
RESULTS AND DISCUSSION fraction of the deposits consisted of a volatiles (between

35% and 50%). This is consistent with the cylinder-
TD AND GRAVIMETRIC ANALYSIS averaged results of 38% shown by Ebert et al. [7]. The

weight decrease was highest for deposits originating
TE) of each sample lead to a significant decrease in from the cylinder. head and lowest for deposits originating
Weight. from the piston bowl (Figure 4). This is n consistency

with our previous study [2] based in GO/MS analysis.

FNAA ANALYSIS; OF OXYGEN IN DEPOSITS

Figure 5 shows at typical gamma spectrum taken from a
deposit sample showing the decay of 16N
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700 Table 7 shows the standard deviation and fractional error
~~~~ - ~~~~~~~~of each measured standard sample using FNAA in

610 ~~~~~~~~~~~~~~~Figure 6.
400 

FNAA shows that there is a significant amount of oxygen
2 ~~~~~~~~~~~~~~in the deposits even after T (Figure 7). This is in

200 -agreement with Ebert's previous results [7] invesltigating
U100 ~~~~~~~~~~~~~~a conventional SI engine.

0

0 1 2 3 4 5 6 7 8 9 10 The results show that the piston squish surface de!posits,
Energy [MeV] before and after TO contained most oxygen. Seemingly,

Figure 5. The gamma spectrum generated in the the choice of the fuel in this study had no significant
decay of 1 N, detected with a BGO detector. effect on the oxidation of the deposits.

The peak area related to the amount of oxygen in each Table 7. The accuracy of each standard sample..
sample was integrated from 5 to 7 MeV. An empty___
sample was also measured for background subtraction. Statistical
The neutron flux was monitored with a neutron detector Amount of Netto counts per errors Fractional
during activation and the measured 16 N activity was Sample oxygen fg] neutron (counts) error
corrected for variations in the neutron flux. Fe2O3 0.00598 0.00057 0.00012 21.0%/

A1203 0.01404 0.00047 0.00011 22.3%

Table 6 shows identification of each peak in Figure 5. A1203 0.01404 0.00073 0.00012 16.2%

Fe2O3 0.18769 0.01064 0.00019 1.8%
Table 6. Observed peaks in the energy spectrum A1203 0.20007 0.01220 0.00017 1.4%
from the deposit samples measured with a BGQ A1203 0.20007 0.01380 0.00021 1.5%
detector. Fe2O3 0.79862 0.04896 0.00030 0.6%/

Energ MeV) Type of radiation Fe2O3 0.79862 0.05392 0.00033 0.6%/
0.511 Annihilation IA1 2 03 1.94614 0.12011 0.00046 0.4%

5.1 -TN Double escape A1203 1.94614 0.12084 0.00055 0.5%
5.6 '5"N Single escape 
6.1 "N Decay
7.1 -N Decay Before thermal desorption

35% - After thermal desorption

Figure 6 shows a calibration curve for quantitative
analysis of oxygen in the deposits. Two powder samples 30%

were used in the calibration curve; Fe2O3 and A1203. As g25
seen in Figure 6 the amount of oxygen nuclei depends
linearly on the activity corrected for neutron flux. The 0%

sensitivity is good from tens of milligram up to the gram1%
region. > 5 

10%

0 *4 A1203 y =0,0621x 5 

a mFe2O3 W =0,9989
0,1 0- % Cylinder Piston Piston Cylinder Piston Piston
0,100 head squish bowl hea qihbw

CLsrfc surface

.50 0,060

E after thermal~~~~~~~~~~~~~~~~~~~~~~Wos s deotsn Errosae ini teporder o

E 0,020 -1%

0,00

0,0 05 100 102,002,0 Sandquist et a. [2] measured the thickness of the
0,00 0,50 1,00 1,50 2,00 2,50deposits. The result showed that the thickness of the

Am ount of oxygen [g] piston squish surface deposits were the thinnest. Figures
Figure 6. FNAA calibration curve with Fe2O3 and 8 and 9 show the oxygen content versus the thickness.
A1203.

6



According to Figures 8 and 9 the oxygen content is Figure 10 shows solid-state 1 3 NR of piston squish
highest at the piston squish surface showing he lowest surface deposits derived from worst-case fel before TD.
thickness. One possible explanation might be that Figure 1 1 shows 13C NMR of unused engine Oil.
oxidation (combustion) of the deposits at this location is
more significant than at the two other locations.Patlyun red ngeoi
However, the significance of inorganic oxygen in thePatalun redngeoi
deposits has not been studied in this work.

-.- Thickness
--- - Oxygen content 35%

30%
400

*25%
3002% 

15%

200

I- ~~~~~~~~~ ~~~10% _ _ _ _ _ _ _ _ _ _ _

100 - ~5% 3 00 250 200 150 100 50 Cl -50PPM

0 0nePson PstnFigure 10. Solid-state 13C NR of the worst case
head squish bowl piston squish surface deposits before thermal

surface ~~~~desorption.
Figure 8. Thickness and oxygen content in the worst
case deposits before thermal desorption.

-.- Thicknesss
500 Osygen contenit

30%
400

300 20% 

0200

H ~~~~~~~~~~~~10%0
100 

0 -0% 

Cyfinder Piston Piston 250 2001 150 100 50 0 -50 ppm
head squish bowl

surface ~~~~Figure 1 1. 13C NMR of the liquid unused engine oil.
Figure 9. Thickness and oxygen content in the base
fuel deposits before thermal desoription. Apparently, the mnajor part of the aliphatics, range 50 - 0

ppm in Figure 1 0, detected in the deposit originated from
Table 8 shows the chemical shift range of carbon in the engine oil. Consistently, our previous G/MS
different types of compounds: aliphatics (C-C), analysis showed that the volatiles were dominated by
oxygenated aliphatics (C-0), aromatics and aliphatics, or organic compounds containing long
carboxyls (HO-C=0) and carbonyls (=0). The table is aliphatic chains, originating from engine oil [2].
based on experimental results with pure samples of
aromatics, aliphatics and oxidized aliphatics and
complemented with observations from other studies 12, Table 9 shows area fractions of important chemical shift
15,16]. regions in the NR spectrum of the piston squish

surface deposits derived from the worst case fuel, before
Table 8. Approximate Chemical shift ranges. TD. As seen in t~his table, compounds containing oxygen

(oxygenated aliphatics and carboxyls and carbonyls) are
Copound classe Chemical Shif more than 50% of the deposits. NMR measurements of

Compoun classe Chemicl Sh~Lthe worst case head cylinder deposits and base fuel
Aliphatics 50-0Oppm piston squish surface deposits indicate that the deposits

Oxygenated aliphatics 110 -50 ppmi contain engine oil components. The amount of
Aromatics 160 - 1 10 ppmn

1Carboxyls and carbonyls 240 - 160 ppmn
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compounds containing oxygen is a dominant part of the
deposits.

Table 9. Average area fractions of important
chemical shift regions in the NR spectrum of the
piston squish surface deposits, worst case fuel
before thermal desorption. The uncertainties of the
results for the area fractions are ±2 in the numbers
for the aliphatics and ±3 for the other compound
classes.______________________

Compound Chemical Area Fraction25 200 150 100 50 0 -50 ppm
Shift

(a)
Aliphatics 50 -0 ppm 16 %

Oxygenated aliphatics 110 - 50 ppm 26 %
Aromatics 160 -110 pm 28 %

r Carboxyls and carbonyls 240 - 160 Ppp-mM 30 %

The values in the Table 9 represent averages of the two
NMVR measurements of the same sample.

Figure 12a-c shows the chemical composition of the
worst case deposits from different locations after TD.
Similar spectra were achieved for base fuel.

Table 10 shows the organic compound classes
dominating worst case deposits after TD. The values in 250 200 150 100 50 0 -50 ppm
this table represent averages of the three NR
measurements presented in Figure 12 a-c. The deposit (b)
formed using the base fuel had very similar results.
Similar spectra were achieved for base fuel. No
significant difference in the spectra of the three locations
was observed. However, FNAA has showed that the
amount of oxygen in the non-volatile part of the piston
squish surface is approximately 6% higher than the two
other locations (Figure 7). One possible reason that this
difference cannot be seen in the NMR spectra might be
that the sensitivity of the used NR method is too low to
show such small differences. Another reason could be
that some oxygen is present in inorganic compounds that
cannot be measured with NMR.

Figure 12 confirms that at about 50% of the remaining
carbon exists as aromatics (range 160 - 110 ppm).
These carbons probably exist as polyaromatics and/or

graphitic structure.250 200 150 100 50 0 -50 ppm

(c)

Figure 12. Solid-state 13C NR of deposits after
thermal desorption from Cylinder head (a), Piston
squish surface (b) and Piston bowl (c).



Table 10. Average area fraction of important CONCLUSIONS
chemical shift regions in the NMR spectra of worst
case piston squish surface deposits after thermal Up to 50 % 1: the deposits, formed inside the GI
desor~tion.The uncertainties of the results for the engine, conSiStEd1 of volatiles. The composition of the
area fractions are ±1 in the numbers for the deposits is strorgly related to the composition of the
aliphatics and ±2 for the other compound classes, engine oil.

Compound classes Chemical Area Fraction The fraction of volatiles in the deposits decreases in the
Shift order: cylinder head, piston squish surface and piston

____ ___ ____ ___ __ _ ___ ____ __ ___-___ ___bowl. The deposits from the piston squish surface
Aliphatics 50 - 0 ppm 4 % contained the hig iest fraction of oxygen about 30 %

Oxygenated aliphatics 110 - 50 ppm ___28 %
Aromatics 160 -110 ppm 48 % - The non-volatile part of the deposits was highly oxidized.

ECarboxyis and cirbonyls 240- 160 ppm ___20 % The organic oxygen in the non-volatile part was found in
different types of carbon compounds: oxygenated

ENGINE OIL, FUEL, AND DEPOSITS aliphatics, carboxyls and carbonyls.

The previous study [2] and our present study show that The fuels used in this study apparently did not
up to 50% of the deposits consist of volatiles. The significantly affect the content of oxygen and the volatile
volatiles contain a significant amount of larger organic organics in the dEIposits.
molecules. Normally, these molecules consist of a long
hydrocarbon chain containing more than 10 carbon Further research should focus on deposits from engines
atoms. Some of these molecules contain doulble bonds run with special engine oils, alternative fuels and special
and some contain oxygen functionally bound as OH, gasoline fuels. Deposits from malfunctioning engines
=CO, -CHO or C OOH. This is not surprising since many could also be interesting to investigate.
reactive intermediates containing oxygen are formed
during combustion [20]. The volatiles show a composition ACKNOWLEDGMENTS
characteristic o partially oxidized (comnbusted) engine
oil. Interestingly, the degradation compared to engine oil The solid-state NMR spectroscopy has been performed
increases going from cylinder head to the piston bowl at the Swedish NMVR centre at G~teborg University. The
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ABSTRACT

The purpose of this work was to develop a non-intrusive method for on-line detection of

oxygen in bulk rapeseed oil. The method is based on fast neutron activation analysis (FNAA)

of oxygen. A cyclic activation transport system was used for calibration of on-line data. The

on-line method developed can be used for measurement of the otal amount of oxygen in

rapeseed oil during a slow oxidation process.

1. INTRODUCTION

Today, oil is a very important substance for food, lubrication and generation of energy. The

use of oil increases drastically by development of new industrial regions. Incomplete

combustion of oil in car engines leads to formation of combustion chamber deposits that

lower the power'` and contribute t particulate emissions in the atmosphere''',. Rapeseed oil

has especially been in focus because it is used for cooking and Also as fuel oil in standard

commercial burners5 . It has also been shown that oxidation of rapeseed oil can lead to
6 -sdudrtnigo h

production of compounds that may be carcinogenic . An increae nesanigo.h

oxidation process of rapeseed oil and measurement techniques related to this is therefore of

interest.

Oxidation of oil leads to different- types of to compounds containing oxygen. The stability of

oil depends on the resistance to degradation (decomposition) and to formation of products

containing oxygen. One way to determine the oxidative stability of oil during

combustion/oxidation is detection of the compounds containing xygen. Maybe the stability

of oil can be determined by measuring the amount of atomic oxygen in the oil dring

combustion. Then, this can complement the traditional chemical methods, which measure the

amount of molecules containing oxygen. The existing chemical methods for this purpose

suffer seriously from the matrix, and identification of the produced compounds during the

oxidation is sometimes very complicated and time consuming. The traditionally most applied

methods are: Infrared spectroscopy (IR), gas chromatography-flame ionization (GC/HID), gas

chromatography/mass spectroscopy (GC/MVS) and different types of thermogravimnetric

analysis (TGA). TGA is used to evaluate the thermal behaviour of oil with and without

additive blends. In TGA the oil is oxidized by oxygen and the wieight decrease is measured.

Application of this method is under development'. IR, GC/FI1D and GC/MS in combination

with TGA show the changes in the molecular composition of oil during the oxidation s.9 1
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In this work a method for on-line detection of the total amount of the oxygen in bulk rapeseed

oil based on fast neutron activation is presented. Eventually, this method can be used for on-

line measurement of the oxygen in the bulk oil during the oxidation process.

The choice of fast neutrons is due to three distinct properties. Firstly, the neutrons only react

with the nuclei and thus neutron based measurement techniques are non-intrusive and

unaffected by electron shells, and chemical bondings. Secondly, fast neutrons can relatively

easy penetrate through the vessel and bulk liquid due to the low cross sections for fast

neutrons. Thirdly, oxygen can be detected by the radioactive decay of 16N, produced by the

nuclear reaction 0 (n, p) 16N. This reaction has a threshold neutron energy of approximately

1 1 MeV. The 16 decays with a half-life of 7.13 s, emitting 6.1 MeV (68.8 %) and 7.1 MeV

(4.7 %) photons`. Compared to other possible neutron based nuclear measurement methods

for example prompt gamma neutron activation analysis, neutron scattering analysis and time

of flight measurements, detection of oxygen in liquids is most suitable with FNAA due to a

clean gamma spectrum with few interfering lines, and relatively short half-life.

2. EXPERIMENTAL

The fast neutrons were generated by a stationary neutron generator at the Department of

Reactor Physics. The maximum neutron source strength is 1011 n/s with neutron energy of

14.1 MeV from the T (d, n) 4 H reaction. The generator was used as neutron source in an

experimental set-up for on-line detection of oxygen using several types of liquids; viz, water,

glycerol and rapeseed oil. In addition, the amount of oxygen in the rapeseed oil was

determined using a complementary cyclic activation analysis method. In all experiments

(cyclic and on-line) a BGO detector (5.08 cm x 5.08 cm) was used for detection of gamma

radiation. The lower threshold energy for gamma detection was 4 MeV. In order to correct the

measurements for variations in the neutron yield the neutron flux had to be measured. This

was performed with a plastic scintillator as neutron monitor.

Figs. la and b show schematically the experimental set-up for on-line activation analysis of

oxygen in liquids. The detector was shielded by lead, tungsten and iron against direct neutron

radiation and by lead against gamma radiation from the surroundings.

200 mrl rapeseed oil was calibrated with samples of 200 ml glycerol and water in an

aluminium vessel (6.4 cm in diameter). The water sample was measured twice. The rapeseed

was purchased at a food store with unknown amount of oxygen. The amount of oxygen in the
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rapeseed was measured using cyclic fast nutron activation analysis (cFNAA). Section 4

describes in detail the experiment for quantitaLtive analysis of oxygen in the rapeseed oil based

on cFN.AA. Each sample vessel was irradPited 5 times lby fast neutrons during 0.5 s and

detected 20 s after each irradiation. The toial measurement time for each vessel was thus

100 s. A magnetic stir was used to distribute the activated oxygen nuclei homogeneously in

the liquids. The background was measured in the same way but wil.iout any sample vessel..

Neutron
generator

8 em ~~~~~~~11,5 cn

7 em tG deec t or Safflple

ig. la

Rapeseed

11,5 Cly. Neutron

0 detector 
1 ~~~~~~~7:m ~~~6,0 cm ~generator

6,5 m

Fig. lb

Fig. 1. Schematic figure of the. experimental set-up for on-line FNAA: la seen from above
and b seen side-face (the angle, of [detector a -d the neutron generator is 900).

3. ON-LINE ACTIVATION ANALYSIS

Fig. 2 shows the calibration curve made of five points: background., rapeseed oil, glycerol and

two waier samples analysed with on-line activation analysis. The background in the on-line

activation analysis is significantly higher tan the background in the cFNAA described in

5



section 4. This is due to activation of surrounding air and objects containing oxygen (see

below). The amount of oxygen in rapeseed oil was estimated to 10 weight % using the results

from off-line cFNAA (section 4).

Note that the signal is corrected for neutron yield variations. The net signal is the quotient

between the number of signals from the BGO detector and the number of signals from the

monitor. In the present set-up the number of signals from the monitor is less than the signals

from the BGO-detector. Thus the monitor detector determines the statistical error in the net

signal.

y 0,O01llx +2,6422

2,85 R 096

T ~ ~ ~ ~ I* Background
Rapeseed

> ~~~~~~~~~~~~~~~~~~~~~~~~~Gly cerol
X 2, W ater_ 1

*Water_2

0 50 100 150 200

Oxygen [g]

Fig. 2. Calibration curve for on-line detection of oxygen in 200 ml of different samples.

Table 1 presents the values from each measurement.

Table 1. On-line activation analysis: Standard deviation of each liquid sample.
Sample Oxygen [g] Signal (net per Statistical Relative Statistical

neutron but not uncertainty uncertainty of signal
background of signal
corrected)

Background 0 2.620 0.02 1 0.79 %
Rapeseed oil 20 2.680 0.023 0.89 %

Glycerol 105 2.778 0.025 0.75 %
Water_1 178 2.800 0.025 0.86 %
Water 2 178 2.862 0.02 1 0.90 %

We have statistical errors of this curve in the amount of oxygen (Ax) and the net signal (Ay).

The accuracy of oxygen x determined by the relation in Eq. (1):

AY
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where k is the slope of the curve (0.001 1) in Fig. 2. Table 2 shows that Ay varies from 0.021

to 0.025. This gives an accuracy of oxygen of approximately ±20 g oxygen in the

measurements.

Table 2. On-line activation analysis: Errors in the amount of oxygen (Ax) and the net signal
____(AY). ___

Sample AY Ax [g] 
B3ackground 0.021 19
Rapeseed oil 0.025 23 

Glycerol 0.021 19 
-- Water 1 0.023 21

Water 2 0.025 23

The calibration curve can be mproved by choosing more calibration points. Generally, in

order to achieve a higher accuracy, several technical improvements, can be made:

I. Increasing the number of calibration samples;

HI. Decreasing the distance between the monitor and the neutron generator;

As seen in Fig. 2, decreasing the distance between the monitor and the neutron generator

significantly increases the accuracy. Decreasing d by 50 % (fromn 200 cm to 100 cm) would

increase the accuracy by almost factor 6 (Fig. 3).

mI. Increasing the time of measurement;

The amount of detected gamnrma photons depends linearly on time. Increasing the

measurement time from 100 s to 1 h will increase the accuracy by 6 times by decreasing' the

statistical error in the gamma detection (Fig. 8).

With a monitor distance of 100 cm and 1 h measurement time, procedures (2) and (3) together

can theoretically improve the accuracy 36 times or to about ±0.6 g. However, decreasing the

detection time may do the on-line FNAA useless for many kinds of dynamic processes.
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Fig. 3. The relation between the accuracy and distance of monitor from the neutron generator
and the detection time.

IV. Minimizing the background.

As seen in Fig. 2, the on-line FNAA in this experimental set-up suffers from high

background. Fig. 4 shows the time spectrum of the background radiation.

700

600-

500-

-400

CU300-

W~ 200-

100 

0
0 5 10 15 20

Time [s]

Fig. 4. Time spectrum of background radiation. The experimental data (the points) are fitted
with Eq. (2) (the curve).

The experimental data were fitted to Eq. (2):
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S 0 + aeA (2)

where s is the detected signal, t is the time and X is the decay constant. s and a are constants.

Table 3 shows the value of the parameters.

Table 3. On-line activation analysis: The values of the fitted curve to the background.
Parameter Value Standard deviation

SO 24 9
716 7

0. 1063 0.0035

The value of X. (0.1063 ± 0.0035) from this curve fitting can be compared to the decay

constant of oxygen that is 0.0972. The background is most likely, coming from activation of

oxygen in the surroundings (air and objects containing oxygen). Increased radiation shielding

can decrease the background.

The results generated by the presented on-line fast neutron activation of bulk organic liquids

depend strongly on the volume and the shape of the vessel. For example, if the oxidation of

oil leads to a reduction of the liquid volume so that the liquid level passes the detectors, this

would lead to a significant change in the signal. In Ref. [13] such a phenomenon has in detail

been studied in detailed.

A very important factor for usage of this method for detection of oxygen in a dynamic system

is the time required for detection. The preliminary results using the developed on-line FNAA

show that this method is suitable for detection of oxygen in a smnall chemical reactor during

slow oxidation.

V. Finding the optimal radius and height of the vessel.

The detected activity depends on the concentration of compounds containing activated

nitrogen and the geometry of the vessel. The activation rate is proportional to the neutron flux

density, which is assumed to be directly proportional to the inverse square of the distance to

the neutron source. This assumption is based on the fact that the activation is made mainly in

the part of the sample close to the source and due to the relatively low macroscopic total

cross-section for 14 MeV neutrons in water. With YX = 0,1 cm- about 10 % of the neutrons are

absorbed or scattered in a one cm layer of water. The detector response is equally assumed to

only depend on the inverse square of the distance to the activated water, since the attenuation
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coefficient for 6 MeV gamma radiation is only about 0,003 cm-'. The buildup from Compton

scattering is neglected due to the high threshold of the detectors.

Monte Carlo calculations show that the optimal radius and height of a container where the

activity is distributed through stirring of the water would be about 10 cm and 44 cm

respectively. These dimensions give a volume of about 14000 mrl. These dimensions should

also be suitable for rapeseed oil.

4. CYCLIC FAST NEUTRON ACTIVATION ANALYSIS (cFNAA), OFF-LINE

MEASUREMENT

Cyclic fast neutron activation analysis (cFNAA) has been used to determination of oxygen in

the rapeseed oil. A method for has briefly been described in Ref. [2]. Here we give a short

review of some important features in this method. Each sample was poured in a polyethylene

tube, which was placed in a rabbit. The rabbit was sent through a pneumatic tube sample

transfer system to a mechanically rotating assembly device, placed in front of the target plate

of the stationary neutron generator (Fig. 5). Because the half-life of 16N is short, the isotope

must be detected very soon after irradiation time. The sent sample must be back to the cavity

for measurement short after irradiation procedure. This irradiation-measurement cyclic

procedure is repeated several times. The more cycles the higher precision.
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Fig. 5. Facility for fast neutron cyclic activation analysis.

The activation time was 10 s, which is comparable with the half-life of 6N, and the number of

cycles was 6. The flight-time between the rotor and the detector was 3 s and the time for y

detection was 20 s. Variations in the neutron yield from the neutron generator were recor~ded

with a plastic scintillator (in the continuation referred to as the monitor) that was placed

200 cm above the neutron generator.

Calibration of oxygen by cyclic activation analysis was done by two separate analytical

methods: the standard addition method and the external standard rmethod, which are described

below.



4.1 Standard Addition Method

In the standard addition method a calibration curve is constructed by a pure sample and

samples containing different amounts of a certain standard`. In our case six samples were

prepared. In five of them different amounts of zinc oxide were added to rapeseed oil. The last

sample was pure rapeseed oil. The total volumes of all samples were around 8 mrl. The

detected signal (Stot) from each sample was the sum of the signals from zinc oxide (SZno) and

from the rapeseed oil (Srapeseed oil) Eq. (3).

S,0 t SW0 + Sped (3)

The amount of total oxygen (motot) in the samples containing standards can be expressed by

Eq. (4):

m =,0 :::M, + morapeseed (4)

where MO,Zno and MOrapeseed oil are the masses of oxygen in the zinc oxide and the rapeseed oil

in the sample mixture. Each sample had approximately the same total volume. A calibration

plane was calculated with the signal corrected for background and variation in neutron flux

(referred to net per neutron in the continuation) plotted as a function Of MO,Zno and mrapeseed oil.

Table 4 shows the weight and the fraction of rapeseed oil and zinc oxide in each tube.

Table 4. Standard addition method: Amount of samples and internal standards in each
experimental tube.

Tube nr. Amount of rapeseed Amount of Total weight [g]
_____________oil [g] standard [g] _ _ _ _ _ _ _ _ _ _

1 ~6.58715 0.08178 6.66893
2 6.67673 0.05898 6.73571
3 6.97102 0.1533 7.12432
4 6.89726 0.42087 7.31813
5 5.49570 1.06850 6.56420

Tube nr. Amount of pure
rapeseed oil [g]

6 6.83163

Fig. 6 shows the calibration plane for cyclic activation analysis of rapeseed oil based on the

standard addition method.
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Fig. 6. Amount of oxygen in zinc oxide vs. weight of rapeseed oil and. signal (net per
neutron).

This plane is described by the equation z = a. x +b y +c where a, 1b and c are constants given

by Table 5. The parameters x and. y are the amount of oxygen in zinc oxide and the amount

of rapeseed oil, respectively. TheZ.2-axis shows the gamma radiation corrected for background

and change in neutron flux (the net signal per neutron) during the operation. The value c

should be zero for a perfect background subtraction.

Table 5. Standard addition method: The values of the lae equationIaaee Value Standard deviation of the values

0 D0033 0.0001
c A0001 ~~0.0007

By dividing the parameter a by b the amount- of oxygen in. the rapeseed oil was calculated to

8.6 weight %.

13



4. 1.1. Testing of geometrical effect on the results

Zinc oxide is insoluble in rapeseed oil. Consequently, each standard sample consisted of two

separated phases: zinc oxide in the bottom and rapeseed oil at the upper part. In order to

investigate how different geometrical distributions of the oxygen affected the calibration

measurements, three samples of pure rapeseed with different volumes were measured. Fig. 7

shows a plot of how the detected signal (corrected for background variation in neutron yield)

depends on different volumes of rapeseed oil. The amount of each analysed rapeseed oil

sample, standard deviation and the relative standard deviation are given in Table 6.

Table 6. Geometrical effect test: Standard deviation and relative standard deviation of each
pure rpeseed oil ample

Tube nr. Rapeseed oil [g] Rapeseed Signal (net Statistical Relative Statistical
oil [cm 3 i per uncertainty of uncertainty of signal

neutron) signal

1 1.5610 1,8151 0.0043 0.0001 2.8 %

2 4.8155 5,5994 0.0147 0.0002 1.4 %

3 7.4071 8,6129 0.0212 0.0002 1.1 %

y =0.0029 x

0.020 0.9961

0 0.01 5 

0. 01 

z 0.005

0.000
0 1 2 3 4 5 6 7 8

Amount of rapeseed [gi

Fig. 7. Testing of geometrical effect from rapeseed oil

Fig. 7 shows that different volume of rapeseed oil has a linear relation to the activation. This

means that the analysis does not suffer from geometrical effects.

4.2. External Standard Method

A calibration curve was constructed from four pure standard samples consisting of different

amounts of pure zinc oxide (samples nr. - 4 in Table 7). A pure rapeseed oil sample (sample

nr. 5 in Table 7) was also activated and the amount of oxygen in the sample was determined

using the calibration curve.
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Different amounts of zinc oxide in the tubes give naturally different volumes and

consequently different geometries. If the calibration curve is linear it can be concluded that

the results do not suffer from the geometry effect (see even sectionl 4. 1. 1)

The standard deviation and the relative standard deviation of the zinc oxide samples are in

Table 7.

Table 7. Extern standard method: Standard deviation and rela-ive standard deviation of
elachpueznc oxide sam~ple~

Tube nr. Pure zinc Amount of Signal Statistical Relative
oxide [ oxygen in (net per uncertainty Statistical

zinc oxide neutron) of signal uncertainty of
[g] signal

1 1.11246 0.2187 0.0060 0.0001 2.2 %
2 2.801 V .57 0.0159 0.0002 1.3 %
3 5.069 0.9967 0.0290 0.0002 0.9 %
4 8.11346 1.5953 0.0473 0.0003 0.7 %

Tube nr. Pure Signal Statistical RelatIve Statistical
rapeseed oil (net per uncertainty uncertainty of

[] neutron) of signalt _ signal
5 7.4071 0.02 12 0.0002 1.1 %

Fig. 8 shows a calibration curve consisting of 4 pure zinc oxide sarmples.

0,05-

y = 0,029141l
0,04 R

2
=0,999527

0,03-

0,02-

0,01 

0,00
0,00 0,50 1,00 1,!50 2,00

Oxygen [g] in ZnO

Fig. 8. Calibration curve with different amounts of pure zinc oxide

Using this curve the amount of xygen in the oil was estimated to 9.9 weight % in the pure

rapeseed oil (sample mr. 5).

Because of the linearity it seems that the size of the sample has negligible effect on the

measurement (compare to section 4. 1. 1).
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Determination of oxygen in rapeseed oil by the standard addition method gives approximately

1.3 % higher oxygen content than when the external standard method is used. Generally, one

effective way to increase the accuracy in cyclic fast neutron activation analysis is to increase

the number of cycles.

5. CONCLUSION

An on-line method for quantitative analysis of oxygen in rapeseed oil based on fast neutron

activation has been developed. The amount of oxygen in rapeseed oil was predetermined

using cyclic FNAA. In the on-line method the accuracy was experimentally estimated to

around 20 g. Theoretically, the accuracy can be significantly improved, especially by

decreasing the distance between the neutron generator and the monitor. The developed on-line

FNAA method can be used for detection of oxygen in liquids in the volume range of a few

hundred millilitres to several litres. Oxygen changes in relatively slow dynamic processes,

such as slow oxidation of oil in small and average sized chemical reactors can be analysed by

this method.
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