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The project was to be investigated in four phases:-

1. After a systems analysis and description of on-line
continuous activation analysis,the suitability I
of the various languages available on the Burroughs
B6700 computer for simulation of such systems was
to be assessed.

2. Following this a program was to be written in the
selected languages to incorporate facilities
for specifying the geometry of both activation
and detector cells and of the delay line linking
the two. In addition, provision would also be
made for specified, random, variations in concentration,
neutron flux and flow rate.

3. The model would then be used to investigate the various
parameters affecting sensitivity and accuracy of
continuous, on-line activation analysis. Such
parameters would include activation and detection
cells and delay line volumes and geometry, isot.opic
half-lives and the effects of flow rate and random
fluctuations in flow rate, concentration and neutron-
flux on the measured activity.

4. Finally, from the information obtained in the third
stage, some attempt would be made to assess the
practicability of on-line activation analysis in
process control.
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1. INVESTIGATION OF SUITABLE PROGRAMMING LANGUAGES

Three classes of programming languages are available
for investigating problems such as the one considered
here. These are:-

(a) General purpose scientific programming languages;
Three languages of this type are available on the
Burroughs B6700. These are FORTRAN, PL/I and
Burroughs ALGOL. (Burroughs BASIC was not
considered).

(b) Discrete simulation languages;
Two such languages are implemented on the B6700.
These are GASP and SIMULA.

(c) Continuous simulation languages;
Two languages suitable for simulating continuous
systems are commonly available on the B6700. These
are CSMP73 (a version of IBM S/360 CSMP) and DYNAMO.

Discrete simulation languages were not considered as
they are principally concerned with the simulation of
discrete systems involving resource allocation and de-
allocation, queue handling, etc., while the problem under
consideration is not of this genre.

Both general purpose programming languages and
continuous simulation languages can be used to simulate
continuous systems. The advantage of continuous
simulation languages is the simplification of problem
definition and implementation and the elimination of the
detailed programming required in the general purpose
programming languages. For this reason early systems
analyses and descriptions were oriented towards implementation
in a continuous simulation language and CSMP7 3 in particular.
CSMP73 was chosen instead of DYNAMO because of the greater
range of facilities available in the former, its simpler
use and the lower incidence of known errors in the software.

Because of implementation problems associated with
the systems description when oriented towards using CSMP73
as an implementation language for this particular problem,
the use of a general purpose programming language was also
investigated. Pl/I was not considered as the B6700
PL/I compiler is very large and slow, so that program
development would have been slowed considerably.

Of the other two scientific languages available on
the B6700, Burroughs ALGOL and FORTRAN, the former was
chosen for two principal reason;;. Firstly the problem
under consideration can be treated in a highly structured
manner and therefore is amenable to simulating in a structured
language such as ALGOL. Secondly the B6700 architecture is
designed so that the ALGOL compiler produces very efficient
object code. The time required for any given simulation



should thus be less for code written in ALGOL than in
FORTRAN because of the efficient structured, source
code and resultant object code. As a consequence all
computer modelling, after preliminary work using CSMP,
was done in Burroughs extended ALGOL.



2. CONSTRUCTION AND EXAMINATION OF A COMPUTER MODEL OF

ON-LINE CONTINUOUS ACTIVATION ANALYSIS

2.1 Initial Approach

Consider a volume element, 6V, c£ material in a
continuous activation analysis i.nit. At time, t,
the rate of change of activity of the volume element
due to a given radioisotope is given by.

"dA _ CNob x 6.023 x 1023

dt W sv -
0.693 (1)

where the symbols are defined as:-

C concentration of element.
N neutron flux at the volume element
a cross section
b branching ratio
W atomic mass of element
tjj half life of radioisotope
§v volume of the element

If the neutron flux is constant over time and
independent of the location of the volume element
in the "apparatus", equation (1) can readily be
solved by the methods of differential calculus.
However, if the neutron flux is allowed to vary
with time and distance from the neutron" source in
a non-analytic manner differential calculus cannot
be used. In this situation the neutron flux at
ÔV can be expressed by

N = N (t). G (r) (2)

where

N(t) is the time varying neutron flux at the source
G(r) is the attenuation of the flux at the volume
element
r is the distance of volume element from the neutron
source

For any given volume element in a flowing system,
its position and hence its distance, r, from the
neutron source is a function of its linear flow
rate. Thus,

dD
Ht L(t) (3)

where D is distance the volume element has moved
through the system, L{t) is the time varying linear
flowrate of the volume element

and
r = f(D)

where f is some relational function.

(4)



r
Similarly, the activity measured at the detector
(A) arising from 6V is given by

A

r

G (r)

f (D)

(5)

(6)

where G (r) is the attenuation due the distance r
between the volume element and the radiation detector.

If f and f are specified then the set of equations
(1) - (6) are readily solved, using CSMP73, ta
provide a solution giving the activity as "seen"
at the detector as a function of time. Furthermore
solutions can be obtained for neutron flux and flow
rate varying with time and for various, specified,
geometries.

This approach has a major disadvantage. It is,
effectively, considering a small volume <5V
moving through an activation analysis system.
It does not consider the system as a whole.

Further study showed that this approach, based on
implementing a system description in a continuous
simulation language, was not feasible.

2.2 Final Implementation

If for any volume element 6V, the neutron flux and
concentration are held constant for a time interval,
6t, then equation (1) can be solved giving

c Nab x 6.023 x 1023 t,.6V (^ - 0.693 &t
© 4.0.693W

+ A e

=5 V.-1-
(7)

- 0.693<5t

where A g is the activity of the volume element 6V

at time t+<5t.

A. is the activity of the same volume element at time
t and all other symbols have been defined above.

Equation (7) is clearly a recursive expression where,
given the activity of any specific volume element at
time t=0, the activity at time t can be calculated given
the concentration c and the neutron flux N in the
volume element as a function of time. (Equations
(2) - (4) above will determine the relationship between
N and t ) .

Given this, it is possible to simulate the activation
and decay of a radio-nuclide as all material moves
through the system. This has been done in this
study considering the path through which the material
flows as a series of contiguous cells of volume 6V.

r



At a period of time t the activity in each cell is
calculated using equation (7). Then using the
instantaneous linear flow-rate at time t the distance
each cell would have moved through the system in the
time 6t is calculated. From this the new call to which
the material in any given cell would have moved is obtained.
At time t+St all such movements are assumed to take
place. Material leaving the system is ignored.
For the next time interval new values for the flow-rate
neutron flux and concentration of material entering
the system are obtained. As many cells as required
at the start of the system are filled with material
at this concentration and the whole process repeated.
The algorithm is depicted in Fig. 1.

For each cell in the system at time t

Calculate activity at

time t

Calculated linear distance

flowed in time <5t

Calculate cell number

material will now be in

Move details, (concentration

activity) to new cell

Advance time to t + 6t

Obtain neutrpn fluK entering

concentration flow-rate

Overview of simulation algorithm

Figure 1
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I This system description can be applied to any type
of flow through the system.

Non-plug flow can be simulated by considering the
system to be composed of any number of parallel
plug-flow systems in each of which the linear
flow-rate is a function of the particular subsystem
and the instantaneous overall volumetric flow-rate.

2.2.1 Streamline Flow

Stream-line flow can be simulated by considering the
pipe through which the material flows as comprising
a series of lamina or concentric pipes with a
ring-like cross section. The velocity in each
lamina is adjusted so that the linear velocity
profile over the pipe as a whole is the same as
predicted for stream-line flow through the pipe.

To simplify the calculations for the geometry
effect the cross-sectional volume for each_lamina
can be held constant and equal to the cross
sectional area of the pipe divided by the number of
laminae. For this condition it can easily be
shown that in a pipe of radius a, the inner and
outer radii of the ith lamina are

a \ n / and a

when there are n laminae.

respectively (8)

For stream line flow the velocity profile across a
pipe is given by

2F /a2 - r2 \
V = vra { a2 / (9)

where V is the velocity at a distance r from the axis
of the pipe

a is the radius of the pipe
F is the volumetric flow rate through the pipe

For laminae as specified above the mean linear velocity
in the ith lamina is given by

2F
Tra"

(a2 - r2) rdr

rdr



where

= a

= a (&

a = radius of pipe

This reduces to

Vi

where

= V (2 -

F
2 ira*

(10)

The larger the value of n the more closely will the set
of velocities obtained by (10) approach the profile
given by (9).

For simulating stream-line flow the procedure is as
followsi-

1. Initial

2.

1.1

1.2

1.3

1.4

1.5

1.6

Divide the pipe into a specified number of
laminae

Divide all lamina into a specified equal
number of cells of equal volume

Specify a time interval (<5t) over which all
time varying parameters are to be considered
constant

Specify the functions defining the time
variation of the flow-rate, concentration
and neutron flux

Specify the geometry factors affecting
irradiation and radiation measurement.

Specify the characteristics of the nuclide
whose behaviour is being simulated

Dynamic

2.1 From time t to time t+<5t, hold all time and
position varying parameters constant

2.1.1 For each lamina

2.1.1.1 For eacH cell
Calculate activity in cell at
time t+St given the activity
at time t and all other
constant parameters



2.1.1.2 Calculate the distance the material
in the cell would have moved in time
<St given the flowrate at time t.
Calculate the number of the new cell
the material will now be in.

2.1.1.3 Move contents of each cell into the
appropriate new cell.

2.1.1.4 Fill emptied cells at start with
material with concentration as
calculated for time t+ôt.

2.1.2 Calculate the activity of the radionuclide
as measured at the detector, using the
appropriate geometry factors.

2.2 Obtain parameters for time t+St

2.3 Increment time to t+St and repeat from 2.1.

Clearly as the number of lamina.e and number of cells
increase and the time increment 6t decreases so does
the system more closely model reality. So also will
the amount of computing time involved increase. In
practice there should be a set of these parameters
beyond which there will be no significant improvement
in numerical accuracy. Ideally this set of
parameters should be such that the amount of computing
time required is minimal and considerably less than the
real-time systems being simulated.

2.2.2 Plug flow

Clearly by reducing the number of laminae involved in
the streamline flow simulation to one it is possible
also to simulate plug flow through the system.

2.2.3 Belt flow

All material flowing along a belt can be considered
to be flowing at the same linear velocity. A simple
modification of the plug flow model enables the same
basic algorithm to be used to describe this system
as well.

Consider a belt of width 2w above which is suspended a
neutron source at a height h above the material on the
belt. The neutron source is equidistant from both edges
of the material on the belt. As an approximation let
the material be assumed to be of negligible thickness.

Consider the material in a section taken at right angles
to the axis of the belt. If this section is a distance
d from the vertical projection of the source on the belt,
a point a distance x from the centre line on this
section is a distance

(h2 + d2 + x2)h



from the neutron source. If this section is
considered to have an area dl x dx then the neutron
flux through this area is given by

dl.dx

47T(hZ + d2 + X2)

Integrating from x = -w 'zo +w gives the total flux
through section

dl
df = n 4TT

+ n

w

rw

dx

h2 + d2 + x2

dl

2ir (h2
tan

-1 w
h2 + a2)'

where n is the neutron output of the source.

Thus flow along a belt can be modelled by modifying
the system described above for plug flow and using the
above expression for the geometry factor. A similar
expression can be obtained for geometric effects at
the radiation detector.

2.2.4 The general case

j Since the general model developed for stream-line flow
; can be simply modified to handie both plug flow
and belt flow this system was implemented. Because
of the nature of the calculations involved it was
not feasible to develop the computer programs in any
available continuous simulation language and all further
program development was done in Burroughs B6700
extended ALGOL. On final implementation of the model
it was hoped to produce an equivalent of FORTRAN
version which can be used on other computer systems.

2.3 Program Development

The initial approach when developing the ALGOL program
took advantage of a generalised procedure for solving
differential equations which was available on the B6700.
Activicy calculations were based on using this procedure
on equation (1). However, when the programs were
debugged and running they were found to take an
inordinate length of time to simulate any simple system.
Part of the problem was traced to this particular pro-
cedure which further analysis showed was far more general
and sophisticated than required for this study.

This particular bottleneck was eliminated by taking
advantage of the fact that if all time varying parameters
are held constant over each integration interval then

J



p
(1) can be solved explicitly giving (7). Activities
can thus be calculated using a procedure written
specifically to perform the calculations required by
(7) given the appropriate parameters.

Simulation times were still undesirably long after these
modifications and the program was again modified to take
advantage of a special hardware feature on the B6700.
This is the "Vectormode" operator which, under very
special conditions, permits certain array manipulations
to be carried out much faster than when the general
standard operators are used. Because of the large
amount of array handling involved in the programs,
incorporation of the vectormode operator in as many
situations as possible again, provided a considerable
reduction in simulation time.

2.4 Program Description

The computer program to simulate a continuous on-line
neutron activation analysis unit is now running and has
been extensively debugged. Two versions of the program
are operational. One is intended for interactive use
and runs via a terminal (visual display unit, or
teletypewriter-like device) with results being displayed
on a graphics terminal and/or produced as hard copy
plots. The other version is intended to run as a
batch job with no provisions for interaction by the
user but providing graphical display of results,
i Because the program was developed -interactively and the
' systems studied so far have been small ones for debugging
the software, most of the development effort has gone
into the interactive version of the program.

Both versions comprise three sections:-

(i) Initial phase;
where all parameters for the activation system
being modelled are set up.

(ii) Dynamic phase;
where the actual system is simulated and input to
and output from the simulated system are recorded
for subsequent analysis.

(iii) Terminal phase;
where the data generated in the dynamic phase is
analysed and (in the interactive version) the
option for running further simulation studies is
provided.

2.4.1 Interactive Mode

In the interactive version the initial phase uses a
series of key words and associated parameters to obtain
the description of the system. This is done by



prompting the user to provide parameter values and.
accepting the input in free format and any order from
the keyboard. Currently the keywords and
associated parameters are as follows:-

Keyword

GEOMTYPE

PIPELIiNGTH

PIPERADIUS

HEIGHT

Parameter

1

2

3

number

number

number

Unit
or

Meaning

straight pipe

helix around
source and
detector (not
implemented)

belt flow (not
implemented)

(metres)

(metres)

(metres)

Explanatxon

Type of geometry of the
system

The total length of the
system

The internal radius of
the pipe

The heiaht of the

EMITTER

SEPARATION

IRRADIATION-
BEGIN

IRRADIATION-
LEWGTH

READBEGIN

READLENGTH

FLOWTYPE

NUMCELLS

LAMINAE

number (metres)

number (metres)

number (metres)

number (metres)

number (metres)

number (metres)

1 lamina

2 plug

number (metres)

number (metres)

radiation detector and
neutron source above the
pipe or belt

The distance from the
start of the system to the
neutron source

The distance between the
neutron source and
radiation detector

The distance from the
start of the system at
which material begins to
be irradiated

The length over which
irradiation will take place

The distance from the
start of the system at
which activity is counted

The length of system over
which activity is counted

The type of flow

The number of cells into
which each laminate is to
be divided

The number of laminae to
be used to simulate laminar
flow



Keyword Parameter Unit
or

Meaning

Explanation

FLOWBAR

FLOWSIG

MAXTIME

DELTIME

OUTSTEPS

STORESTEPS

ASKSTEPS

number

number

number

number

number

numbar

number

(litres/
second)

(litres/
second)

(seconds)

(seconds)

CONCBAR

CONCSIG

FLUXBAR

FLUXSIG

BRANCH

SIGMA

WEIGHT

HALFLIFE

PLOT DEVICE

GO

number

number

number

number

number

number

number

number

0

1

2

3

none

(grams/lxtre)

(grams/litre)

(neutrons/
second)

(neutrons/
second)

(barns)

(grams)

(seconds)

plotter

line printer

line printer

Tektronix

The average overall flow
rate through the system

The standard deviation
of the flow rate

The maximum simulated
time over which the
simulation will run

The integration interval

The number of integration
intervals between output
of countrate at the
detector

The number of integration
intervals between storing
the time flowrate, neutron
flux, concentration and
total countrate

The number of integration
intervals before inter-
rupting the simulation to
allow modification of any
parameters

Average concentration of
material being activated

The standard deviation of
material being activated

Total neutron emission
from neutron source

Standard deviation of
neutron emission

Branching ratio of radio
nuclide

Cross section of material
being irradiated

Atomic weight of material
being irradiated

Halflife of radio nuclide

Device on which graphs
are to be produced

Command to initiate
simulation



The initial phase starts by prompting the user
to specify the settings of all the necessary
parameters. This is done by entering the appropriate
keyword followed by a blank and then the value
the parameter is to take. This initialisation is
finished and simulation starts by entering tha
keyword GO.

In the dynamic phase/ initiated by the keyword GO,
simulation proceeds as indicated in the section
headed "streamline flow". At intervals of
simulated time, specified by the product of the
parameters DELTIME and OUTSTEPS, the countrate
at the detector and the total processor time
since the start of the simulation. Similarly
at simulated time intervals specified by the
product of DELTIME and STORESTEP the current value
of the simulated time, the concentration of material
entering the system, the neutron flux and the
activity at the detector are recorded on disk file
for subsequent analysis. At the end of the
simulated time specified by the product of DELTIME
and ASKSTEPS the simulation pauses while the user
is given the choice of allowing the simulation to
continue or not. If, at this point, the simulation
run is stopped or the simulated time exceeds the
value specified for MAXTIME the program enters the
terminal phase.

Two options are available in the terminal phase.
The user is first asked if a graph of the simulation
run is required. If it is the graph is drawn.
The user is then asked if a further simulation run
is required. If so the user is asked to provide
new values for any variables to be changed and a
new simulation run begins. Otherwise the program
halts.

2.4.2 Batch Mode

Because of the ease with which input and output files
can be associated with any device on the B6700 the
batch program is essentially the same as the
interactive program. The only difference is that
input is via cards and all output is via either the
line printer or the plotter. Since all input is done
using punched cards all interogations handled
interactively must be anticipated. This is easily
done at the planning stage for any giv-3ri simulation
run. The only interogation likely to cause problems
is that generated by ASKSTEPS. This can be bypassed
by specifying a value of ASKSTEPS such that its product
with the integration interval exceeds the value specified
for MAXTIME.



2.5 Validation of Program

v Attempts were mads to validate the program using the
following values for the relevant variables.

GEOMTYPE
PIPELENGTH
PIPERADIUS
HEIGHT
EMITTER
SEPARATION
IRRADIATION
IRRADIATEBEGIN
IRRADIATIONLENGTH
READBEGIN
READLENGTH
FLOWTYPE
NUMCELLS
LAMINAE
FLOWBAR
FLOWSIG
MAXTIME
DELTIME
OUTSTEPS
STORESTEPS
ASKSTEPS
CONCBAR
CONCSIG
FLUXBAR
BRANCH
SIGMA
WEIGHT
HALFLIFE

1 (straight pipe)
2 metres
0.02 metres
0.05 metres
0.5 metres
1 metre
1 metre
0 metre
1 metre
1 metre
1 metre
1 and 2 (i.e., laminar and plug flow)
50 -800
1 - 1 5
0.002 litres/second
0
5 - 1 5 seconds
0.01 - 0.1 seconds
2
2
50
0.02 grams/litre
0
lxl0a neutrons/second
0.5
500 barns
100 grams
200 seconds

While the parameters for the element which is being
simulated are reasonably typical of material likely
to be treated in a continuous activation analysis
system, the parameters of the system are not. It is
highly unlikely that any plant would use straight pipe
geometry particularly one in which only one metre is
irradiated with the next metre being used for the
detection cell. Such a small system was chosen for
several reasons. The principal one was that, given a
flowrate of 0.002 litres/second and the volume of the
pipe simulated activity would be significant in the
portion of the tube after only 1 second of simulated
time. As well, by having a comparatively small pipe,
it is possible to investigate the effects on numerical
accuracy of the number of laminae and number of cells/
lamina without considerable expenditure of computer
time. It so happens that this particular set of
parameters provided a very confusing series of results.

Figure 1 gives a typical result from a run over a
simulated time period of 30 seconds. Initially,
while there is no activity near the detector the
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simulated count rate is 0. As simulated activity
enters the counting region the countrate begins to
increase until at approximately 4 seconds it becomes
constant. Then after approximately 6 seconds the
countrate steadily increases until levelling off again
after approximately 12 seconds. Figures 2 and 3 are for
exactly the same system as Figure 1 except that the
number of cells/lamina are decreased from 800 to 400,200
respectively. The same characteristic is exhibited
in each system except that as the number of integration
cells is decreased the steady state period (after
approximately 12 seconds) shows more irregularity.
This is presumably due to numerical accuracy decreasing
as the number of integration cells/lamina decreases.

Figure 4 presents the results of a simulation in which
all parameters were kept the same as for that which
produced Figure 3 except that the number of laminae
was reduced from 10 to 5. The activity curve
exhibits the same shape but the first levelling out
occurs earlier after approximately two seconds while
the final steady state (with its characteristic periodic
irregularity due to numerical instability) is
reached after approximately 6 seconds. Further inves-
tigation showed that the pseudo steady state is due
to the approximation to laminar flow used by the
simulation program.

Consider the system being investigated. The liquid
is flowing through at an overall rate of 0.002 litres/
second. Using equation 10, this corresponds to the
flow rates in 10 laminae being 0.0038, 0.0034, 0.0030,

, 0.0006, 0.0002 litres/second respectively.
Figure 5 shows the activity due to the lamina with
a flow rate of .0002 litres/second. Note that
no activity is detected until after six seconds
after which it increases in exactly the way as shown in
Figures 1 - 3 . Activity from the next slowest lamina,
with a flow rate of 0.0006 litres/second, enters the
counting region after just over two seconds and has
reached a steady state after four seconds. Thus,
in this situation, there is a period between 4 and 6
seconds during which the activity in the counting
region does not change, giving rise to the pseudo
steady state in the countrate as time graph.

The results from the program for laminar flow have
been shown to be consistent with an appropriate
combination of plug flow models. This was done by
comparing the results obtained for a 200 cell, 10
lamina model with a flow rate cf 0.002 litres/second
with 10 plug flow systems having flow rates of
0.0038, 0.0034, 0.0030, , 0.0006, 0.0002
litres/second added together. Values for countrate
as a function of time for the 10 laminae system and
the sum of the 10 plug flow systems agreed.



1 Preliminary investigations into the effect of varying
the number lamina, the integration interval and the
number of cells could not be continued because of
the amount of work required to deduce the reason for
the psuedo steady state discussed above. As would
be expected, however, it appeared that the more the
number of laminae, the greater the number of cells
per l:;r.iina, and the smaller the integration interval
the racre accurate will be the results. Because of
this it was not possible to evaluate an optimum
combination of these parameters.

2.6 Program Timing

The program takes approximately 0.0001 seconds of
central processor time to perform one integration
for one cell in one lamina for one time interval.
Thus simulation requiring 10 laminae and 200 cells/
lamina running for 100 seconds of simulated time
with an integration interval of 0.1 seconds will take

0.0001 x 10 x 200 x 100/0.1 = 200 seconds

of central processor time. Any large simulation will
thus be very expensive in terms of computer time.
Before any such simulations are done it will be
necessary to optimise on the numbers of laminae and
cells and the integration interval so as to minimise
the use of central processor time.



3. PARAMETER INVESTIGATION

This part of the project was not performed as it was
not possible to complete the investigations of section 2 of
the project.

4. FEASIBILITY OF ON-LINE ACTIVATION ANALYSIS

This could not be examined since it relied on the
completion of section 3 of the project.


