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SCOPE AND CONTENT:

This thesis deals with two aspects of discrete time
interval neutron diagnostics for application to two-phase
systems, Part I resulted from an investigation on the effect
of gating period,on statistical distributions arising from
discrete samplihg period measurements of idealized two-phase

situati&hs; is portion of the work also afforded the op-

ffgg\;¥ocedures and problems

dies employing penetrating

portunity to become accustomed to
associated with\void fraction s
radiation, Pary II recelves a/slightly larger emphasis and
deals with the application contemporary computational

methods to the reconstruction in two dimensions of the time-

averaged void distributfon of a dual density system, Each
part is accompanied by its own references, notation, and apQ
pendices, They are related as briefly described in Sec, 1I,

7.2 , Details of these parts now follow under separate head-
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* ABSTRACT

Two specific aspects of penetrating radiation diagnos-
tics for application to two-phase flow systems were investi-
gated, In Part I, discrete time interval attenuation megsure-
ments of a neutron beam from a research reactor were usged to
study the effeé; of the gating (measurement) period on the
resulting void probability density distributions, Three ideal-
ized two-phase situations were investigated - discrete bubble,
slug, and annular flow, for 0,01-10,0 s gating periods, The
slug flow condition was readily characterized by a dual maxima
PDD for gating intervals below the dominant slug period. 1In
all cases the PDD variance increased with decreasing gating
periods and was found to be of use for trend descéiption and
regime discrimination,

Part 11 endeavours to reconstruct in two dimensions, the
time-averaged void distribution of a dual density system from
radiation attenuation measurements, The procedure employed
made use of three contemporary algebraic reconstruction methods.
Projection data was obtained from a digitized computer model
in the first set of tests an& later from traverses of a neutron
beam across a voided lucite model, With a fixed, large beam
size, decoupling of overlapped measurements was needed to per-
mit resolution of fine detail, Extension to the dynamic two-
phase floﬁ gsituation was considered and it was shown that the
void variance within a subdivided measurement interval can
provide an estimate of tﬁe dynamic void bias effect,

Keywords: two~-phase flow, radiation diagnostics, void
distribucions,’Z-D algebraic reconstruction
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GLOSSARY

Epithermal neutrons -- neutrons having an energy in the range
immediately above the thermal r-ange, roughly between
0.2 and 100 electron volts,

Gating period -~ the preset.time interval over which the emer-
ging radiation beam is sampled and the counts are
compiled.

Maxwellian distribution -- a function giving the number of
neutrons in thermal equilibrium whose velocities lie
within a given infinitesimal ran%e of values, assum-
ing that the neutrons obey classical mechanics and
do not interact,

Proportional detector -- a radlation counter tube operated at
voltages high enough to produce ionization by colli-
sion and adjusted so the total ionization per count
is proportional to the ionization produced by the

initiag ionizing event,

Radiation diagnostics -- methods and analytical interpretation
involved in identifying two-phase flow conditions
from radiation attenuation measurements.

Reactivity -- a parameter giving the deviation from criticality
of a nuclear chain reacting medium such that positive
values correspond to a supercritical state and nega-
tive values to a subcritical state,.

Subchannel code -- for thermohydraulic analyses in rod bundle
geometries, these computer codes were developed to
include the effects wﬁich determine cross-flow and
turbulent wmixing between subchannels that further
complicates prediction of local coolant conditions.
Mass, momentum, and energy are considered transport-
ed across imaginary interfaces separating adjacent
subchannels, The result is a prediction of subchan-
nel flow and enthalpy at each axial channel position,

w

Two-phase flow -~ movement of two phases (commonly liquid and
gas) through a pipe or closed conduit, The thermo-
hydraulic connotation generally refers to the motion
of steam and water in a boiling channel,



PART I

THE EFFECT OF GATING PERIOD ON
NEUTRON DIAGNOSIS OF
VOID DISTRIBUTIONS



I.1 INTRODUCTION
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Boiling heat transfer is perhaps one of the most ef-
fective means of energy transfer known to mah, with observed
energy fluxes as high as that on the surface of the sun. The
regsultant applications, such as those found in aerospace tech-
nology, chemical processing units, and nuclear reactors, has
stimulated wide-spread interest in two-phase phenomena. Spec-
ifically with regard to nuclear reactors, the Fconomic advan-
tage of higher specific powér output is forcing a trend toward
permitting boiling in the coolant channel as in some present
CANDU dgsigns.

When vapour is generated in a liquid filled system,
the phases partition themselves into a number of possible geo-
metric arrangements or regimes, Typical of these flow regimes
are three idealized cases as illustrated in the figures of
Appendix A.3: 1) bubble flow where discrete vapour bubbles are
homogeneously distributed in a liquid continuum, 2) slug flow
where the two phases segregate into liquid slugs and elongated
vapour bubbles and 3) annular flow where a continuous gas core
has forced the liquid phase }nto a thin film on the channel
walls, Forms of these three idéalized regimes are subject to
investigation in this work. ’

In discussions of two-phase systems, the single para-
meter mosﬁfcommonly Pncoﬁntered is the void fraction -)the re-

lative volume of vapour and liquid phases at a given position



in the system. This important engineering parameter appears

in correlations of heat transfer, boiling . hydrodynamics, and
flow regimes. In addition to thermal studies, the time-vary-
ing void distribution is of fundamental importance in nuclear
safety and control studieé. In design applications, the void
fraction is used to calculate the mean density which in turn

is needed for estimating frictional, accelerational, and hydro-
static pressure drops in two-phase systems, .

Many methods have been proposed to study void fraction.
However, visual techniques and fragile probes become inadequate
at the pressures and temperatures appropriate to many systems
of interest. 1In this work we are interestedlin an attenuated
beam of penetrating radiation (X-rays, gamma rays, electrons or
neutrons) as a diagnostic tool. These methods avoid contamina-
tion of the medium and disruption of the flow regime under‘study.
Specifically, neutrons from a xeactor beamport were employed
here because their attenuation characteristics permit good void
resolution for the system size of interest.

Previous work employing neutron attenuation has concen-
trated on obtaining an accurate estimate of the time-averaged
void fraction (Harms et al, 1971). However, as attested by any
two-phase experimentalist; the void fluctuations cannot be ig-
nored. In addition, it has been found (Hancox et al, 1972)
that these temporal variations can induce a significant bias in
the void measurement. To reduce tgis measurement bias, Hancox
et al (19?2) proﬁosed a discrete sampling period technique and

sugges;éd that the gating interval be ".., much smaller than the



dominant void fluctuation period". The fundamental purposes

of this work therefore, examine the consequences of this tech-
\;lque and are two-fold: 1) to employ statistical distributions
resulting from discrete time interval neutron diagnostics to
distinguish two-phase regimes (bubble, slug, or annular) and

2) to investigate tpe effect of the gating (measurement) period
on these distributions for the different regimes under study.
Also the concept of a characteristic period of the fluctuation
is introduced and discussed.

Following a discussion of the background and pertinent
literature in this area, the experimental apparatus and com-
putational procedures are described. Resu}ts of experimental
data, primarily in the form of.figures, are presented and dis-
cussed. Principal conclusions are summarized and a description
of the program used to analyse transmission measurements is in-
cluded in the appendices. |

Part 1 will then have considered the time-varyihg nature
of the voids by means of statistical distributions, With the
temporal effects thus examined, Part II of the thesis then
goes on to consider the importance of the gpatial distribution
of the voilds within a reactor channel and shows how radiation

diagnostics may be applied for this purposé.



1.2 BACKGRUUND

I.2.1 Motivation

While investigating the transmission error due to the
inherent void fluctuations, Hancox et al (1972) found that the
measured value of the void fraction, hereafter to be represen-
ted by o« , depended not only on flow regime but also on the
gating period used in the "churn" flow regime, Figure 1.1l re-
produces their results for slug flow. We note that the dis~
tribution shape is dependent on the gating period. It was the
desire to elucidate this effect- that motivated this portion of
the work. A survey of the relevant 1iteratgre in this area is
presented in Part B of the literature review.

Initially, however, it was sought to employ discrete-
time interval technique to pool boiling which itself exhibits
"regimes". Using neutron diagnostics, it is often difficﬁlt
to obtain good statistics for small measurement periodg. There-
fore, to allow a reasonable gating period, AT, the preferred
situation occurs when the liquid velocity is zero - in essence,
a batch two-phase system. This then sﬁggests pool boiling as
a convenient starting point., Aspects of interest for this
application will be outlined in Part A of the literature review
below. Subsequently, extension to the slug and annular flow

situations will be made. ' a/

/
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1.2.2 Literature Review

Part A Duke and Schrock (1961) were among the earliest to
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measure void volumes in nucleate pool boiling, employing a
bellows dilatometer as well as photogranhy. Their principal
conclusion was that void volume increased with heat flux while
it decreased with increases in both pressure and subcooling.
In a photogranhic study, Gaertner (1965) described three or
four heat transfer regionsin saturated nucleate boiling, each
with characteristic vapour structures. The three principal
structures are sketched in Figure 1.2 and the obvious differ-
ences suggest the possibility of unique void distributions if
discrete time neutron diagnostics were applied to such systems.
Rallis and Jawurek (1964) and Cole (1967) show how the product
of the mean bubble frequency and mean bubble volume at depart-
ure enter into many analyses‘of nucleate boiling and also into
the expression for latent heat transport. In absence of
simpler methods, the possihility of applying neutron diagnos-
tics in determining these quantities merits consideration.
Zuber (1963) examined both the fluid dynamic and heat
transfer processes in nucleate pool boiling from a horizontal
surface. The fluid dynamic problem was analysed by first con-
sidering flow regimes induced by single bubbles. Also des-
cribed were previous investigations of both characteristic
bubble diameters and frequencies of bubble emission by statis-
t}cal distribution. Flow regimes of vapour removal from a
single nucleating centre were found to change from isolated
bubbles at low vapour rates to swirling vapour columns and
patches, These regimes were considered to be analogous to the

formation of gas bubbles at orifices. This assertion was



employed in the first set of tests as are outlined in Section
I.4 . Zuber also presented equations giving the vapour volu-
metric fraction as a function of quantities reported in the
iiterature and later employed them in the formulation of the

heat transfer problem.

Part B We return now to the theory and background of radiation
diagnostics. To determine the void fraction from transmission
measurements, Harms et al (1971) suggest an iterative solution
of

To = To B(x(1-0)) e P¥(1"® (1.1)
for the void fraction, o , where To is the transmitted count
rate in the empty channel (o =1), To is the measured count rate
of the system, x is the overall thickness of the attenuation
medium, and u is a linear attenuation parameter. The symbol
B is a predetermined functional representation for the build-
up factor which becomes particularly important for relatively
thick medium measurements, With this method, voids in the
range .03-.7 were determined to within £6,5% in "one-shot"
méasurements. Each void fraction obtained from Eq. I.1l is
assumed constant over the gating interval &C. For N such mea-
surements, with N large, ;he standard definitions'for the mean

and sample variance of the resulting vold distributions are

= =1
(X—---N-ZOLn ’ . . (I.Z)
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and

¢ 2 N 2 )
o; =N%.,IZ(G_“- &) . (103)

However, as a representation of void dynamics, these expres-
slons may involve errors due to the variation of o over aT
and due to additional effects of source fluctuations at the
time To and Tx were measured, These points are discussed fur-
ther in Sections I.7 and 1I1.7.2 . In a relevant analytical
study, Barrett (1974) in fact examines the discretized time
interval method with respect to the magnitude of the systematic
error introduced by the finiteness of the gating.period in the
{nterpretation of & and q;z « The resulting expressions re-
quire large N an&’ﬂin>1 and care must also be taken so that
£C is not reduced such that the condition ll(T;n)2<<1, no long-
er holds, Barrett also concludes that the static void assump-
tion will be most in error under the following conditions:
a) for X(;px) large, b) when o« is not constant over aC, c¢)
when the yertical flow speed is not small, and d) when the
void changes over the whole channel cross-section, as with
slug flow. For small bubbles, fine sprays and annular flows
with low ripple noise the error can be ignored. The. compro-
mise between counting errors and systematic errors is also
discussed. |

Two sample void distributions for bubble and slug flow
are presented by Hancox and Harms (1971) who conclude that the
distribution of the o, provides a unique characterization of

the voided flow conditions. They suggested one immediate use
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is to provide upper and lower bounds of the void fraction for
reactor response evaluations. Additional work on the dynamic
bias effect was done by Harms and Laratta (1973) who studied
specific void variations, oc (t) and Harms & Forrest (1971)

who obtained more general analytic results. Younis et al (1973)
discussed the bias due to source fluctuations which can become
important for low void measurements and highly attenuated beams.
In this study the idea of utilizing statistical distributions

to describe the dynamic behaviour of two-phase systems is em-
ployed. This approach is in line with the current trend in the
two-phase literature. For example, Chu & Dukler (1975), exanine
comprehensively annular flow films by describing probability and
spectral density functions of wavy films,

In experiments similar to this work, Jones & Zuber (1974
and 1975) employed an X-ray photometer to obtain void probabil-
ity density functions (PDF) in a fluctuating air-water system,
They felt that the PDF method represents a uniquely objective
method for flow pattern discrimination. Many of their observa-
tions were in fact independently confirmed in this study. Among
them is theléollowing definition:

"Slug flow is that localized condition

characterized by the appearance of two

separate and statistically significant

localized maxima in the PDF , . ,
Other information dvailable from the PDF data are film thick-
nesses, void fraction in slugs, and slug and Pubble residence&.
time fractions. However, the effect'of gating period on the
probability density distributions was not considered and it is
this area that is deveLOpeq in this study.



I.3 APPARATUS

The principal pieces of apparatus employed to fulfill

the objectives of this portion of the work are the following:

A cast acrylic container with aluminum "neutron win-
dows" built in the side to perform the first series of tests
on discrete bubbling., Internal dimensions - 18 cm deep x 7 cm
long x 1.3 cm wide. The size (x = 1.40 cm at the neutron winu
dows) was chosen to permit adequate statistics under low void
conditions while not interfering with the rising bubble stream,

Figure 1.3 is a sketch of the physical setup which was used,

Stainless steel capillary orifice, 3.2 mm O,D., 1.3 mm
1.D. at the opening., Flowrator flowmeter and needle valve to

measure flowrates in the range 0,2 - 32.0 cc/s, <

Commercial three-speed tape recorder to measure bubble
frequencies acouétically. This was accomplished by calibra-
ting the recorder against a time signal and using the noise of
the bubbles erupting from the orifice to measure the frequency.
- A stroboscope was also used for verification but was found to

be less accurate.

A vertical, clear lucite, two-phase loop, 0.75 inches
(1.8 cm) I.D., with thin stainless steel test sections for the
neutron beam, This apparatus was used previously for transient

void measurements in the air-water system. It was employed
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<—clear acrylic
container

-—— aluminum neutron

18 window
cm
— neutron beam
(%¥in,x%in,)
—capillary orifice
X L

Figure I.,3 Sketch of physical arrangement

for discrete bubble tests.



here for the Series 2 and 3 test runs under slug and annular

conditions.

Neutron counting apparatus - standard 2,56 cm diameter
BF 4 proportional detector encased in a cadmium sleeve with a
0.5 in., x 0.25 in, (1.27 cm x 0.64 cm) opening, digital rate-
meter, and magnetic tape interface, Gating periods are avail-

able in the range 10-3 to 10*3 seconds.

The neutron source was & beamport of the McMaster Uni-
versity 2 MW(t) swimming pool type nuclear reactor, Opening
size and shape matched that of the cadmium sleeve, The un-

5

attenuated beam gave a count rate of approximately 3 x 10 c/s

with the above configuration.,
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1.4 PROCEDURES

This section describes the steps taken during the
course of the investigation. The first two parts outline ini-
tial considerations and computational procedures, The third
part then summarizes experimental procedures and test condi-

tions of important runs,

Initial steps involved obtalning experience in the use
of the detection hardware and two-phase loop. In addition,
the neutronic properties of several flulds were investigated
for possible use, Although water was finally chosen for all
runs, freon-113 (CCl,F-CClF,) was also used if pre-run tests
to determine the linear attenuation parameter and build-up data,

For this purpose, Harms et al (1971) was followed

A = lim 1n(To/Tx) , (1.4)

X =0 x
and

B(x) = (Tx/To) ™ (L.5)

where Tx represents the transmitted count rate for a medium

of thickness x, Aluminum containers of known width were avail-

able for this purpose,

A computer program was constructed to analyse the

neutron transmission data. Briefly, the transmission ratio

—



statigtics are first compiled by a library routine and then
the data is plotted in the form of a histrogram. Eq. I.1
is employed next to compute void fractions which are also
compiled and plotted. A more detailed description of the

program is provided in Appendix A.l.

Although a large number of tests were performed under
a wide variety of conditions, the runs may be divided into
three broad classifications. Emphasis will be placed on re-
sults of runs designed to show specific trends under identical

flow conditions. 1) The Discrete Bubble runs were performed

by injecting a metered air flow through a single orifice in
the acrylic container. The arrangement is illustrated in Fig.
I.3 which also describes typical bubble diameters encountered.
i1i) The simulated Slug flow conditions were created by in-
jecting air into a static column of liquid in the two-phase
loop. The result was classical dome-type flows. Conditions
with both small and large bubbles (~10-20 cm range) were in-
vestigated, 1ii) iIn the third category, Annular flow con-

" ditions required maximum vapour flow rates to the two-phase
loop. The liquid flowrate was minimal; only enough to maintain
a continuous liquid film on the tube wall. The characterisgtic
void period was-measured acoustically in the discrete bubble

regime and by a calibrated stopwatch in the slug regime,
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1.5 RESULTS

In the pre-run tests the experimentally determined
linear attenuation parameter for water with this apparatus

'1. From the few

and neutron spectrum was found to be 4.83 cm
measurements made with freon-113, the parameter was found to
be 1.35 cm~l. Freon was not employed in future runs however
because its high volatility required a closed system, Results
of the least squares fit of the build-up data may be found in
Appendix A.1 . The acoustic method for bubble frequency de-
termination, as described in Sec. I.3, was found to be very
satisfactory. Repeatability of these results was consistently
less than 9% over the entire region of interest and this was
largely due to the variability of the bubble emission, Al-
though the variation in the slug period from bubble to bubble
was large, the measured average frequency varied to within
about ¥ 8%,

It was found that the results for this portion of the
work could be most readily interpreted in the form of void hist-
ograms, both the transmittance ratio and void statistics of all
lmportant runs are again summarized in Table A.2 ., 1In general
it was found that the statistics became meaningless if the
gating period was so small that zeros and other small digit
numbers appear in the counting data. Also, better resolution
of the PDD's was obtained if the beam width perpendicular to

the flow direction was small.

The first set of histograms in Fig. 1.4 describes the
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void PDD for the discrete bubble regime. The gating period in
Fig. I.4A is slightly less than the void period, in Fig. I.4B
about the same, and in Fig. I.4C slightly greater., All three
distributions appear similar in shape; however, a noticeable
change in the range of the abscissa, o., is to be noted. This
effect is quantified by the variance of the distribution, o? .
Average voild fractions were found to increase slightly with in-
creased gating period. Fig. I.5 shows three histograms for the
small slug flow conditions. General observations are identical
with discrete bubble regime except that a distinct change in the
shape of the distribution was noted and the change in the'
variance is even more marked. A bimodal distribution is dis-
tinct at the lower AT, changing to a single mode distribution
when AT exceeds the dominant slug period. Even more interest-
ing is Fig. I.6 which represents large slug flow with the gating
period significantly less tﬁ;n the void period. Two separate
distributions are clearly visible centered about maxima at low
and high vold fractions. The wide range of void readings, from
-0.6 to 40.9, is noteworthy. Lastly, the annular flow con-
dition is represented in Fig, 1.7 . All annular distributions,
regardless of AT, exhibited the same tight, negatively skewed
distribution, .
Figure 1.8 is preéented to permit a quick comparison
between the transmission ratio and woid distributions. Thege
distributions are related through Eq. I.l where TR = To/To .

Slug flow conditions were presented because of the variety of

distribution types present. In comparison, the bubble flow
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conditions yielded normal-type distributions for both TR and
oc .  Annular conditions exhibited slightly negative skewed
distributions, also 59r both TR and o« . The skewnesgs appear-
ed more distinct for low gating periods.

Figure I.,9 perhaps best summarizes the results of all
the void distributions., Here the PDD variance is plotted
against the gating period for the three flow conditions. The
range of variance was so great however, that a log-log scale
was required to include all the data. All curves show an in-
crease in variance with a decrease in gating period. In
addition, the discrete bubble and slug flow curves exhibit
an abrupt change in slope when the gating period equals the

characteristic period of the fluctuation.
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1.6 DISCUSSION

At first glance, the results of the discrete bubble
runs as presented in Fig. 1.4 appear disappointing in that no
readily discernible difference in the PDD's is visible. How-
ever, of interest is the remarkable change in the variance of
the distributions over a small range of AT. This change is
significantly greater than that which can be attributed to the
statistical nature of the source. Thus it must be concluded
that the temporal variance of the voids is important under
these conditions. The presence-of void fractions less than zero
is not due to computational or experimental error but is a re-
sult of source fluctuations. The increase in oc with AT is
due to transmission augmentation by the void fluctuations as
described in Harms and Forrest (1971).

The result of the slug flow tests, Fig. I.5, finally do
show the desired effect, 1In Fig. I.5A, two stétistically sig-
nificant maxima are visible. One is centered near zero void
fraction and represents the slug passage while the other at
higher o« represents the bubble phase. As the gating period .
goes slightly beyond P,,, the distribution aroﬁnd o = 0 disap-
pears. The presence of the low void data that still linger may
be attributed to the random nature of the void variation about
the characteristic frequency. For AT sufficiently greater than
Py, the low void fraction tail disappears and a tight uniform
distribution is the result. On the basis of these findings we

conclude that the single mode appearance of the distributions



in the discrete bubble case, is due to a merging of the bi-
modal structure at the low vold fractions measured.

In Fig. 1.6, the dual mode effect is emphasized even
more, From this type of PDD a consliderable amount of informa-
tion is available on the detailed flow conditions. For example,
the relative areas of the two distributions represent the slug
residence time ratio. However, Jones & Zuber (1974) state that
although ratios are obtainable, "the lengths are indeterminant
using only the PDF since there are an infinite combination of
lengths which will give identical ratios". 1If the flow velo-
city and characteristic frequency are somehow available, the
bubble and slug lengths are determinable by a cell model.

However, these quantities may be directly determined
if the original or transformed data on a known time basis is re-
examined. Fig. 1.10 shows a sample of the input count rate data
corresponding to the conditions of Fig. 1.6. To illustrate the
method, a sample calculation with a specified void period will
be performed.

From Fig. 1.6 we judge.that o = 0.4 is the cut-off point
to distinguish the bubble from the slug portion, This trans-
lates to a raw count rate of 57 and the data as represented in
Fig. 1.10 are now re-examined for the interval between the bub-
bles using this criteria. From Fig. I1.10 a series of values
such as (2,3,3,3,3,4,3,5,4 . . .) is generated. The average
interval over an arbitrary subset of the data was determined
as 3.45 periods. Although the gating period was 0.1 second,

)
the important quantity here is the overall measurement period,
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0.235 s., which accounts also for the time delay in the pulse
counting apparatus and mechanical tape system, Thus

P, = 3.45 periods x 0.235 s./period

\Y
= 0,81 s,

Within experimental error, this value compares well with the
period determined independently by stopwatch of 0.84 s. Clear-
ly the average bubble and slug residence times are also avail-
able from this data by computing the average number of succes-
sive periods in each phase.

Lastly, in the annular flow case, Fig. I.7, we observe
even at a low gating period, a uniform single mode distribu-
tion. The digtribution appears to be slightly negatively
skewed as does the higher voild distribution in slug flow. This
effect might be explained by the exponential nature of the data
transformation. From this PDD, a measurement of the film thick-
ness is possible (Jones & Zuber, 1975) but only if a) the film
is assumed uniformly distributed around the wall, (ie.- verti-
cal or very high velocity horizontal flow) and b) the liquid
entrained in the gas core may be ignored., Then the film thick-

ness, Sx’ may be determined from

= ] - X 1,6
max PDD x ? ¢ )

where o 1s the maxima of the distribution and x is the channel
diameter, Equation 1.6 may also be applied to the bubble por-

tion of slug flow where oc 5, 15 taken from the higher void



_28-

fraction distribution.

Now if the annular and bubble distributions are com-
pared to that for slug flow at low AT, Fig. I.6, one would
observe that the slug distribution appears to have the com-
bined characteristics of both. This observation was also made
by Jones and Zuber (1975) who concluded that slug flow is a
transitional combination of bubbly and annular flows.

The plot of PDD variance against gating period, Fig.
1.9, conveniently summarizes the desired effects on one graph.
The large range of variance between flow conditions at a given
gating period, even up to 2 orders of magnitude, suggests its
utility as an important parameter for regime discrimination.
All curves exhibit negative slopes, however the more interest-
ing feature is the slope change in the discrete bubble and
s8lug curves. The abruptness of the change may be attributed
to the idealized cases employed and in more randomly fluc-
tuating situations a more gradual change might be anticipated.
Also, for the case of small, homogeneously distributed bubbles,
one would expect a smooth curve lying closer to tune annular
conditions. In addition the position and slope of the annular
curve itself might be expected to change if the flow conditions
exhibited large periodic roll waves and a more detailed time
basis was used. -

Lastly, although statistics are becoming poor, it is
difficult to disregard the trend in the slug flow curve at low

gating periods. More possibly, the curxrve is approaching a
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limiting variance, as might the bubble and annular curves at
a low enough AT, This appears more plausible if we consider
N measurements of a limiting dynamic case: o= 0,1,0,1,0,1,..

Then (otp,- ™) = 0,5 = constant, and

N
3 2 2
e - = .____1 s N e
TR & (X &) N N.3)

Thus our value of 0.13 at 0.1 s. AT is not too distant from
this value, It would also be instructive to investigate the
limiting behaviour of the curves at higher gating periods.
We note that discrete test points at 10 s. imply a continu-

ance of the linear trend,



1.7 CONCLUSION AND RECOMMENDATIONS

The basic conclusions resulting from the work have
been developed in the discussion of the results. The follow-
ing list summarizes the principal findings and developments

and indicates possible directions for further work.

Freon shows promise as a medium for neutron diagnos-
tics, When compared with water, the measured cross-section
of Freon-113 implies that for a given statistical accuracy,
3.6 times the size of channel may be used, Coincidentally,
its low boiling point, 47°C, and latent heat, ,065 that of

water, make it an ideal fluid for heat transfer sgtudies.

Void probability density distributions are valuable in
diagnosing two-phase conditions. However, a knowledge of the
time basis used is needed since the gating periéd employed in
discrete-time interrogation can significantly effect these
distributions. The variance of the void PDD is in itself a
descriptive trend indicator and is of use in flow pattern dis-
crimination. Also, the fitting of known distribution forms to
experimentally derived void distributions, may be of use in

computer simulations involving two-phase systems.

The slug flow condition is the most readily determined
by the discrete time interval method. Characteristic of the
slug distribution is‘the appearance of two distinct maxima when
the gating period}is lowered bele the domiﬁant slug period.

Other information available from this data is the film thickness
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and bubble and slug void fractions and residence times,

For best bimodal detection the beam width shoul%}
preferably be smaller than the void in size. This must be
weighed against the advantage of a larger beam size to accumu-
late a superior statistical sampling. Also the utility of dis-
tribution statistics becomes questionable when zeros and other
small digit numbers appear in the counting data. This places

an effective lower éating limit on a given apparatus dependent

on the source strength,. “

The measured variance is composed of two main con-
tributions: a) variation due to void fluctuations and b)
statistical variance at the source and in the measured count
rate at the time of measurement., Thus it would be oé inter-
est to use a statistical analysis such as Barrett's (1974) to
subtract out the variance effects of the source. This ig dis-

cussed further in Section 11.7.2 .,

In light of the current findings, discrete time inter-
val radiation diagnostics may also find potential applications
ranging from pool boiling systems to the detection of channel-

ing in fluidized bed reactors.



NOTATION

Symbols
B representation of build-up polynomial
£ frequency of occurrence, number/interval
P, characteristic void period, s
T transmitted count rate, counts/s
TR transmission ratio, To /To
~ X distance between containment walls, cm
o void fraction, dimensionless
s film thickness, cm
0-2 sample variance of probability density distribution
)1" linear attenuation coefficient, total cross-section, cm'l
AT  gating period, s ~
Subscripts ‘
x through medium of thickness x
oL system measurement corresponding to void fraction X
o reference measurement in empty cantainer, oo =1

Overscripts

(overbar) time-averaged-value
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PART 1
APPENDICES

A,1 Data analysis program description,

A.2 Tabular summary of statistics for

principal test conditions,

A.3 Flow patterns in vertical two-phase

flow.
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A,1 COMPUTER PROGRAM DESCRIPTION

A complUter program was constructed to compile and an-
alyse the neutron transmission data, Except for the suérouCine
converting the transmission ratios to void fractions, the pro-
gram is rather conventional and therefore will not be listed,
However a brief description is warranted,

The program is capable of accumulating up to 999 mea-
surements per probability density distribution, The number
of records and reference transmittance, To, are read in first
along with the number of measurements and gating period for
each record. To is pre-méasured over a long time interval
and all counts are corrected to a one second basis. The first
2/3 of the main program is simply for reading the count rates
from the magnetic tape, For each record, the statistics of
of the transmission ratio readings (average and variance ac-
cording to Egqs. 1.2 and 1.3) are then compiled by a library
routine, An additional subroutine is employed to plot a histo-
gram of this data with a specified number of subdivisions (us-
ually 20)., The transmission data are next converted to void
fractions according to Eq. I.1 by an iterative technique in
subroutine ALPHA (listed below), Function BUILD represents
a least -squares fit to the data obtained from pre-run tests
(Eq. 1.5). Following a tally of the void fraction statistics,

another histogram is plotted.
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PART II

ALGEBRAIC RECONSTRUCTION OF
TWO-DIMENSIONAL VOID DISTRIBUTIONS
FROM RADIATION ATTENUATION MEASUREMENTS
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IT1. 1 INTRODUCTION

In recent years, a number of innovative computational
methods have come to the foreground in the fields of biology
and nuclear medicine., These methods are capable of recon-
structing a three-dimensional image of an object such as a
human brain, solely from projection measurements that are
either emlitted or transmitted. Here we investigate its poten-
tial application to two-phase flow systems wherein a two-dimen-
sional representation of the time-averaged density distribution
is determined.

A prime example of the importance of two-phase phenom-
ena is in current generation nuclear reactors where higher
efficiencies require release of sufficient energy into the
coolant that steam voids are created., The distribution of these
voids in the reactor channel is critical in any detailed control
or safety analysis and is of particular interest to two-phase
investigators. This interest is largely motivated by the ur-
gent need to accurately predict the Critical Heat Flux (CHF)
phenomena wherein high vapour generation in the vicinity of a
fuel -element creates an abrupt increase in the heat transfer
rate resulting in a costly loss of fuel integrity. To berure,
CHF, 1s a prominant restriction on reactor design and Eigﬁres
prominently in any economic analysis. In addition, investiga-
tors are aware that future void-reactivity models and advanced
subchannel codes will require information on the spatial, that
1s axial and radial, distribution of the voids. Problems with

dual-phase phenomena are not restricted solely to the reactor



-42 -

core. Indeed, in 1972, steam generators and condensers were
the largest single cause of reactor downtime in the U.S. and

ma jor steam generator manufacturers often regard information
about thermal and hydraulic conditions as proprietary. These
items serve to illustrate the importance of two-phase phenomena
and spatial void distributions.

As an important engineering parameter, we find the
void fraction prevalent in'many important design correlations.
It has been demonstrated (Harms et al, 1971) that nuclear
radiation can be an accurate, non-disruptive method for deter-
mining the voild fraction in two-phase systems, Consequently,
neutrons from a reactor beamport were employed as the diagnos-
tic tool for this work. One must however appreciate that the
void measurement is necessarily an average value along the
path of the radiation. However, Evangelesti (1969) showed
that a serles of gamma ray measurements made in a traverse of
the channel gave a superior void fraction value than that ob-
tained by a "one-shot" technique, If we extend this idea to
one more dimension, it might be expected that data from a
series Qf traverses could be combined to obtain even more in-
formation on the internal two-phase structure, The mathemati-
cal framework is now available to permit reconstruction of a
digital "picture" of the density distribution inside a voided
channel.

The background for this work will be developed in Sec.
I1.2 which will include a review of pertinent literature and
an outline of the special features and problems that are

associated with applying the available algorithms to neutron
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transmission measurements of a voided system. In the litera-
ture survey, we will review the status of void fraction in-
vestigations and will supply a brief history of the recon-
struction methods. The theory behind these algorithms will
then be summarized along with extensions thereof that were de-
veloped for the present application. The reconstruction tests
of a digitized model and a real model by computer program are
described next. Details of the programs are relegated to the
appendices, A static voided model provides an intermediate
step just short of the actual two-phase flow situation which
is discussed later, The results of the test runs follow pri-
marily in graphical and pictorial form. Interesting aspects
of these results are then critically discussed followed by the
conclusion and recommendations indicating directions of further
progress in this area.

v

e

-



11.2 BACKGROUND

IT1.2.1 Literature Review

Kjaerheim (1972) stressed the importance of Critical
Heat Flux (CHF) predictions as outlined in the introduction.
Principally because of this, heat transfer must be considered
the limitihg factor in water-cooled nuclear reactors. 1In
order to improve burnout predictions, he concludes it will be
necessary to be able to describe local coolant conditions,

In one of the very few summaries on the subject, Lahey
and Schraub (1969) review the scarce data that is available on
multirod void fraction. This is primarily because of the ex-
perimental difficulties involved. Although a highlighted gamma
scan study does show some interesting trends, Lahey and Schraub
still find that, "these data are not directly useful in sub-
channel models since the-track of the gamma beam passes through
different type subchannels and only the average reading is ob-
tained"., Lahey and Schraub also conclude that subchannel
analyses of local conditions is prerequisite for any CHF pre~\
diction that claims to be accurate.

Many studies now assume that the void fraction can be
given by a simple power law distribution. This was in fact the
form used by Zuber and Findlay (1965) in their well known void-
hquality model. However, Lahey and Schraub have pointed out
that this assumption is only good as a first approximation to
the radial void distribution. 1In addition, it is well known
that voids in the coolant and moderator ;an significantly effect

reactor criticality. Future progress in void-reactivity models,
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as mentioned by Garland (1975), will require both axial and
radial void profiles, |

Many methods have been put forward for measuring the
vold fraction in test channels but only a few are applicable
for studying local conditions. The most prominent for de-
tajiled measurements has been the resistance probe. However,
in addition to disrupting the flow structure, probes are also
limited in high pressure and temperature applications. Thus
non-disruptive radiation diagnostics has often been employed as
in this study. To determine the time-averaged void fraction,
the method of Harms et al (1971) has been used, The presently
described techniques, of course; must neglect the temporal dis-
tribution of the two phases in favour of knowledge of the
spatial void distribution.

It appears that the only radiation methods that might
be considered as altermatives to the method presented herein
are: 1) stereoscopic X-radiography 2) placing radioactive
sources inside heater rods and 3) simultaneous measurement of
of scattered gamma rays at 90° to the beam path (Zielke et al,

1975)..

The tremendous range of apolication of the reconstruc-
tion methods serve to underline their importance. As far back
as 1917, an Augtrian mathemetician, J. Radon, was able to prove
that reconstruction of a 2 or 3-dimensional object from its
projections was possible; but only if an infinite number from
all possible angles were available could the object be exact-
ly recreated! Thus although theorized early in this century,

N



-46-

these methods must be considered a product of the computer age;
for it was not until the advent of high speed digital compu-
ters did anyone believe that such problems were anything but
insoluble.

Among the methods now available are direct matrix tech-
niques, summation, back-projection, Fourier transformation, and
direct algebraic methods. References for these methods may be
found in Budinger and Gullberg (1974), However only direct al-
gebraic methods are considered he{é, primarily because of their
ease of augmentation and their inherent flexibility.

The main method employed herein is the Algebraic Re-
construction Technique (ART). ART was first introduced by
Gordon et al (1970) who sought to reconstruct a 250 A° ribosome
using electron microscopy. In a significant improvement over
the time consuming Fourier method, it was claimed that .five
projections in a +30° span were sufficient to reconstruct a 50
X 50 picture. Soon after the work of Gordon et al, Gilbert
(1971) proposed the Simultaneous Iterative Reconstruction Tech-
nique (SIRT). This algorithm uses data from all projections at
once to improve the reconstruction at each iteration. This ‘
adapts the procedure more readily to noisy data. Gilbert also
compared the SIRT and ART algorithm on 'both real data and
pseudo-projection data from a digitized model. The ART al-
gorithm, along with improved versions, 15 reviewed again in a
moxre comprehensive treatment by Herman et al (1973). The im-
portance of constraints, weighted data, and ray width are dis-

cussed. These aspects will be discussed in Section II.3 when
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the algorithms are presented. Herman et al also prove the
convergence properties of the ART algorithms by matrix algebra.
Budinger and Gullberg (1974) list and review the mathematics

of most of the major reconstruction methods, and f£ind the
iterative least-squares technique, herein called LESQ, best for
their nuclear medicine emission imaging. A general review of
all algorithms available is also given by Gordon and Herman
(1974).

Most recently, Gordon et al (1975) give a’history of
the reconstruction methods and describe the application of the
ART algorithm to the determination of human cross-sectional X-
ray pictures. Similar techniques are employed in England's EMI
brain scanner, Compared to this scanner, where about 160 ray
sums from 180 angles are compiled, the data for this study is
crude but at least is within reach of established scanning

apparatuses,

I1.2.2 Features

This section highlights some of the advantages and dis-
tinguishing features that are encountered in using neutron diag-
nostics in algebraic reconstruction methods:

1. As described in Sec, 1I,2,1, previous void fraction
measurements in multirod geometries have not been very
useful due to the averaging effects along the beam
path; this limitation is overcome by these methods
of algebraic reconstruction which are capable of pro-

viding data needed for subchannel codes.
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A reference transmission reading is required for the
void fraction calculation. By first performing a
duplicate set of measurements once on the empty chan-
nel, one can in effect "subtract out" internal struc-
tures such as fuel rods, tube walls, etc.

Because the situation is represented in digital form,
this makes it amenable to a wide variety of computer
techniques such as noise reduction, computer contrast-
ing, boundary enhancement, image deblurring, etc.

The methods, which create a two-dimensional image from
a series of l-dimensional readings, can be extended to
three dimensions if reqﬁired. This would be accom-
plished, as for the 3-dimensional blological applica-
tions, by stacking together the planar representations.
The reconstruction algorithms are so general that not
only wave and particle forms of nuclear radiation may
be used, but also X-rays, ultrasonics, electronics, op-
tics, magnetism, and microwaves await only the ingeni-

ous application,

Limitations

The following special problems and restrictions must

appreciated for the desired application:

Neutron transmission data is likely to contain noise
especially at low measurement intexvals. Some al-
gorithms are better than others when noise is present.

The requirement for good couhting statistics means
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that the radiation beam size will likely have to be
much larger than the size of the regions of interest.
To overcome this shortcoming, overlapping measure-
ments were taken in this work and it was attempted to
decouple the ray sums numerically.

Obvious limitations are the mechanical accuracy 6E the
positioning system and the ability to sustain steady
state conditions over the total data gathering period,
Not only is the selection of the measurement period
itself important but the validity of constant time-
averaged conditions from wmeasurement to measurement
and projection to projeétion must be considered.

When the gating period is sufficiently long to permit
good statistics, a built-in void bias due to the
fluctuations of the voids, may become significant.
(See Sec. 1.2,2 B). This error must either be tol-
erated or preferably compensated for as will be dis-
cugssed in Sec., II.7.2 .

The accuracy of the votd measurement is not reliable
at very high or very low values and this must be kept
in mind whenainterpreting results. Also values of
{0 or x> 1 can occur because of the statistical
nature of the beam intensity. Both of these effects
are undesirable in the reconstruction algorithms.

The entire system must be reconstructed even if it

is only the conditions within Ane subchannel region

which is of interest,
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I1.3 THEORY

To obtain a digital reconstruction of an object it
is necessary to subdivide the square region enclosing the
object into NxN smaller squares. The centre of these squares
then represent the points (i,j) of the reconstruction. The
matrix of points is now placed on the positive x-y coordi-
nate axes as illustrated in Fig. II.1 . A ray is the region
of the matrix lying between two parallel lines. The first
ray (k=1) is defined to pass through point (1,1) for negative
angles, as in Fig. II.1l, and thfough (N,1) for positive
angles., From geometry, the required equation describing the

top and bottom lines of the kEh ray for the angle 6 is

Yeop = X tan @ - ¥ tan 8 + 1 + (k-1)Bync+By , (II.1)
cos ©

and

Ybot = X tan 8 - ¥ tan 8 + 1 + (k-1)Byye~ (11.2)

for 0°< 8 < 90° , cos ©

it

given 5 1 for 0°%e6¢+90° ,

¥ = N for -90%8<0° ,

where B, is the beam width and Brng 18 the beam increment
distance, both in units of the reconstruction mesh, u. In
previous works, it was assumed that Bw=BINC=1 u. The above
descriptions permit greater flexibility as will be seen.

1f the point (i,j) lies within ray k or on the bottom
line defining the ray, then the value of the square centered

|
at (i1,j) is considered to contribute to the kth ray sum, On
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Figure II1,2 Basis of subroutine
SMOOTH.



-52-

the other hand, if greater accuracy is required, we can com-
pute the exact fractlion of the square that the ray k intersects,
This then yields the "weighted" projection data described by
Herman et al (1973). This operation however, will involve
about twice as many points for each ray,sum computation and
also multiplication of weighting factors at each point. Herman
et al conclude that the small improvement gained in accuracy
"does not seem to be worth the additional cost". The unweight-
ed approach has therefore been used in this work,

Herman et al (1973) also found that the choice of ray
width can have a significant effect on the performance of their
algorithm, For a uniform picture a beam width of 1 u would
reflect a disproportionate number of square centers in adjacent
rays. This phenomena has been termed "streaking". The streak-
ing effect is particularly bad near 45° and a variable size

beam width given by
Bw(e) = (lcos®l + |sin6l ) u , (11.3)

was suggested to overcome it (Herman et al, 1973), This pro-
blem was minimized in this study by selecting beam widths
larger than 1 u and not a simple multiple of u,

All methods require an estimate of the sum of densi-
ties from each point in the ray. Although the ray density
may be derived directly from the void fractiomn, it is more
convenient to define a dimensionless two-phase density para-

meter to correspond with the literature discussions. This
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parameter may be defined from basic principals analogous to
the void fraction o« (Harms and Laratta, 1973), however it is
more descriptive to begin with the common description of the
mixture density in a voided channel (Davis, 1974). For con-

stant temperature and pressure

Pm = Pg ot pg(l - ) , (I1.4)

where the subscripts indicate the dimensional mixture, gas,
and liquid densities, We now choose to form a dimensionless
parameter by normalizing the mixture density with respect to

the liquid density,

P =Pm =Pg o+ (l-ax) . (11.5)
AL Py

A common valid assumption in radiation diagnostics when
‘Pg«Vpl is to neglect attenuation in the voids. Eq. II.5
then becomes simply

H

p=l-a . | (11.6)

Thus the density measurement along a given path will conven-
iently be described in the interval 04p£1 ., Coincidently,
o 1s roughly equivalent to the density of the air-water system
in cgs units,

The determination of o from attenuation measurements

is now determined according to Harms et al (1971),



- 54

Tox = To B(&p) eﬁﬁ&P . (11.7)

where To and To are the system and reference transmitted count
rates and B represents the build-up correction factor, u is
the linear attenuation coefficient or removal cross-section
(cm”l) and X is the effective linear distance that the beam
intersects the matrix., If the beam width is other than unity
then,

X = Area of beam intersecting object (matrix) u ,
By
which is then converted to cm. by the reconstruction scale.

The true measured ray sum of width B, is then given by

Teco) = Pr(o)” ¥k(e)® Bw . (1I.8)

The beam area used in neutron diagnostics must be
large enough to accumulate statistically adequate count
samples. Because of the fixed beam width which is too large
to provide sufficient details in the reconstruction, over-
lapping measurements were taken. The effective ray sums Sk(e)
of width By~ may be calculated form the measured ray sums,
This situation may be described in matrix form for the case

Br=By/BINc=5 by
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11111 S) Ty
11111 S2 T2
11111 0 S3 Ty
11111
" x | = . (I1.9)
11111 ’
0 1111 . .
111
11
1 Skm Tkm
ax ax

where the dimension of the coefficient matrix is kg . x k .
Kyhax 1s the total number of rays required at each angle and
is determined by compiling ray sums, (k=1,2,...k .. ) until
a sum is encountered that contains no further points on the

NxN matrix. It may also be determined from (Gordon et al,
1970)

kmax(e) = [(N;;g * (sin|6] + cos Bﬂ + 2 (11.10)

where Byyc now represents the effective beam width and the
square brackets imply truncation to the next lowest integer,
It is also useful to define B the difference in By and

DIF?

Bprp = (By = Bryc) =B -1 . (II.11)
Binc

For pseudo-projection data, the system of Eq. II.9 can be

solved exactly by back substitution starting with Skmax=Tkmax’
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However, Bj;p additional measurements are possible in addi-
tion to Eq. II.9 similar to the last Bprp. The first 4 rows

of the coefficient matrix then become

Q
1

11
et

Proed Jound Pund pomd

1
1
1
C.

for the case Bp=5., These additional data will overdeterwmine
the system and are important in real data tests were nolse

is present in the measured sums, T,. The solution procedures
for real data are dealt with further in Sec. I1I.6 . 1If, for
example, because of the possible errors we decide to solve
this overdetermined system by a least squares criteria,

(QTQ)§=§T§ , then Eq., IL.9 becomes

454321 0 Sy TZ+T3...+Tq
3454321
23454321 . .
123454321
123454321 X {. = . . (I1.12)
123454
12345 Skm Tkmax-“' . o"'TkM-#Bp”

Note in the above discussion, that for overlapping measure-

ments we require By to be an integer multiple of Bing.

Algorithms

The first algoritam to be introduced is the additive
ART2 algorithm of Gordon et al (1970), where A represents the

reconstruction matrix of point values of/o and A is an auxil-
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lary estimator, Thus for pseudo-projection data we have

A9*tlcs 3y = a9¢4,4) + Pr(e) - Ri(e) , (II.13)
Ni(e)

with constraints
0 if A9(1,3) <0
AL, 1) ={A%4,3) 1f 0£a9(4,3) 41
1 1€ A9(1,§) > 1
where
q = iteration number,

R%= ray sum computed from the reconstruction for ray
k at angle 9, qth iteration s

P = ray sum computed from pseudo-projection data;
that is, from digital model ,

N = number of points contained in kth ray at angle 0,

The abdve expression has "fully constrained" p in the range
of 0 to 1., If only non-zero p values were prohibited, the
algorithm is then termed "partly constrained", Best results
from this work indicate that Ap(i,j), the initial condition,
should be set to the average o vlaue obtained from input data,.

Thus from any projection

K rven

2%(i,3) = A°(i,3) = Z;hk/BR) . (I1.14)
NxN

For real data where the effective beam width is not unity,

the following modification is suzgested



[
Pl

AT, = R, +_Sk@) - Rigy s (15.15)
X (o) "Binc N (o)

with constraints as above and Sk(e) determined from the real
data measurements Ty (g of Eq. I1.8 . Now xk(e)°BINC rep-
resents the effective axea that corresponds to the ray sum
measurement Sk(9> and Nk(e),although defined the same, may
be considered as an estimate of the corresponding area in
the reconstruction,

The additive SIRT algorithm of Gilbert (1972) is some-

what similar. For real data of effective beam width Brnc?

q
A%l 5y = A%, 5 +4Sk(ey ~§Rk<9> , (IL.16)
2 %x(e) "Bine 2 Ni(e)

where if ' , '

4%1,3) <o, a%1,5) =0,
and A°(i,j) = average p (Eq. 1I.14) .

Here the summations indicated are over all angles where the

h

point (i,j) belongs to the k<9)t ray. The multiplicative

form of this algorithm is v

AT, g = 2%, 00k Sk < TRe®  aran
2-%(0) "Bine 1 Ni(o)

and an analogous multiplicative algorithm exists for the ART
method. The additive algorithms exhibit generally better per-

{
formance and are better suited to transmission data (Gordon,
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1974), An additionalxversion of ART, ART3 (Gordon, 1974),

is designed for noisy data since it accepts a solution within
a certain tolerance, €, which avoids the troubles caused by
trying to satisfy inconsistent real data.

The final method is the iterative least squares tech-
nique of Goiten (1971) and Budinger and Gullberg (1974), cal-
led LESQ here, Logically when errors may be present in the
measurements , this method requires and estimate of the A

.matrix by a minimum to a least squares function

Z[(Sk(e)“l‘ﬁce))z o %
8 k 2

%% (o)

2
where ok(e) is the variance in the measurement of Sk(e)'

This criteria then yields the LESQ algorithm
+1 .
a1, = 4%, + aaWi, (11.18)
where for unity weighting factors,

A%a(i, i) = Sk(9)~RE (_l_)z
, Z o{e) ;U““’)

Here, d is a required damping factor and when determined by

a least squares gense is given by
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Once these algorithms are implemented, it is desir-
. able to have some way to gauge the progress of the recon-
struction at each iteration. The following two commonly en-
countered parameters are of use in this respect, The dis-
crepancy, 6, may be thought of as the root mean square
Euclidean "distance" between the reconstruction and the ori-
ginal, normalized by the standard deviation of the original.
It is defined by

§9 [ Tcar (i, 19-a9¢1, 1) )2} T (11.19)
Y (A'(1,3)-A%(4, §) )2

where A'(i,j) contains the known values from the model and
A%(1,3) = Avg. froﬁ Eq. I1.14 . From the above definition
we can interpret $ = 1 as meaning that no progress has been
made while § = 0 represents the ideal case when the ;hject
has been exactly recreated,

The variance, V, is an estimate of the non-uniformity

of the picture and is defined by

ve = E:(Aq<i,3% - Avg)2 . | (11.20)
N |

As sugfested by Herman et al (1973), the change in the variance

provides a method for stopping the iterative process, ILf
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'
that is, when the change in variance is less than 1% of the
previous value, the process is terminated, Since the vari-

ance doesn't require data from a known model to compute it,

it may be used for real projection data tests as well,

Although the large variety of computer enhancing tech-
niques that are available in the literature were not employed
in this work, the following three ideas to improve the recon-
structions were tried,

1. In a reconstructed picture the density varia-
tion from point to point may be substantial, as discussed in
Sec, I1,6, but it is often the average value for a given
region which is of interest. In an attempt to improve the
uniformity within the observed regions of the reconstruction,
the routine SMOOTH was created, For a 2-D representation,
each internal point (i,j) is surrounded by 8 neighbours. Any
region boundary if large compared to the point spacing must
still leave at least four points in the same region (See Fig.
I1.2). Quite simply then, SMOOTH searches for the 4 points
closest in value to (i,j) and then reassigns (i, j) the aver-
age value of these 5 points. A listing of SMOOTH is provided
in Appendix A,5 and its effect is discussed in Sections 11,6
and 11,7 ,

2, In two-phase systems, values for‘p of 0 or 1
may be prevalent and this fact should be taken advantage of,

The technique, herein designated as FORCE, is a single step
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which is implemented after allowing a couple of iterations,
Then if a point has progressed a given distance from the
average value it started at, it is assigned the appropriate
value 0 or 1 accérding to the direction it was heading. The
regular iteration process is then continued to ensure that

the reconstruction satisfies the projection data. It is hoped
that this single step forcing the points to their final value,
could improve the progress of the iterative procedure. An
example of the implementation of FORCE within the SIRT algor-
ithm is given in Appendix A,4.4 and its effect is discussed
in Sections II.6 and II1.7 ,

3. In this application, information is often avail-
able on the system geometry and it can be employed in the
algorithms, Fo; example, any density value outside the known
dimensions of the test channel wall is set to zero. The re-
sults of adding the constraint of known geometry are illus-

trated in Sec. 11.6 .
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IT.4 APPARATUS

The principal pleces of apparatus employed in the

experimental portions of this work are as follows:

A lucite model was constructed for the real-projection
tests to simulate a static two-phase giltuation, Lucite,
a clear plastic, was chosen because its total cross-section
is very similar to that of water (Hancox et al, 1972). The
model is 0.8 inches (2,03 cm) in diameter and can be oriented
in any of 15 position angles on its base, The base is equip-
ped with a vernier positioner and is mounted on a rigid stand.

This apparatus is pictured in Figure A,1 ,

Neutrons from a beamport of the McMaster University

2 MW(t) swimming pool type nuclear reactor were employed as

the radiation. - The energy spectrum is largely Maxwellian with

an epithermal component,

The beam intensity was measured witH a standard BF,4
detéctor with attendant pulse counting electronics and a
magnetic tape system for data storage. A cadmium sleeve gap-
ped down to 0.25 in. wide by 0.5 in. deep (1.27cm by 0.635 cm)
was placed over the detector, Tﬁﬁs the beam width for this
study was fixed at 0,25 in. (0.635 cm). With this configura-

tion, the unattenuated count rate was ~3 x 10° c/s.



I1.5 PROCEDURES

The following description chronologically outlines
the steps taken to fulfill the study objectives,

In the first part of the investigation, a program
was developed to perfect the geometrical expressions and test
the available reconstruction algorithms. This program, hence-
forth called PSEUDO, considers Fig, II.3 as a 19 x 19 digital
model to simulate a hypothetical time-averaged density distri-
bution. The horizontal elongation of Fig. I1.3 is a printer
limitation. The initial tests performed with PSEUDO used
overlapping rays whereas all subsequent tests decouple the
individual ray sums from the overlapping measurements, Al-
gorithms tried were ARTZ2, ART3, SIRT, and LESQ, with later
emphasis on ART2 and SIRT. The effectiveness of the algor-
ithms was compared and additional tests were performed on the
pseudo-projection data to study the behaviour of SMOOTH and
FORCE, Details of all main programs and subroutines may be
found in the appendices,

It was next decided that reconstruction of a real model
should be attempted using actual neutron attenuation measure-
ments., Thus a lucite model with known internal features was
constructed as described in Sec. I1.4 . The positioning of
this apparatus with the source and detector fixed is illus-
trated in Fig, II.4 ., Note that for negative angles the first
ray starts at the point (1,1) while for positive angles it is

the point (il,1) of the reconstruction wmatrix. We interject
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to note that for the application to a two-phase flow system,
the test channel would of course, be fixed; the gamma or
X-ray.source and detector would then have to be apnropriately
positioned about the test section. Next, the linear attenua-
tion parameter of lucite, u, and the build-up expression B(Xp),
had to be determined, This was accomnlished using the method
described by Harms et al (1971) in Egs. I.,4 and I.5 with
known lucite thicknesses, In addition, it was decided that

the model was to be reconstructed on a 40 x 40 mesh this time,
Hence 40 u = 0.8 inches, 1 u = 0.02 inches (.0508 cm) was the
scale of the reconstruction. Two sets of conditions were em-
ployed: 1) Byyc=2.5, aT=20. s to obtain good data for a
coarse increment, ii) Byyc=1.25, aT=2.0 s to see how the
algorithms would perform on noisy data with a finer iacrement,
However, outputting these results digitally would be cgmber-
some and difficult to interpret. Thus half-tone output via
lineprinter was employed, Subroutine PIX, described in Appen-
dix A.5.1, was created for this purpose., Ten gray levels were
deemed satisfactory for our purposes since only a method for
rapid evaluation of the reconstructions was desired and most
radiation measurements are accurate to withia about 10/ anyway.
The characters yhich were finally decided upon are displayed

in Fig. II.5 which may be used as a key for iaterpreting sub-
sequent figures, Note that the interval, O%péo.l, is represent-
ed by a blank, Figure 11,6 compares the original hand-drawn
version of the PSEUDO model with the output of PIX, These

should also be compared to the digitized version already
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presented in Fig, I1.3 . The oval shape of the PIX output,
rather than the correct circular shape, ig due to the fixed
print space height beiny greater thaq,the print space width,
For any precise evaluation of a reconstruction, the numerical
values in the array must of course be dESplayed on a square
grid. Details of the computer program used to compile the real
projection data and reconstruct tane model, henceforth called
REAL, may be found in Appendixz A.3.2 ., Many portions are in
common with the PSEUDO program, However, for the REAL tests,
many different methods were tried other than direct back sub-
stitution to compute the individual ray sums - among them
lterative techniques with relaxation, weighted Leasé squares,
and transmitted count rate differencing.

Although application to an actual two-phase flow situa-
tion was not performed here, extension to the dynamic case is
discussed using portions of analyses already available in the

literature,
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I1.6 RESULTS

In all, approximately twenty sets of tests were per-
formed on pseudo-projection data, Selected important cases
are compared in Fig. II1.7 which indicates the progress of the
reconstruction at each iteration, The ordinate is the dis-
crepancy parameter, 5, and it will be rccalled that a lower
value for § means a more accurate reconstruction, Curves A
to D demonstrate the effect of the beam increment, in units
of u, but do not employ the decoupling of the measured‘%ay
sums as all subsequent tests do. 1In all cases the number of
projectioms, M, is 10. By way of comparison, 1f M=5 curve
D would be located just below where A is now. Also Lf ART3
(Binc=2, €=:OleNk(9)) were placed on this plot, its curve
would lie just below B, 1In all cases studied, fully con-
strained applicable algorithms performed better than uncon-
strained or partly constrained forms, Rgsults also indicate
that it is preferable to start the iteration process with the
matrix A set equal to the average value rather than a null
matrix, (

 Figures I1.8, I1.9, and 1I.10 present digitally the
results of the ARTZ, SIRT, and LLESQ algorithms respectively,
The conditions of these reconstructions are included along
with their discrepancy and variance parameters, In addition,
Fig, II1.8 also shows the ART reconstruction via the over-

printing routine in an insert. One further comparison of the
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algorithms investigated is provided in Table II.1 . Included
with the minimum § values resulting from each algorithm is an
estimate of the computer time per iteration, However, due to
some time limit defaults, only estimates of the total computer
time used was available. Thus these ranges of times that were
encountered should only be considered relatively,

In the application to a two-phase system, one might
be concerned wiéh the density in a specific subchannel region,
and the confidence one ﬁay have in the reconstruction to sup-
ply this. Figure II.1l attemnts to consider this problem by
using 5 calculated for all N by N regions in a reconstruction,
This value is then comnared to the known value from the’model,
The absolute value of this difference averaged over all regions
is then plotted against the region size, The variance of this
absolute difference from region to region is also plotted but
on a log scale, An ART2 reconstruction (6=0,23) is employed
in Figz. II.11 and although the results are not general, the
observed trends are of interest.

The last PSEUDO tests were designed to evaluate the
SMOOTH and FORCE techniques described in SeE. I1.3 . Figure
I1.12 shows a plot of the discrepancy vs. the variance for five
sglected tests to examine their effectiveness., The dotted
lines indicate the implementation of single steps while the
solid lines are the true iteration courses., In all instances
where SM)OTH was applied, it was applied twice in succession
at the end of the iteration process, We recall also that a
decrease in variance not only can mean a smoother reconstruc-

tion, but losgs of detail as welll The result of applying
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Efficiency comparison of major algorithms
tested, M=10,ByNc=1,By=4 in all cases,

Table II.1
Algorithm Special
conditions
ART2 overlap but no
differencing of
ray sums
ART3 BINC=2
ART2 storing array
k(1,3,M)
henceforth
SIRT add, or mult,
LESQ of = .0001 x

Ni(o)

8min @

it'n no.

0.469@25
0.6993215
0.268@8

0.458@15
0.379@8

Est. total
computer time
/ itt'n, s,

0.99-1,22

1.32-1,97

1.35-2.04

0.90-1.64
9.5-12,9
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10

Figure II,11

Size of NxN region considered

Average and variance of discrepancy (absolute
value) between reconstruction region of size
(NxN) and digitized model. For ART2, §=0,23,

reconstuction,

discrepancy

Variance of average
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Fig, II.12

Effect of SMOOTH and FORCE on -a discrepancy-

V, Variance

variance plot,

course of iteration

—— — SMOOTH step

—

~--FORCE step

SIRT, BINC=1,By=4,M=10

Mult, SIRT, BINC=1l,By=4,M=10
ART2, BINC=2.5,By=12.5,M=1Q
SIRT, Binc=2,5,By=12,5,M=15
ART2, Binc=1,By=4,M=10
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SMOOTH to a coarseincrement SIRT reconstruction is illustrat-
ed in Figure II,13 ., It can be observed in this figure, that
while noise in the large regions is cleared up, it is at the
expense of loss of fine detail, Visual evidence of the effec-
tiveness of FORCE is found in Fig. IT.14 which uses the same
conditions as Fig. 11,13 ., Thus a direct comparison with the
unaltered reconstruction process, Fig., II1.13A, is possible,

We consider now the results of the REAL model tests,
In the pre-run tests the removal cross-section for lucite with
this apparatu; was determined to be 4,08 ca™!, 1In addition,
it was found that the build-up data was almost linear when
displayed on a semi-logarithmic plot, This led to the follow-
ing representation by least squares fit
B(X) = 1.0 + exp(-9.116 + 10.472 X - 3,882 X°

+ 0.679 x5y | (11,21)

for X in the range 0.08 to 2.50 cm,

Prior to presenting the actual results for the REAL
tests, the method used to compile the individual ray sums
should be reviewed. For the PSEUDO tests, back substitution
wag sultable as in Gaussian elimination, The following forms
are applicable for overlapping measurements with the beam
width an integer multiple of the beam increment

. Bour
Sk = Tk - Z;Sk*i , (11,22 a)

or

'L

Se T Tk + S, o . (11,22 b)
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Figure I1,13 Effect of SMOOTH on a coarse increment SIRT

Effect of FORCE on reconstruction of Fig, II.13A,
FORCE technique applied at iterations 5 and 10

of the total 15 iterations used,

Figure II,14



-82- o

Alternatively, the form which incorporates all measurements

contributing to Sy is

k-Bo er

Sk = § E_T L_j(sk Bp+j * Se+Br-3) ¢ (11.23)

t=k

The PSLUDO program employed Eq. 1I.,22a and the only error in-
troduced in solving Eq. 11.9 was computer round-off error,

The result of applying Eq. I1I.22a to REAL data is shown in
Figure II.,15 which is a 40 x 40 ARTZ reconstruction using
coarse increment data (Byyc=2.5) for 15 projection angles,

The effect of adding geometry constraints (Sec. I1.3) to the
same reconstruction is shown in part B of this figure., Figure
11,16 is the SIRT reconstruction for identical conditions, A
number of different methods to compute the iadividual ray sums
for the real projection data were tried since direct substitu-
tion was found to yield negative density sums for some rays,
Other methods include iterative application of Eqs., I11.22 and
I1.23, use of relaxation parameters, and weighted least squares
solution of the system, None of these yielded improvements
over Fig, II.15 ., Calculating the differences in the transmit-
ted count rates was also tried, The result of this investiga-
tion is indicated in Fig, II,17 which again uses the ART2 al-
gorithm, The result providing the best overall definition is
shown in Fig, 1I1.18 ., For these ART reconstructions, the in-
dividual ray sums were calculated by direct substitution start-
ing from opposite directions and overlapping the results, 1In

Fig. II?IBA, the overlap was near the middle of the reconstruc-

£
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Figure II.15
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A, without geometry constraints,

=5

V=,237 8 IT

B. with geometry constraints,
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Figure 1I,18 ART2 reconstruction of REAL model using ray sums calculated by
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tion, while for Fig. I1I.18B it was Bpjyp ray sums (=10 u in

this case) from the top. For the same algorithm and differ-
encing procedure as Fig, I1I,18B, the second set of REAL data
(AT=2,0 s, Binc=1+25) results in the reconstruction of Fig,
I1,19 ., Implications of all these results are disiussed in

the next section.
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I1.7 DISCUSSION

I1.7.1 General

Figure I1.7 is a useful method of rapidly evaluating
the various algorithms and conditions. This typé*of plot is
jdentical to those found in the literature (Gordon et al,
1970) and shows similar trends, However, it should be remem-
bered that the actual value of 8§ reported here and in Table
11,1 is dependent on the complexity of the model used under
given conditions. Curves A to D of Fig. II.7 provide a ready
comparison of the effect of beam width, The curves however
are all inferior to the cases where the overlapping ray sums
are decoupled, The ART algoxrithm appears to easily give the
best results on pseudo-projection data, This is exhibited in
the reconstruction of Fig. 1I.8 as well as Fig. II.7 . SIRT
is not quite as effective and the results of LESQ, aithough
better than SIRT, are disappointing for the effort required.
From Table II.1, note that the iterative least squares algor-
ithm can require 5 to 13 times the computer time compared to
the others! A significant portion of this time was required
to compute, d, the damping factor of Eq. II.18 . A simpler
formulization for d should be nossible to reduce this time,
even at the expense of requiring a greater number of iterations.
Thus although not used again in this investigation, LESQ still
merits future consideration since it is expected to be the
algorithm least sensitive to noise in the input data.

The effect of the number of projections, M, is perhaps

Uy



best described in the literature, However, it appears from
the current series of tests on both pseudo- and real-projection
data that 5 or less projections may be considered hardly worth
while, Compared to the 180 used in the EMI scanner, the 10
or 15 projections used here can surprisingly provide adequate
results, A larger number of projection angles does not neces-
sarily imply a corresponding improvement in the reconstruction
since beyond a certain number, the improvement becomes margin-
al and may not be worth the extra effort., It seems that approx-
imately M = N/2 would be a good first guess for the number of
projections required to obtain an "adequate" reconstruction.,
Figure IT.1l is useful in obtaining a feel for how much
confidence one should have in the reconstructions. It com~
pares oneof the better reconstructions, an ART2 with 6=0,23,
region by region with the digital model. 1In real circumstances
of course, there is no model to compare against but the trends
may be expected to be the same. As an example, consider each
point individually, N=1, Fig, II.1l1 tells us that for this
reconstruction we expect that on the averageﬁp(i,j)'can be
considered accurate to within +.05 , As we increase the size
of the region considered, this discrepancy drops dramatically
until about N=4 where the curve begins to level off. This re-
sult can provide guidance)for the selection of the reconstruc-
tion mesh size. If a value ofjo is desired for a region of
known size, then that region should be preferably 4 u or more

in size. The relative pRice one pays for a coarser or finer
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1

mesh is indicated in Fig. IL.1ll and must be weighed against
the computer cost of reconstructing the N2 points. The upper
curvé,with the ordinate scale on the right, is an estimate of
the variation of theja discrepancy from region to region.
Thué, for each point individually, N=1, the discrepancy can
vary considerably from instance to instance. This curve falls
even more rapidly and indicates that for larger region sizes,
the expected average discrepancy is failrly uniform over the
entire reconstruction, The behaviour of this curve at high N
is due to the low number of degrees of freedom available,
Figure II.12 provides a means of evaluating the effect
of the SMOOTH and FORCE techniques., In general, SMOOTH does
increase the uniformity of the reconstruction, However, as
seen in curve E, it can ruin a good reconstruction by smoothing
over detailed features. Thls is to be expected in this case
however, because some of the features are not large compared
to the mesh size. Thus one of the main assumptions of SMOOTH
was violated, Conversely the large internal void feature, as
seen in Fig, I1I1.13, is not adversely affected by SMOOTH. It
_may be concluded that although application of a technique such
as SMOOTH increases ones confidence in individual/p values, it
is not to be recommended for highly detailed reconstructions,
On the other ‘-hand, FORCE is a helpful step as indicated by the
negative slope of the dotted lines in Fig, I1.12 , Its utility
was also demonstrated in curve F of Fig. I1.7 where in one »
FORCE step the same effect is achieved as six normal iterations.

The visual effect as observed from Fig, II.14 is to clear up



the noise at low and high values while leaving intermediate
values unchanged, In general, these results imply that the
FORCE step should be used as follows:

1, in cases where)o values near 0 or 1 are expectiegd
to be prevalent; however, when evaluating the suc-
cess of the results just presented, it should be
kept in mind that the digital model is largely
0 or 1 valued,-

2, for coarse increment data to help clean up noise

that may obscure features, |

3. to save computer time for costly algorithms by

reducing the number of iterations required to reach
the same §,

The real projection data tests appear much poorer in
comparison, This is to be expected to some extent in accord-
ance with the findings in the literature. However, even Fig,
I1.15 shows considerable detail. Considering the circular re-
glon near the centre of the reconstruction, its dimensions ap-
pear about 11 u wide by 12.5 u high. Since a 0,25 inch (0.635
cm) drill was used to form this feature, and 1 u = 0.02 inches
according to the reconstruction scale, these values agree well
with the known dimensions of 12,5 u by 12,5 u,

The real problem appears to be in the first few rays
at the top of the reconstruction., This is in fact, the region
where the substitutions of Eq. I.22 started, and thus the pro-
pagation of experimental error can not be the problem at this

point, One possibility is our attempt to use void measurements
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outside the known accurate range of neutron diagnosis (Harms _
et al, 1971), The problem may also be due to the initial an-
alysis defining p or o from transmission data (Harms and
Laratta, 1973), where a narrow beam is assumed and thus spa-
tialsreffects due to beam area are not incoiporated. Clearly,
the edge of the object is the place where the non-uniformity
across the beam width is most pronounced.

Also investigated was calculating differences in the
transmitted count rate, although this would nullify the advan-~
tage gained by using a large beam, Howewer the resulting re-
construction shown in Fig., II.17 is also unsatisfactory. This
is due to the data being inconsistent beyond the noise present.
A possible explanation for this inconsistency would be that
the source strength was not uniform over the entire beam width,
This should be checked prior to any investigation employing a
subdivision of the beam and if true could be compensated for
by‘using welighting factors in Eq. II.22 ,

Fig, II.18A is the result of overlapping ray sums from
the last half of the substitutions in opposite directions. The
roughness at the edge of the object is now no longer a problem,
however the middle of the reconstruction, where the overlap
took place, is distorted, A similar effect is noted in Fig,
II.18B at its overlap point. Thus, one should be wary of the
overlap region when using this temporarily expedient method to
compille ray sums.

The above discussion indicates the need for further
work to determine a reliable and consistent method to solve s

of ) ‘no
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I1.7.2 _Extension to the Dynamic Case »

Although there remains room for further improvements,
the reconstruction of a static volded system from neutron
transmission data has been demonstrated, The only difficulties
which may be encountered in applying these techniques to a
dynamic two-phase flow situation are : 1) Validity of the
steady-state assumption, This problem of maintaining steady
conditions over the total measurement interval is common to
many experimental techniques, It may be minimized however, if
measurement techniques are used that record the data from a
number of projections simultaneously. One very costly way that
this could be accomplished, is in a polygonal array of opposing
X-ray sources and sensing banks., 2) A significant bias may be
introduced into the calculated void fraction when employing the
constant void assumption over the total measurement interval T,

This error may be ascribed to the non-equality of

N .
i[Teaa(ﬂdt " e%/’ Axft)dt (11.24)
T % ’ :
or more compactly -
— - T
% £ % | yhere &= -,%[ o) dt
o

In the past, the error has either been tolerated or minimized

by a suitable choice of experimental conditions, However the
fact that the bias is always positive (Harms and Forrest, 1971)

suggests the possibility of its prediction as described below.

]
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The general time-varying void fraction may be expres-

sed as
a(t) =& + o , ‘ (11.25)

where o/ 1is the term incorporating all the time variations of

o , for which the variance is given by
12 T2
o? a %/ ot © (11.26)

where T is the measurement interval, To describe the bias ef-
fects, Harms and Forrest (1971) have derived the following ap-
proximate relations retaining the first three terms of a series

expansion., For the bias in transmission measurements

TRt 1+>?o?

y (11.,27)

and for the void fraction bias
A = O, -~ & = Ao 2 R (11.28)

where o, is the void value determined when the static refer-
ence void assumption is employed and )(ﬁux) is known, Thus
from Eq, I1,27 it is possible to estimate the actual TR cor-
responding to the true time-averaged void fraction if Eq. II.26

can be evaluatéd, This variance, o'Z,. can in fact be estimated

using discrete time interval interrogation. If the total mea-
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surement interval T, is subdivided into N intervals AT, then

7’

T = N+ AT . (11.29)

For example, instead of taking one 20-second measurement at
each position, one should take 20 one-second measurements or
100 0.2-second measurements, Then the integral of Eq. 11.26

can be given by
T N
foc (t) dt= ) oy &T (1I.30)
° i

Substitution Eq, II.25 into Eq. II.,26 and applying Eqs, 11,29

and 11,30, the variance expression then becomes

—

v 2
o2 - _l.f«x(c) &) dt
A

1 ¢ 2
= o L(x1- @ aT ,
1=
2
e I C T D (11.31)
1=}
= CCZ ’

ag given previously in Eq. 1.3 . Thus if the approximations
of Eqs. 11.29 and 11,30 are valid, the measured variance of N
subintervals can be applied to compensating for the dynamic
bias by correcting the measured TR, Once the bias is deter-
mined, the transmitted count rates over the N subintervals can

be summed to yield Toa for an effective gating interval of N-4T,
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However, our bilas prediction is only correct provided that the
measured variance, o;z, is largely or entirely due to the teuw-
poral fluctuations of the voids. At low gating periods, AT,
the source varlance may méke up a significant fraction of the
total variance, In these cases, the variance due to other than
void fluctuations must be subtracted out in order to predict
the dynamic bias, This may be accomplished statistically ac-
cording to the method of Barrett (1974) as described now.

It is first necessary to determine if the counting er-
rors due to sdurce statistics are significant, The criterion
for negligible counting errors, adapted from Eq. 41 of Barrett,

is

AT ) (ez)*(l‘“))% / To (11.32)

where To is the expected reference count rate (s~!) in the empty
channel and A= Mpedium X - Selecting the minimum expected o
and the maximum X possible will yield the limiting éase. If
Eq. 11,32 is not satisfied, then the variance due to the statis-
tical behaviour of the source must be predicted. Barrett (1974,

Eq. 54) supplies us with the following expression

0“2( \\\ 1 \ (ch Zgﬁk + U;)
« (source gtats.) = -

(, u ats.) = NL\'L, "L T T
J "

+ oL Z %}{m(%) - %er(:a)] ,  (II1.33)

nei n "

where for the nth measurement interval we have



Ch = expected count rate for the system.measurement,
=To

I,, = expected source strength, =To/Q where Q accounts
for detector efficiency and wall attenuation,

If the statistical behaviour of the source is known or pre-

determined by experiment, then the values of I,, C,, qhz, q%Z’

and C?é may be predicted. Thus the result of Eq. II1.33, when
subtracted from the experimentally measured variance, gives the

dynamic variance estimate we require for the bilas prediction.

It can now be recognized that the importance of the
vold variance is common to both parts of the thesis. In the
injtial analysis, the effect of the gating period and the flow
regime on the sawmple variance has been studied, Bearing these
results in mind and incorporating the above analysis should
lead to more reliable void measurements in two-phase flow

systems, S~—
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I1.8 CONCLUSION

Algebraic reconstruction methods have been proposed to
ascertain the radial d;nsity distribution in a two-phase sys-
tem. The methods considered can digitally reconstruct a two-
dimensional image of a dual density object from projection
measurements and thus overcome the 1-D limitation of previous
investigations by radiation attenuation. Direct digital ‘
methods were selected over other reconstruction techniques
primarily because of their greater flexibility which was ex-
hibited throughout the investiggtion. Noisy input data, valid-
ity of the steady state assumption, and reliability of the void
measurements* were anticipated limitations but did not prove in-
surmountable,

In the first set of tests, the performance of the al-
gorithms was invesgigated on pseudo-projection data from a
digitized model.“/ihe algorithms were modified to an area basis
so that beam widths greater than unity could be employed. It
was found that beam widths significantly larger than the re-
construction mesh unit resulted in unsatisfactory reconstruc-
tions and that for our purposes, a practical range for the
number of projection réquired is 5 to N, where N is the size of
the reconstruction matrix. The overlapping of measurements and
dissociation of individual ray sums was used in order to solve
the problem of a fixed beam width too large for the required

resolution. However, some additional work is indicated in in-

terpreting overlapping real projection measurements before full
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success can be claimed. Also, the addition of constraints due
to known geometry and a FORCE step were found to improve the
performance of the established reconstruction algorithms. A
region by region comparison of the confidence in the average
density value has resulted in a rough guideline for selecting
the reconstruction mesh size in a given situation. Of all al-
gorithms tested, ART2 consistently gave the most accurate re-
constructions although LESQ and SIRT show promise for noisy
data. Problems associated with the extension to the dynamic
case were also considered. By subdividing the measurement
period, it was found that the resulting void variance could be
used to compensate for the dynamic bias effect arising from the
fluctuations of the voids.

The fundamentals of computer science, radiation physics,
and two-phase thermohydraulics underlying the current study in-
dicate the need for a multidiscipline approach to explore the
full potential of this subject.‘ It is expected that the infor-
mation arising from the successful reconstruction of a two-phase
system in two or three dimensions will be useful in future void-
reactivity models and subchannel codes. These techniques should
not be limited only to two-phase flow situations, but may also
be useful to 3-D radiography of solid objects. In summary, it
has been demonstrated that ‘when compared to conventional radia-
tion scan studies, tﬂese meéhods should permit a modest inérease
in experimental effort to enhance substantially our understand-

ing of internal two-phase conditions.
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I1.9 RECOMMENDATIONS

In light of what is now known, the following list in-

dicates some possible directions for further progress and

future applications.

1.

There still remains the need to perfect the application
to REAL data through re-evaluation of the neutron trans-
mission method and/or performing experiments to evaluate

the uniformity of the beam,

If more accurate reconstructions are required, the follow-
ing ideas should be tried; 1) calculating the area that
the beam intercepts the matrix more accurately (see Sec.C
of Appendix A.2), 1ii) calculate and apply weighting fac-
tors for each square, 1ii) use a variable size collimator
to eliminate the "streaking" effect described by Herman et
al (1973).

4
As an alternative to the methods discussed here, a slow
continuous scan across the object might be employed as in-

put for the Fourier transform  method.

Rapidity of the ART algorithm indicates the possibility of
on-line updating of CRT displayed images for time-varying
conditions, /This would become more viable, though more

costly, if simultaneous ray measurements were taken from a

number of different angles at the same time.

The methods are extensible to three dimensions by stacking

*
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the planar representations. One area where 3-D effects
are imoortant is in the study of the Critical Heat Flux
(CHF) phenomena. Film flow measurements have confirmed
that CHF corresponds to a smooth approach to zero liquid
film flow. This led Tong and Hewitt (1972) to conclude
that an inventory of the integral entrainment and deposi-
tion effects causing saturated CHF was needed in CHF models.
A knowledge of cross-sectional density patterns along the
test channel should permit monitoring of the time-averaged
condition; leading up to dryout and identiflcation of the
region(s) affected. It should at least provide an addi-
tional means of visualizing the occurrence of CHF in com-
plicated geometries without the need of providing windows

and correct illumination,

The future promises special purpose computers which will
enable larger or more detailed systems to be reconstructed,
However, there is still the need for more advanced algor-
ithms that would make the most effect%ye use of the data
available. This is particularly impo%tant in medical X-

ray applications.



TR

-103-

NOTATION

reconstruction matrix of point values of p
auxiliary estimator rfor A(i.j)
represenctaction of builld-up equation

difference in By and Byyc in units of Binc »
=(By-BiNc)/Binc = Bg-l

beam incremental distance, units of u
ratio of beam width.to beam increment
beam width, units of u

damping factor in LESQ algorithm

ray number; k=1,k_..(8)

number of projections

th
numbeér of points in A belonging in the k  ray
at angle 0,

size of NxN reconstruction array.
total number of measurements in interval T.

sum of o values from points in kthray, angle 0,
from digitized model (pseudo-projection data)

ray sum from the reconstruction matrix A at the
qth iteration

ray sum of feffective width Binc calculated from Tk(e)
experimentally determined ray sum of width By

transmitted count rate measured after passing
through system, s~

reference count rate_in empty channel or for completely
volded condition, s~

transmisfion ratio, = Tw /To



XK (8)

Greek

olt)

XR
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reconstruction grid unit
variance parameter, Eq., II1.18

effective linear distance that beam penetrates
reconstruction matrix, units of u or cm as appropriate

vold fraction, dimensionless
general time-varying void fraction
reference void calculated using static assumption

term of «(t) incorporatipg all time variations with
zero mean and variance of®

discrepancy parameter, Eq. I1,17

e sensitivity parameternin ART3 algorithm

P two-phase density parameter, = l-o in this scﬁdy

M linear attenuation parameter, total cross-section, cm™ !
thickness of liquid medium in units of wean free path,
= nX

Ok%e) variance of measured ray sum in LESQ algorithm

(&2 void varkance from experimentally determined probability
densityidistrihutiqn

sT gating period, s

T total measurement interval, s

e projection angle, degreces or radians

Superscripts

- (overbar) time-averaged value

q value at qth iteration

£

Subscripts

k value for kth ray

e value for projecéion arigle 6
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PEART II
APPENDICES

Photographs of REAL test model and
positioning stand,

Description of program listings.
Main programs.

Additional program segments,

Subroutines, !
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A,2 DESCRIPTION OF PROGRAM LISTINGS

A.2,1 Program Vartables

Much of the notation employed in the text is carried
into the programs. Where the similarity is not obvious, the
following list willtrelate program variables with ones used in

the text, Refer to NOTATION for definitions,

Text Program
B(x) BUILD(X) (function subroutine)
Ni (o) NKT(K,M)
Pk(e) SUMT (K, M)
q IT
q ,
Rk(e) SUMAT(K,M)
Tk(e) TR(K,M) only in subroutine RAYSUM
Toc TA
v VAR
5 DELTA
e RHO -
a SIsMy (I know it's really mul)
2
dk(e) SPE
6 THETA

A,2.2 Program Segment Description

To clarify the layout of the programs and permit easy

interchange of algorithms, the programs have been divided alpha-

betically into nine blocks or segments. The general function
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of each segment is common to both the PSLULO and REAL programs
and is described below. Features distinctive to each program

are explained further,.

A - PROGRAM DESCRIPTION, variable definitions, dimension
statements,

PSEUDV- N=19 in this case, XL is not required but is
apnroximated by NKT here, Equivalence state-
ments are used to save time in DO loops.

REZAL - N=40 in this cage. Dimension statements SUMI1,
SUM2, etc are needed only for SIRT, Array\AA

is not needed foé SIRT.

B - READ IN INITIAL DATA, Define natrix size, bean increment
and beam width and read in projection angles.,
PSEUDO~ Array T is the digitized model, 1-T was per-
formed to oStaian values instead of o (See
Fig., I11.3). AVG and D2 arec coastants that were
determined from earlier runs. D2=ZZ(T(i,j)—AVG)2
and is used in segmeat G, Initial{ze the recon-
struction matrix to the average at this point,
REAL - Input raw count rates, TA, and compute trans-

misgion ratios, TR,

C - GEOMETRY SEZTION, Deéfines the ray positions on the recon-
struction matrix, In these programs, required values are
stored in arrays for later use in the algorithams. However,

because of the rapidity of these calculations, the values

may be computed as required in the algorithm and not stored.
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-

save a considerable amount of memory space at

the expense of more computation tine,

PSEUDO-

REAL =

SUMT is the model ray sums. KX stores the ray
value for each co-ordinate. It should be elimin-
ated by direct computation as mentioned above

if memory space is not available, However, since
KX, NXT, and X are fixed for a given matrix size
and projection angles, they can be computed only
once and stored, This is useful if many runs
under identical conditions are to be performed.

X is the area of each ray and is calculated
crudely here from NK (the no. of points). LC
corects for points on the edge of the matrix
since % of their area lies outside the object,

A more accurate determination of X (from geometry)

is recommended.

D - CALC. INDIVIDUAL RAY SUMS (array SUMRT) from computed or

measurcd ray sums of width By.

PSEUDO -

REAL -

Calculated by direct back substitution starting
at ray KMAX,.

Computed by subroutine RAYSUM (See 1)

E - UPDATE RECONSTRUCTION RAY SUMS (array SUMAT)

REAL -

F - ALGORITHMS
PSEUDO-

Initialize matrix to AVG using ray sums from

first projection.

Uses the fully constrained additive ARTZ algor-

—

ithm in this case,.
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REAL - Uses the additive SIRT algorithm, The sums over
all angles are stored for convenience in this
version. This may be circumvented 1n more space
effizient versions. Note that geometry constraints
(object has radius of 20 units) are applied at
this point,

A,4,1 - Lists the unique’portions of the LESQ algorithm
for pseudo-projection data, Dimension statements
are excessive in this version. A more efficient
implementation ( saving both time and memory)
should be possible.

A.4,2 - Lists the additive SIRT algorithm for program
PSEUDO. _ -

A.4,3 - Lists the fully constrained additive ART2 ‘algor-

tthm for use in program REAL.

>
N
'

Simply illustrates an example of how the FORCE
technique‘ﬁight be employed (within the framework
of SIRT in this case). It is assumed here that
all values of the matix were initially set to 0.5.

The FORCE step is applied only once at 1T #5.

ZVALUATE PROGRESS, use variance as criteria to terminate
iterations. The first iteration is used to accumulate the
réy sums and it is not until IT=2 that the effective By=Bjyc
and the algorithms are implemented, .
PSEUDO- DELTA and VAR are the § and V parameters describ-
ed in the text. EUCL is the "Euclidean didtance"

of Gordon, et al (1970). DMAX represents the
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maximum difference between model and reconstruc-
tion of all points,
Since T matrix is unknown only variance may be

determined,

H - OUTPUT RESULTS. Output the entire NxN matrix poilnt by point

and/or use

I - SUBROUTINES

ALPHA -

BUILD -

RAYSUM-

A, 5,1 -

A,5.2 -

subroutine PIX (See I),

Called to convert transmission ratio measurements
to density parameter RHD, Ihis subroutine is
simply a slightly altered version of the one used
in Part I of this thesis,

A polynomial function by least squares fit to
represent the build-up factor in lucite,

Used in REAL to determine individual ray sums
(SUMRT) of width Bync from experimental data, The
array TR 1s now used to store the experimental
ray sums (width By). This particular subroutine
uses back substitution from both directions and
overlaps the results at L., It is one example of
many attemsts used (others include weighted least

squares and transmission data differencing).

This form of overprinting routine PIX is dimension-

ed for PSEUDO but is easily altered for REAL. Uses
ten gray-level code of Fig, IL.5,

Implementation of subroutine SMOOTH averages p
values over consistent regions (See Sec, II 3).

Again can be readily altered for use in REAL,
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Listing of REAL Program (for real projection data)

A.3,2
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A.4 ADDITIONAL PROGRAM SEGMENTS

Listing of LESQ Algorithm (for pseudo-projection

A4l

data)
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A,4.2 Listing of SIRT Algorithm (for pseudo-projection
data)
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SUBROUTINES

A5

Listing of Subroutine PIX
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A,5.2 Listing of Subroutine SMOOTH
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