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Chapter 9

DESCRIPTION OF CRITICAL ASSEMBLIES

THE DANGER COEFFICIENT TEST FACILITY

by J. R. Brown

9.1 INTRODUCTION

The reactor uses U (enrichment greater than 90 per cent) in the form
of uranyl-nitrate in water. The reactor has also been used to obtain experimental data on
criticality.

9,2 DESCRIPTION OF REACTOR AND SOLUTION SYSTEM

(a) Reactor Tank Assembly. A two-level steel platform (Fig. 9.1) supports the
reactor. The platform's lower level supports the reactor tank assembly while the top level
supports the control rod drives, the neutron source housing and drive, the liquid level measur-
ing device, and other equipment. Reflector water is stored in the tank in the foreground while

wash water is stored in the two tanks shown in the background to the left.

A cross section of the reactor tank (1/8-inch-thick stainless steel) and the concentric
reflector tank is shown in Fig. 9.2. The bottom reflector is a solid Lucite cylinder (34-inch
diameter, 10-inch height). The reactor solution enters the core by flowing around the bottom
reflector (no reflector provided above reactor core).

In temperature coefficient experiments, the reactor is indirectly heated by the reflector
water (electrical immersion heaters, capacity 45-kilowatts, are provided in the reflector).

(b) Solution Storage and Handling System. The hydrogen to U235 atomic ratios needed
for the desired range of critical heights vary from approximately 1600 to 1800. The 250 gallons
of solution needed for the core are stored in 22 stainless steel tanks (5-inch diameter, 1ll-foot

height). The tanks are placed in a line (on 16-inch centers) along the wall of a storage vault
(Fig. 9. 3), separated by piers of magnesium oxychloride cement, and wrapped in a 0. 020-inch-
thick cadmium sheet to provide safe storage for any concentrated solution. Drip pans and

leak alarms guard against loss of solution. A platform, several feet above the vault floor,
permits easy access to the valves. A separate system of five storage tanks is provided for

solution awaiting reconcentration.
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Fig. 9.2 - Reactor Tank Assembly.

The solution is handled by an air system, shown schematically in Fig. 9.4. Solution is
transferred to the reactor by applying 10 psi air pressure to the storage tanks. The solution
is returned to storage by applying a vacuum of 15-inches mercury to the vent line. The
solution level in each tank is observed by means of an indicator of the air-purge differential-
pressure type; solution level can be read to 0.1 inch. The air pressure for the system is
obtained from a 100 psi air compressor. A pressure-regulating valve reduces the pressure
to 10 psi. The air from the compressor is filtered through a ceramic screen and activated
charcoal. All air lines after the filters are stainless steel pipe or tubing.

The solution system is shown schematically in Fig. 9.5. Type 347 stainless steel pipe
is used throughout, polished where feasible on the inside to a No. 4 finish, pickled and
passivated to ensure maximum resistance to corrosion. Most of the joints are flanged, with
fluorothene gaskets, to facilitate assembly and cleaning. All the valves in the solution lines
are a diaphragm type, with fluorothene diaphragms and type 347 stainless steel bodies. The
mixing tank is used to make up solution, to change concentration, and (as a transfer tank)
to force solution by air pressure to various parts of the system. This tank is safe for any
solution concentration.

(c) Control and Safety System. The DCTF has three control rods, with the drives
located on the top base plate. Two act as safety rods; the third, as a safety and regulating
rod. Each rod consists of a hollow cadmium cylinder, 3 inches in diameter, clad with two

concentric pieces of stainless steel tubing. The rod drive consists of a rack and pinion unit
connected through a magnetic clutch to a variable speed motor. An automobile-type shock
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collect any air-borne uranium salt particles or solution
droplets.

Fig. 9.4 - DCTF Air System for Solution Handling.

absorber is provided to cushion a rod drop. Control rod position is indicated by two selsyns
geared to the pinion shaft. The maximum rod speed is 24 inches per minute; the control rods
are fully inserted about 0. 7 second after a scram.

An additional safety measure is provided by dumping 10 per cent of the reactor solution.
The dump valve is an air-operated (air to close, spring open) 4-inch diaphragm valve. The
dump tank is made up of two 5-inch-diameter pipes, 10 feet long, 30 inches between centers,
and connected at the valve by a Y-section of 3-inch pipe. The tank is sloped to facilitate
draining and is vented back through the splash shield into the reactor tank.

The polonium-beryllium neutron source is lowered into the solution on a nylon string
wound on a motor -driven drum. In its uppermost posgition, the neutron source is enclosed by
a cadmium-covered paraffin cylinder. An interlock prevents solution from being introduced
into the reactor, or control rods from being raised, unless the source is inserted in the reactor.
This interlock is automatically overridden when a significant neutron flux is being measured
on the instruments.

(d) Solution Height Indication. The height of the reactor solution is determined by a
pointed stainless-steel bob on a stainless-steel wire attached to a motor-driven drum. An

electronic circuit reverses the motor each time the bob makes or breaks contact with the
surface of the liquid. The drum is accurately machined so that the selsyn indicates directly
in inches. The indicator can be read to 0.0l inch and oscillates in a range of 0. 04 inch.
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Fig. 9.5 - DCTF Solution Piping System.

(e) Temperature Measurements. Six thermistors, four in the solution and two in the
reflector, are lowered into the reactor to measure temperature coefficients. They are posi-
tioned to give a good representation of the temperature distribution both axially and radially.
During measurements, the thermistor readings are chart-recorded in sequence by a motor-
driven, cycling selector switch. From calibration data, the error in a given thermistor
reading was estimated to be £0. 020 C°. In any given experiment, the temperature variation
throughout the core was found to be less than 0.1 C*®.

9.3 EXPERIMENTAL PROCEDURES
The procedures used with critical experiments have been describéd in Chap. 8. For the

most part, these techniques were used with the DCTF. The few differences are associated
with the fact that the DCTF is not a solid fuel reactor.

(a) Determination of Solution Concentration. The initial concentration of the DCTF
solution was established by separate gravimetric chemical analyses of six individual samples.
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Their average was taken as the initial concentration. At each subsequent stage of experi-
mentation, that is, after each dilution, the concentration was calculated from a knowledge of
the quantity of distilled water (or fuel) added and the previous concentration. In addition,
gravimetric analyses were performed in conjunction with the inventory accountings. In
general, the calculated and measured concentrations differed by less than 0.5 per cent.

The concentration of impurities in the solution was determined by periodic spectrographic
analyses. The impurities contributed less than 0.5 per cent to the thermal neutron capture
rate. '

(b) Determination of Critical Solution Height. The exact height of the reactor for criti-
cality was determined by taking a series of measurements of the reactor at slightly

supercritical heights. The period of the reactor was measured at the several heights and the
critical height determined by extrapolating a curve of reactivity versus height back to zero
reactivity.

From the method of measurement of the critical height, another quantity of interest
could be inferred directly. This was the rate of change of reactivity with reactor height
3p/8h.

(c) Determining the Temperature Coefficient of Reactivity. Aside from technical interest,
the temperature coefficient of reactivity was required in order to correct data for temperature

drifts during a given day, as well as for changing temperature conditions from day to day.

To measure the temperature coefficient for the reflected reactor, the solution and
reflector heights were adjusted until the reactor was slightly supercritical. The reactor was
then allowed to stabilize in temperature. The stability was monitored periodically by the
thermistor readings and by the constancy of the reactor period.

Next the temperature of the reflector water was raised approximately 15 C° by the use of
immersion heaters. The heating of the core solution by conduction through the tank walls was
observed with the thermistors and plotted as a function of time. After the heating power was
turned off, the reflector and the core temperatures gradually equilibrated at a temperature
approximately 8 C° above the initial temperature. Thereafter, the reflector and reactor
cooled at a rate of approximately 0.1 C° per hour. During the warming process the reactor
became subcritical because of the magnitude of the negative temperature coefficient. To com-
pensate for this, some solution was added to the reactor.

At the higher temperatures, after equilibrium was reached, period measurements were
repeated as the reactor and reflector temperature slowly fell. For each of these period
measurements, the associated reactivity and temperature T, were used together with the initial
temperature and reactivity to compute separate values of the temperature coefficient of
reactivity. The average of these was then taken as the experimental coefficient. The reacti-
vity gain due to the addition of solution was, of course, taken into account in the computation.

(d) Analysis of Errors in Data. As already noted, the temperature coefficient of
reactivity was used to correct for daily temperature drifts. The data taken were related to a

single temperature by observing the solution temperature as a function of time during a day's
operation. By application of the measured temperature coefficient of reactivity, the reactivity
could be referred to a given temperature base, usually 20°C.

The least count of the system insofar as reactivity measurements are concerned is esti-
mated to be 0.05 x 10™4. Because of temperature gradients, a given critical reactor is not
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determined to this precision. On typical curves of reactivity versus reactor height, the
standard deviation of the experimental points from the curve is about 1 x 10 % in reactivity.
The standard deviation of the slope curve, i.e. 8p/8h, is estimated to be about 4 per cent.
The error in any given critical height determination is believed to be +0. 02 inch.

9.4 CRITICALITY RESULTS

A number of determinations of the criticality of the DCTF were made with no control rods
present in the reactor. Some experiments were performed with both the bottom axial
reflector and radial water reflector. Others were performed without the radial reflector but
with the bottom axial reflector. All measurements quoted for axial height were measured
from the top of the solid axial reflector.

Figure 9. 6 gives the critical solution height as a function of the hydrogen to uranium-235
atomic ratio. The data with and without a radial reflector are presented on this curve.
Figure 9.7 shows 8p/8h as a function of the critical height of the reactor. The values obtained
are indepen-ent of the radial reflector.
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Fig. 9.6 - Critical Solution Height versus Hydrogen to Uranium-235 Atomic Ratio.

The critical mass of uranium-235 has been calculated for each critical condition from
the critical solution height and the hydrogen to uranium-235 ratio. The tabulated results for
the reflected and the unreflected cores are shown in Table 9.1. For these calculations, the
solution density was assigned the constant value of 1. 015 grams per cms. although it is
slightly dependent on concentration.
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Table 9.1 - SOLUTION HEIGHT AND CRITICAL MASS OF URANIUM-235

235 Critical Solution Height Critical Mass
H:U i . = {cm) i ’ (kg U-235
Atomic With Radial Without Radial "With Radial wﬁm a
Ratio Reflector Reflector Reflector Reflector
1633 + 2 58.7 £ 0,05 61.7 + 0.05 5.91 + 0. 04 6.21 £ 0.04
1688 69. 2 74.2 6.75 7. 24
1710 75. 2 81.5 7.24 7. 85
1721 79.1 86.1 7.57 8, 24
1739 86.6 95.3 8. 20 9.03
1757 95.5 106.7 8.95 10. 00
1773 106, 2 120.9 9. 87 11. 24
1776 110.0 127.0 10. 21 11.78
—

From the data in Figs. 9.6 and 9. 7 the reactivity worth of the radial reflector may be
calculated. Its value is 46.4 % 2.7 x 10™% in reactivity and is apparently independent of
solution height.

9.5 TEMPERATURE COEFFICIENT OF REACTIVITY

The temperature coefficient of reactivity was measured for several cases. All except
one were measured for the clean reactor condition. The one exception was the case with the
central control rod partially inserted. The results are given in Table 9. 2. The reactivities
were obtained from measured periods using the Hughes data in the inhour equation with no
correction for the effectiveness of the delayed neutrons.



432

DESCRIPTION OF CRITICAL ASSEMBLIES

Table 9. 2 - TEMPERATURE COEFFICIENT OF REACTIVITY

Core
Condition

With Radial Reflector
With Radial Reflector
With Radial Reflector
Without Radial Reflector
Without Radial Reflector

With Radial Reflector
and Central Rod
Partially Inserted
(10.7 to 12. 4 inches
from bottom of core)

H:Uz35

Atomic

Ratio

1688
1757
1773
1710
1773
1710

Temperature
Range of
Measurement (°C)
17.8 - 24.8
16,1 - 26.0
20.3 - 26.5
19.4 - 26.1
19.8 - 27.3
2]1.5 - 28.1

ap/aT x 10*

-1.
-1.
=1.
-1.
=1.
-1.

39
59
83
53
57
83

9.6 CONTROL ROD STUDIES

DCTF measurements were also made on cores in which one or more control rods were
inserted. On measurements made with partially inserted control rods, a constant solution
height of 47. 0 inches was used. The rod was adjusted to make the reactor critical, and the
rod worth was then measured. These two quantities, the critical rod height and the reactivity
worth per inch of rod travel §p/6z, are plotted in Figs. 9.8 and 9.9, respectively.
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Fig. 9.8 - Critical Rod Height versus Hydrogen to Uranium-235 Atomic Ratio.
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Fig. 9.9 - 8p/bz versus Critical Rod Height.

It may be noted that the maxima of the curves in Fig. 9.9 do not occur at the mid-core
height. A qualitative explanation is that the presence of the bottom axial reflector and the
absence of a top reflector cause a shift in the flux peak towards the lower portion of the curve.
Furthermore, the presence of a rod also causes a shift in the flux peak towards the bottom of
the core. The fact that this shift is more apparent with the central rod indicates that the
presence of the rod has an influence on the position of the flux peak.

Data were also taken for cases in which the control rods were fully inserted. These data
are plotted in Fig. 9.10. Measurements were made for both the reflected and unreflected
cores for a rod at 0 inches, 9 inches, and 14 inches from the axis of the core. One point was
taken with the two outer rods down.

The value of the worth per inch of solution as a function of critical solution height is shown
in Fig. 9.1l for the case with a rod down. This curve may be compared with the similar curve
of Fig. 9.7 for the case with no control rod. The comparison shows that the values of 6p/6h
for corresponding critical height are nearly identical over the entire range of heights plotted.
The scatter in the data presented in Fig. 9.1l limits the accuracy of comparison.

The total reactivity worth of each control rod may be found by two methods: One, by
integrating the differential worth given in Fig. 9.9. The other, by using the solution height
values for the rod in and the rod out, and the measured values of 83p/8h. The methods give
rod worths which are in reasonable agreement. The results are:
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Fig. 9.10 - Critical Solution Height with Various Control Rods Fully
Inserted versus Hydrogen to Uranium-235 Atomic Ratio.
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Fig. 9.11 - 6p/6h versus Critical Solution Height for Various Control Rod
Configurations.

Rod No. 1 is worth 0. 28 (x 0. 05) per cent;
Rod No. 2 is worth 0. 87 (+ 0. 10) per cent;
Rod No. 3 is worth 2. 15 (+ 0. 20) per cent;
The relative rod worths are given reasonably well by a Jg weighting function.
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THE TRX FACILITY
by J. R. Brown

9.7 INTRODUCTION

The TRX is a facility for the experimental study of the reactor physics of high uranium-
content water-moderated assemblies. The aim of the program is to determine, through
measurements on critical assemblies, the effect of fuel diameter, fuel enrichment, water-to-
metal ratio, and fuel material on reactor parameters such as critical size, buckling,
temperature coefficient, age to thermal, thermal utilization, resonance escape probability,
fast fission factor, and other special quantities of interest.

The letters TRX are an abbreviation for Two-Region Experiment. Originally, it had been
planned to provide an annular tank about the experimental lattice which could be filled with an
enriched uranyl-nitrate solution. The aim was to make up any deficiencies in the lattice
reactivity. Because of operational problems, this plan was not adopted and esgentially all of
the studies on the TRX have been single-region lattices.

9.8 DESCRIPTION OF THE TRX ASSEMBLY .

The TRX assemblies use uranium metal or uranium dioxide fuel rods 48 inches long, and
clad with aluminum. Extensions are provided at each end to assist in mounting the rods in a
lattice plate. A typical TRX core is made up of a hexagonal lattice of such rods suspended
from a lattice plate. The lattice plate is drilled with holes located to give the desired water-
to-metal ratio. An aluminum guide plate is provided at the bottom, and two 1/4-inch-thick
plastic guide plates are provided in the core region. The upper plate may be aluminum or
steel depending upon the strength required. Figure 9.12 shows a loaded lattice plate ready
to mount in the reactor tank. Figure 9.13 shows the lattice mounted in the reactor tank. The
cylindrical objects above the lattice are weights mounted on the control rod cables.

Figure 9.14 shows a typical uranium metal fuel rod. The metal fuel in the TRX has been
used in two diameters, namely 0. 387 inch and 0. 600 inch. The oxide material has been used
in the same diameters but at two different densities. The uranium metal is in the form of
long rods; the oxide fuel is in the form of sintered pellets approximately 0.5 inch high.

Four control rods are used in the TRX. Figure 9.15 shows a cross section of one of the
control rod arrangements. The shape is chosen to permit the control rod to enter the lattice
without disturbing the lattice spacing. With the rods withdrawn the lattice is a uniform hexa-
gonal array. This permits the properties of the reactor to be analyzed with a minimum of
geometrical complications.

The other features of the TRX assembly (the mechanical mounting, water system, elec-
tronic control system, and instrumentation system) are built along the general lines described
in Chap. 8.

The TRX is mounted on a two-level elevated platform with the dump tank below the reactor
tank. Water is pumped into the bottom of the reactor tank, and a dump valve is provided to
empty the reactor tank quickly.

The reactor tank is a single, large cylindrical vessel with provision to support the lattice
plate inside. When filled, the radial reflector thickness is greater than 8 inches. The
bottom reflector consists of 8 inches of aluminum fuel rod ends and water. The top reflector
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A TRX Core Before Insertion in the Reactor Tank.

Fig. 9.12 -
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consists of 6-1/2 inches of aluminum fuel rod
ends and water, and 1-1/2 inches of steel or

aluminum lattice plate.
As noted above there is no mechanical

separation between the fuel region and the
reflector region. For temperature coef-
ficient studies the water can be heated

electrically by immersion heaters located

in the reflector region of the reactor tank.

Uniformity of temperature is maintained by WELD
thermostatic control of the heaters. The

water temperature is not generally heated AL PLUG
above 50°C because of the high humidity
which develops in the reactor room.

LR&IEM
9.9 MEASUREMENT OT CRITICAL RADIUS
The critical number of fuel rods for a
given lattice arrangement is determined by
building up an array of fuel rods in a hexa-

gonal pattern, maintaining nearly circular
cylindrical radial boundary until criticality
is reached. The boundary cannot be an
exact circular cylinder because of the
hexagonal spacing, but the approximation is
quite reasonable for the radii involved in the
TRX lattices. To approximate a circular
cylinder, the peripheral fuel rods are
placed in the vacant lattice positions at the
shortest distance from the center. Any

AL
CLADDING

Diameter of fuel, 0.600 % 0. 002 inch
other distribution of these rods (keeping ID of aluminum cladding, 0. 610 inch

the total the same) would place fuel farther OD of aluminum cladding, 0. 666 + 0. 002 inch
from the center and reduce the core reac- Fig. 9.14 - Fuel Rod.
tivity. The best approximation to a circular
cylinder thus gives the largest reactivity for
a given number of fuel rods. It has been shown experimentally that a hexagonal boundary
requires a larger number of fuel rods for criticality than does a circular boundary. For the
larger radii encountered in the UO, lattices, the number of fuel rods required for criticality
is quite insensitive to the position of the fuel around the periphery.

The equivalent radius of the critical assembly is obtained from the area of the unit cell
associated with each fuel rod (obtained from the known lattice spacing), multiplying this by
the total number of fuel rods, and determining the radius of the circle having the same area.

9.10 MEASUREMENT OF BUCKLING AND REFLECTOR SAVINGS

The geometrical buckling (B 2} of the critical core is determined from radial and axial
flux plots. These plots give the shape of the fundamental mode, which is JO{Brr} radially and
cos{Bzz] axially.
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The control rod is cadmium, clad with stainless steel.
The lattice spacing is not disturbed.

Fig. 9.15 - Cross Section of TRX Control Rods.

The flux is determined from the activation of uranium foils placed inside fuel rods, or
from the activation of the fuel rod itself. In either method, fission product gamma-rays are
counted by using a scintillation counter biased to count gammas above about 400 kev. For fuel
rod counting, a l-inch-high collimator is used. It has been shown that the shape of the detector
window does not distort the axial cosine distribution when a fuel rod is scanned for an axial
flux plot. Different materials may be used for the foils placed within fuel rods, so that plots
of different neutron energy spectra can be obtained. By using foils of nearly pure uranium-238
(having about 5 ppm uranium-235) in two lattices, a plot of the neutron spectrum above 1 Mev
has been obtained.

The foil or fuel rod counting rates, as a function of position, are fitted by least squares
to the appropriate function. The point, or points, at which the function extrapolates to zero
gives the value of the effective radius or height of the equivalent bare core. In general, points
from the center of the lattice to about two-thirds of the distance to the lattice boundary are
used to make the least squares fit. Points nearer the boundary may be perturbed by the reflector.
The effective radius, R_¢p and the effective height, H_. of the equivalent bare core when
combined with the geometrical radius, R_, and the geometrical height, Hg' give the radial

and axial reflector savings, \p and LH’ respectively.
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AR = Repp - Ry

1H=Heff'Hg '

Data obtained on the TRX for critical size and critical buckling are summarized in
Chap. 12,

9.1 MEASUREMENT OF THE TEMPERATURE COEFFICIENT OF REACTIVITY

The temperature coefficient of reactivity of the TRX has been measured over the range
20°C to 50°C by the techniques described in Chap. 8. The results are shown in Figs. 9.16
through 9.19. Because of statistical errors in the reactivity determination, the error on each
point is £ 0. 05 x 10'4. The standard inhour expression given in Chap. 8 was used to convert
the measured period to reactivity. A delayed neutron fraction of 0. 00755 for fission of U235
was used.

It will be recalled that the reactivity difference between two equilibrium temperatures
divided by the temperature difference is the temperature coefficient assigned to the average
of the two temperatures. This is the correct temperature to assign to the coefficient if the
second derivative of the temperature coefficient is zero. Figures 9. 16 through 9.19 show that
within the errors assigned to the data the second derivative is zero.
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Fig. 9.16 - TRX Temperature Coefficient.

It can be seen that the first derivative of the temperature coefficient is negative in all
cases, as is also the temperature coefficient itself, except for cases involving two lattices; and
then only at room temperature.

A notational convention is used on these figures, and elsewhere, in connection with TRX

work which requires some explanation. As an example, the nominal water-to-uranium volume
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ratio is referred to as 3 to 1 (W/U). The actual ratio, which is close to the nominal, is
obtained from the actual spacing of the fuel rods. This is determined by the placement of the

holes in the lattice support plates. In referring to a water-to-uranium volume ratio for UOZ

lattices, the volume used for the uranium is that which it would occupy if the uranium content

of the UO, were metal. Therefore, the ratio of hydrogen atoms to uranium atoms (NH/NU) is
the same for any two lattices that have the same W/U volume ratio (NH/NU = 1. 396 W/U).
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THE SUBMARINE FLEET REACTOR FLEXIBLE ASSEMBLY

by G. F. Mechlin

9.18 DESCRIPTION OF FACILITY

The Submarine Fleet Reactor Flexible Assembly (SFR-FA) is an experimental zero power
reactor facility for critical experimentation on the comparatively small, light water moderated,
highly enriched reactors used for submarine propulsion service. Flexibility of core geometry
and loading and a high degree of safety were the paramount objectives of the design. It was
expected that, with only minor modifications, a set of modular fuel bundles would allow the
construction of cores of varying heights, diameters, loadings, metal -to-water ratios, and
numbers and sizes of control rods, which could follow the evolution of an actual reactor design

in considerable detail.
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The design of the SFR-FA draws heavily on the experience gained on the ZPR-I critical
assembly. Three years of operation (January, 1954, to January, 1957) have demonstrated that
the SFR-FA is able to provide experimental information on a satisfactory time schedule for a
reactor project.

Two identical reactor tanks are provided to allow two greatly different assemblies to
co-exist. Such an arrangement provides substantially more flexibility than would be provided
by a single tank and at a cost well below that of two isolated and independent facilities. Two of
the assemblies on which work has been done are shown in Figs. 9.42 and 9.43. The first is a
slab reactor experiment for basic studies; the second is a mock-up reactor experiment.
Figure 9. 42 shows many of the physical features of the facility. A modular fuel bundle is
shown being withdrawn from the core. This is made up of metal strips and plastic fuel tapes
to give the metal-to-water ratio of interest. The strips are held in place with book -bindi
screws and plastic spacers.

Figure 9. 42 also shows the grid structure used for locating the upper end of the fuel bundles.
This upper grid structure consists of extruded aluminum crosses clipped together to form a
grid with 2-inch spacings between grid members. Each individual cross can be removed or
modified to provide room for control rods or other special elements. The lower ends of the
fuel bundles are located by pins on the bundles fitting into holes in the base plate.

Figure 9. 44 is a view of the upper two levels of the assembly stand, showing the reactor

tank which contains the slab reactor experiment. The lower level which can be seen in the
photograph is a working level that provides convenient access to the reactor core. The upper
level contains the control rod drive units. In this case, only two drives are connected to
safety rods. Each rod is driven independently by a rack and pinion gear assembly. This gear
assembly is clamped to bars extending across the top opening which permits the locating of

the control rods in any reasonable pattern in the reactor. —

In addition to the two levels seen in Fig. 9.44, a lower platform on the assembly stand
supports the reactor tanks and provides room for instrumentation. The plumbing auxiliaries
are at floor level. They provide water-handling facilities to allow heating and circulation of

moderator in temperature coefficient experiments, and for storage and transfer of fresh and
mildly contaminated moderator.
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Fig. 9.42 - Slab Reactor Assembly.
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Fig. 9.43 - Mock-up Reactor Assembly.
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Fig. 9.44 - A Portion of the SFR-FA Assembly Stand.
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_ All rod positions are read on dual selsyn receivers, one for

coarse positioning and the other for fine positioning. The control console contains separate
control panels and control instrumentation for each reactor tank. The instrumentation and
safety interlocks are shared by the two assemblies.

The safety and operating instrumentation includes two compensated boron-lined ionization
chambers and two photomultiplier-scintillation crystal detectors. The data-taking instrumen-
tation is entirely independent of the operating instrumentation, and includes three fission
counters and a compensated boron-lined ionization chamber. The radiation detectors are
placed in thimbles which penetrate the reactor tank walls. The instruments are kept at
suitable signal levels by the proper adjustment of these thimbles with respect to the core.

9.19 SLAB REACTOR EXPERIMENTS

The experiments performed on the SFR-FA were of two classes: Simple slab reactor
experiments and mock-up experiments. The slab reactor experiments were intended to
develop information on thc basic properties of the reactor; the mock-up experiments were
intended primarily to verify the adequacy of the reacter design.

The slab reactor experiments comprised studies of criticality, flux maps, and temperature

coefficient studies. The criticality studies are discussed in considerable detail in Chaps. 13

and 14. It is sufficient to note at this point that a number of studies were completed in which
the slab size, metal-to-water ratio, and fuel loading were varied. The construction of the
reactor permitted simple geometry reactors to be set up which had a high degree of homo-
geneity. Furthermore, the control rods were equipped with fueled extensions, so that when
the rods were withdrawn a highly uniform slab critical resulted.

Figures 9. 47 and 9. 48 show thermal and fast neutron flux plots, respectively, obtained
for this slab. They represent the neutron flux distributions across the 6-inch dimension of
the slab near the center of the other dimensions and extending into the water reflector on each
side. Points on the graphs were obtained by counting beta radiations from irradiated wires
(1/32-inch diameter; 3/8-inch long) which were an alloy of 14 per cent manganese, 2 per cent
molybdenum, and 84 per cent iron. These wires were mounted at suitable positions in
plastic wands which were inserted between fuel bundles in the reactor. The fast flux was
obtained using the manganese alloy wires covered with about 0.020-inch wall thickness of
cadmium tubing. The fast flux has been subtracted from the bare manganese wire curves to
give the thermal flux below cadmium cut-off. The small peaks in the thermal flux inside the
core occur at l-inch intervals. These are the moduli of the fuel elements which make up the
curve. At each intersection of four fuel elements, there is about a 0. 3-square-inch area of
zirconium and water containing no fuel. Thus, the flux-plotting methods show the inhomo-
geneities introduced by the fuel elements themselves.

Temperature coefficient studies were also carried out on the slab reactors. As an
example, the results of the study are given for the same 6-inch slab for which the flux data
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were reported above. Figure 9.49 shows the results of temperature coefficient measurements.

Because of the low value of the coefficient and the presence of some instabilities, the values
have.a considerable scatter. A least square straight line has been fitted to the experimental
points. It is observed that the temperature coefficient starts out positive at room temper-
ature and appears to cross over to a negative value at approximately 95°F. Measurements
were made using a calibrated rod to maintain criticality as the reactor temperature was
raised over successive steps in temperature.
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Fig. 9.49 - Temperature Coefficient of Reactivity of Slab Reactor.

9.20 SFR-FA MOCK-UP EXPERIMENTS

(a) Core Crlilcu.litz and Rod Worth.
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Fig. 9.50 - U235 Loading versus Control Rod Bank Height for Criticality.
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(b) Temperature Coefficients of Reactivity.

(c) Flux Plots.
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Fig. 9.52 - Center Rod Worth versus Rod Position for Several Fuel Loadings.

Fig. 9.53 - Temperature Coefficient of Reactivity for SFR Mock-up Critical
Assembly.
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(d) Source and Shielding Experiments. In addition to the experimental results which
directly concern the reactor core parameters and have been discussed above, the SFR-FA
mock-up has been used to obtain experimental information which is applicable to some design
problems external to the core. Two of these problems will be discussed: First, the location
of one or more neutron sources near the reactor core to simplify engineering designs and at
the same time give adequate sensitivity for the start-up control instrumentation; second, the
radiation shielding in the thermal shields and, particularly, in the vicinity of the core
barrel.
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Fig. 9.54 - Mock-up Reactor Cross Section Showing Flux Mapping Locations.
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Fig. 9.55 - Axial Flux Plots in the SFR-FA Mock-up Assembly.
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Table 9.10 - SOURCE EXPERIMENT COUNTING RATES

Source Position Count Rate
(see Fig. 9.57) counts per second
A 51
B 203
C 10
D 16
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Fig. 9.58 - Gamma Intensity in SFR Shield.

THE SUBMARINE ADVANCED REACTOR -
PRELIMINARY PILE ASSEMBLY

by J. 8. King

9.21 INTRODUCTION

The Submarine Advanced Reactor - Preliminary Pile Assembly (SAR-PPA) was the first
critical assembly for the study of water-moderated reactors at KAPL. The program was a
brief (3-month) study of early S3G#* design concepts.

9,22 DESCRIPTION OF THE REACTOR

* S3G is the present designation of the reactor project formerly known as SAR (Submarine
Advanced Reactor).
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Fig. 9.59 - SAR-PPA Mock-up Geometry.
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Table 9.11 - REACTIVITY COEFFICIENTS OF POLYETHYLENE AND WATER
1/4-INCH DIAMETER AXIAL RODS

9,23 EXPERIMENTAL RESULTS
(a) Reflector Control Range.

(b) Comparison of Reflector Materials.

Table 9.12 - REACTIVITY CHANGES FOR CHANGES IN REF
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Fig. 9. 60 - SAR-PPA Control Cylinder Calibration.

(¢) Comparison of Stainless Steel with Zirconium as a Core Structural Metal.
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Fig. 9. 61 - SAR-PPA Radial Power Distributions for
Beryllium and Zirconium Reflectors.

(d) Temperature Coefficients.

Table 9.13 - TEMPERATURE COEFFICIENTS AND TEMPERATURE DEFECTS
FOR THE SAR-PPA
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THE ADVANCED TEST REACTOR
by R. G. Luce

9.24 DESCRIPTION OF THE FACILITY

The Advanced Test Reactor (ATR) was designed as the flexible critical experiment for
the S3G program. As such, the principal emphasis in the design was placed upon flexibility.
Flexibility was desired in size, fuel loading, core material, metal-to-water ratio and
reflector composition.

An over-all view of the ATR is shown in Fig. 9. 62. A brief description of the components
of the assembly is given below.

(a) Core and Dump Tank, Valves, and Heat Exchangﬂs_r. The tank is partitioned at

floor level into a lower dump tank and an upper core tank. The latter is in several removable

sections so that various height cores can be accommodated with operating ease. There are
ports in the sides of the tank to receive neutron current chambers and proportional counters.

A slow pump and a fast pump raise the water from the lower into the upper tank. A stand
pipe is provided so that the latter pump is effective for only a partial filling of the core tank.
There are four fast-acting valves between the lower and upper tank, as well as four air vents
on the sides of the lower tank. When the reactor is scrammed, the vents allow the air to
escape. Approximately 10 seconds after a reactor scram all water has dropped into the dump
tank.

A system to raise the core water temperature to 200°F is available. Water in the core
is pumped through a water-to-water heat exchanger in which plant steam heats the secondary
water. '

(b) Control Safety Mechanisms. In general, cadmium poison safety and control rods
have been used on the assembly. The functions of safety rods and control rods are separated
to permit a greater flexibility in experimentation. Thus in a design mock-up, the actual rods

can be manually positioned and operation controlled by the control rods.

A polonium-beryllium source, which can be remotely removed from

the core into a shielded can, is also provided.
(c) Loading Device. A loading device is available to move samples in and out of the
core while the reactor is critical. Its positioning is accurate to 2 mils and can be read from

the control panel.
(d) Fuel Material.
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THE FLEXIBLE PLASTIC REACTOR
by S. W. Kitchen

9.28 DESCRIPTION OF THE FACILITY

The objective in the design of the Flexible Plastic Reactor (FPR) was to provide a highly
flexible and accessible critical assembly adaptable to rapid changes in geometry and com-
position. At the same time it was necessary to retain reproducibility and reliability of
reactor measurements. It appeared that this objective might be met best by the use of poly-
ethylene and void to simulate water. Since this avoided the need for a container, a degree of
access was permitted which was not feasible in a water-moderated assembly.

The details of the FPR which was constructed at KAPL, are given below.

(a) Bed Mechanisms. The two assembly halves are mounted on 5 x 5-foot boiler
plate tables. The tables are mounted on two heavy-duty tracks, one flat and the other V-shaped,
with the stationary table anchored in place at one end of the tracks. The movable table rides
on four wheels, and is driven by a constant speed motor through a screw-jack linkage. This
linkage insures an automatic slow-down in rate of closure as the halves approach each other.
A photograph of the linkage is shown in Fig. 9. 78,

(b) Matrix Construction, The matrix construction for each half consists of a

4,5 x 4. 5-foot array of individual aluminum tubes clamped within a steel retaining frame. The
tubes are 2 feet long, 0.025 inch wall, 67S aluminum drawn to provide a 1. 0 x 1. 0-inch square
outside cross section. If necessary, certain layers can be brazed together to form, in effect,
hollow beams. Such beams can support the matrix above local regions where it may be experi-
mentally desirable to create voids larger than the standard 0. 95 x 0. 95-inch module. A
photograph of the array is shown in Fig. 9.79.

Except for the areas reserved for control rod and safety rod insertion, the core material
is loaded in the form of stacked strips cut to the appropriate length. The construction of a
core slug is shown in Fig. 9.80,

(c) Control and Safety Mechanisms. Six steel-clad cadmium poison safety rods are used

for fast safety shutdown of the reactor. An additional four rods are used to provide shim con-
trol. The drive mechanisms are mounted horizontally on the movable bridge structure in the
rear of each core half. A view of the mechanisms attached to the fixed half of the core is
shown in Fig. 9.8l. The motors and control rod position indicators are mounted on top of the
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Fig. 9.78 - FPR Table Drive.

THE FLEXIBLE PLASTIC REACTOR



DESCRIPTION OF CRITICAL ASSEMBLIES

This view shows the array of aluminum tubes clamped to the movable table. The
core slugs and reflector materials are stacked in the aluminum tubes.

Fig. 9.79 - FPR Core Assembly.
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Fig. 9.8l - FPR Control and Safety Rod Mechanisms.
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bridge. The mount is adjustable to permit easy relocation of any rod. The safety rods are
cocked against a compressed spring by a friction drive operating through a magnetic clutch.
When tripped, the rods are driven to the mid-plane in 175 milliseconds with an initial
acceleration of 5g.

(d) Core Materials and Fuel Elements. All core and reflector materials are in strip
form of a standard width in various thicknesses from 0. 020 to 0.100 inch. All side reflector
materials are cut to a 24-inch length. All present core materials except fuel are cut to 14,

16, or 18-inch lengths to permit changing the core length from 28 to 36 inches over-all, but
still having only one length of material (other than fuel) per slug for any particular core size.

To minimize the fuel inventory on hand, the fuel strips are cut to 12, 4 and 2 inch lengths.
These strips are 0. 002-inch uranium metal, 93 per cent enriched, and coated with 0. 5-mil

fluorine plastic as a protection against progressive oxidation. The use of strips rather than
disks permits both arbitrary location of longitudinal voids and a reduction in the number of
individual core elements.

(e) Instrumentation. The instruments used in the FPR are similar in number,
function, and character to those used with the ATR critical assemblies. A useful innovation
is the addition of six channels of neutron pulse counting which are equipped for automatic

timing and print-out and which recycle automatically.
A view of the control console is shown in Fig. 9. 82.

THE PRESSURIZED WATER REACTOR FLEXIBLE ASSEMBLY

by R. T. Bayard and W. H. Hartley

The Pressurized Water Reactor Flexible Assembly (PWR-FA) is the flexible critical
facility for the PWR Project. It has been used to investigate the behavior of cores consisting
of seeds of highly enriched uranium flanked by reflecting blankets of natural uranium. While
the PWR-FA was primarily intended as a mock-up type of critical facility, a very considerable
portion of the effort has been devoted to slab-type reactors built with the same seed and
blanket units constructed for the mock-up experiments. The slab-type experiments have the
principal advantage of requiring less material. This permits experimental modifications to
proceed faster. In some respects, the analysis is simpler than the mock-up analysis.

The PWR-FA design is very similar to the SFR-FA critical facility described previously
in this chapter. For this reason, the description will be limited to those features that differ.

9.29y DESCRIPTION OF THE FACILITY

The reactor vessel is a cylindrical stainless steel tank 9 feet in diameter and 10-feet high.
Inside the tank, fuel clements are positioned at their top and bottom ends by removable grids.
The lower grid sits on a 3-inch steel base plate which supports the core.

Water is pumped into the tank at a rate determined by an orifice diameter to insure a low
rate of reactivity insertion. The water is circulated through the tank by eight pumps and four
stirrers, and the temperature is controlled by the flow of cold water and steam in jackets
surrounding the tank.

The control rods are driven vertically through the core by a rack and pinion arrangement
connected to the drive motor through a magnetic clutch. The rods are raised from the core
against the action of gravity and are scrammed by releasing the magnetic clutch. Dual selsyn
indicators (coarse and fine) indicate the height of the control rods to % 0. 02 inch.
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Fig. 9.82 - FPR Control Console.
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The safety instrumentation to monitor the core behavior consists of two photomultiplier
circuits connected to relay contact level scram circuits, and two boron-lined compensated
ionization chambers connected to period scram and level scram circuits. The output of one of
these ion chambers is displayed on a logarithmic recorder. In addition to the four scram
circuits, there are four ionization chambers with logarithmic amplifiers, and two with linear
amplifiers in thimbles piercing the wall of the reactor tank. A five curie polonium-beryllium
source is used to provide a detectable flux level during start-up.

Eight fission counters placed about the core in various positions are connected through
pulse amplifiers to scaling circuits. These eight circuits serve as the source of experimental
data.

For the differential water height type of measurement, special facilities are required to
measure the change in moderator level. Since the total moderator level change in the measure-
ment at some heights is of the order of 0. 2 inch, it is necessary to measure the changes in
moderator level precisely. To do this, a remotely operated selsyn-driven micrometer head
was mounted on the end of a control rod drive mechanism. Contact between the water surface
and a 0. 008-inch diameter tungsten wire mounted on the micrometer is indicated by an
ohmmeter connected between the wire and the tank wall. Selsyn indicators on the control rod
drive mechanism and on the micrometer drive give the water height. This method measures
differential changes in water level which are consistent to 0. 001 inch. Absolute values of
height, as contrasted with differential heights, are known to 0. 02 inch, i.e., the precision of
the control rod indication.

9.30 DESCRIPTION OF THE FUEL ELEMENTS AND REACTORS

(a) Seed Elements. The enriched fuel in the seed units of the cores was contained in
two forms: One was an alloy of uranium in zirconium; the other was a mixture of U304 and
polyethylene extruded into tape form. The fuel tape was 1. 61 inches wide and approximately
0. 029 inch thick. When cemented to a bar of Zircaloy with a rubber base cement, the tape
formed a fuel bar. A seed sub-unit, called a bundle, was constructed by joining several fuel
bars with aluminum pins and rivets, and enclosing them in a square box of Zircaloy plates. A
diagram of a typical seed bundle of tape fuel is shown in Fig. 9.83. In the course of the
experimentation a number of different types of seed units were used. These are identified by
letter (N, P, @, etc.).

The metal alloy seed unit (designated by the letter L) was made from fuel bars which were
an alloy of 6.33 w/o uranium (highly enriched) in zirconium. The bars were 2. 25-inches wide
and 0. 055-inch thick. A combination of ten of these bars and six Zircaloy bars, enclosed on
four sides by Zircaloy plates, constituted a seed bundle. A diagram of such a bundle is shown
in Fig. 9.84. The black circles shown in the figure represent Zircaloy wires. These serve

as spacers between the bars.

Other sced bundles were constructed to obtain somewhat different metal-to-water ratios
or glightly different fuel loadings in the seed. Figure 9. 85 shows a diagram of a P-type seed
bundle and Fig. 9.86 shows a diagram of a Q-type seed bundle. Since the properties of these
seed bundles differed only slightly, critical experimentation to determine the reactivity effects
of various changes in the seed such as metal-to-water ratio, fuel loading, etc. was possible.

Four seed bundles, arranged as shown in Fig. 9.87, constituted a unit called a cluster.
The cluster was arranged to provide a rod channel for a cruciform-shaped control rod.
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Fig. 9.87 - Diagram of a Seed Cluster (1).

(b) Blanket Elements. The fuel in the blanket region of the slabs was natural uranium
dioxide. The UOz was compacted, sintered, and ground into right circular cylinders of
0. 357 inch diameter by 0. 356 inch length. Twenty-six of these pellets comprised a unit fuel
length (9. 284 inches). Seven fuel units, separated by 1. 062-inch-long slugs of Zircaloy, com-
prised a fuel tube. These units were placed in tubes of aluminum of 0. 398-inch outer diameter
and 0. 362-inch inner diameter, and the ends of the tubes were capped and welded. A square
array of 121 of these tubes, spaced by aluminum grids and confined by Zircaloy side plates,
was referred to as a blanket bundle. The six aluminum spacer grids were co-planar with the
slugs of Zircaloy which separate the unit fuel lengths. The spacer grids and slugs of zirconium
were designed to represent the PWR design blanket element which consisted of short lengths
(approximately 10 inches) of oxide tube bundles. A blanket bundle is shown in Fig. 9. 88

(c) Control Rods. The reactivity of the cores was controlled by a set of cruciform
control rods made of an alloy of 30 w/o cadmium-70 w/o silver with a span of 3-3/8 inches.
One control rod was provided in each seed cluster.
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CROSS SECTION OF A BLANKET BUNDLE
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Fig. 9.88 - Cross Section of a Blanket Bundle.

(d) Reactor Arrangements. As noted previously the critical experiments were generally

performed on slab arrays or full-scale mock-ups. A slab array was constructed by placing
several seed clusters in a row as shown in Fig. 9.89. The fuel material in the seeds was
arranged so that all fuel bars were oriented parallel to the face of the slab. Blanket was
added to the slab reactors by placing blanket bundles in rows next to the seed sides. In the
slab reactor experiments a shorthand notation was used to indicate the number of rows of
blanket bundles. A slab which was reflected by one row of blanket on each side of the seed
was designated 1 x 1; one which contained two rows on each side was designated 2 x 2, etc.

For the full-scale mock-up studies a seed cluster contained one each of the four types of
seed bundles (L, N, P, Q. This assured the greatest homogeneity of the mock-up with the
available material. Figure 9. 90 shows the arrangement of the seed units for a mock-up
critical.

Control rods were provided for each seed cluster in both the slab and mock-up type

experiments.
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location of the start-up source.

Fig. 9.90 - Top View of the PWR Mock-up Core.

9.31 TYPES OF MEASUREMENTS
The three principal measurements carried out on the PWR-FA were those leading to values
of the shutdown reactivity, the excess reactivity, and the neutron flux distribution. In addition,
conversion ratio measurements were made in the blanket. These are discussed in Chap. 1l.
(a) Excess Reactivity. The excess reactivity measurements were principally the
differential water height measurements described in Chap. 8, Sec. 19. In carrying out this

particular measurement several experimental details were important.
First, the tips of the bank of control rods were held just above the moderator surface.

This was important in the case of the tape fuel seeds because the data were analyzed on the
assumption that the fuel region above the water surface contributed nothing to the reactivity.
Since the plastic in the tape did provide some moderation, this region would contribute to the

reactivity unless the control rods were present.

The second point was the manner of taking the data. The moderator level, together with
the control rod bank, was lowered in steps. At each position the reactor period was measured.
The reactivity was computed from the measured period through the inhour equation, and a
straight line was fitted to the reactivity versus height plot by a least squares analysis. The
slope of the line was the moderator worth and the intercept at zero reactivity, the critical
height.
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(b) Shutdown Reactivity Measurements. Most of the schemes discussed in Chap. 8

were tried for the shutdown reactivity measurement. The method on which the greatest
reliance was placed was the negative buckling method described in Chap. 8, Sec. 20. This
procedure appeared to give the most consistent and reliable results.

(c) Flux Maps. Both local and general flux maps were taken on the PWR-FA. The
techniques used were generally the foil (wire) techniques discussed in Chap. 10.

9.32 SUMMARY AND ANALYSIS OF EXPERIMENTAL DATA
(a) Excess Reactivity Measurement. The results of the differential water worth

measurements on the various slabs and on the mock-up are tabulated below. Table 9. 25
summarizes the results of the moderator worth measurements on the four slab experiments
with the seeds designated as L, N, P, and Q. Table 9. 26 summarizes the results of the
moderator worth measurements on the full-scale mock-up in which each seed cluster con-
tained one each of L, N, P, and Q subassemblies. In the full-scale mock-up studies the
reactor was made critical at various heights by inserting various patterns of control rods
completely into the core.

Table 9. 25 - MEASURED MODERATOR WORTH VALUES (6p/6z)

Seed L Seed N
h (inches) 8p/6z (in™) h (inches) 5p/6z (in~))
18.09 87.40 x 1074 20. 36 61.66 x 10™%
19. 69 77. 68 22.97 52. 38
25. 48 41,33 32.18 23.17
29. 27 30. 59 42. 26 11. 64
42. 62 11.75
Seed P Seed
h (inches) 8p/6z (in"}) h (inches) 8p/6z (in™}
18. 04 84.58 x 104 19. 05 76.26 x 1074
25. 60 39. 24 21.10 61.28
42. 61 11.14 28. 24 32. 38
34.75 19.17
35. 41 17. 46
44. 80 9. 178
51.94 6.13

Table 9. 26 - MEASURED MODERATOR WORTH VALUES - MOCK-UP

Water Height

(inches) 8p/8z (x 10 in~})
13. 42 154.0 £ 1. 6
15. 46 117.5+ 1.7
17.19 91.8 + 4. 8
24.52 42.0£0.9

—_—— — —

(b) Partial Water Height Experiments. The results for the partial water height

experiments are tabulated below in Table 9. 27. These are given for the four slab experiments
and for the full-scale mock-up. The slab experiments are eight clusters in length, and are
symmetrically flanked by one or two rows of blanket clusters. The table also includes the
experimental value of the excess reactivity. This is tabulated in three columns. Unadjusted
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refers to the simple inhour equation without correction using Hughes' original data. The
inhour equation was adjusted as discussed in Chap. 8, Sec. 23, to take into account fast
fission in UZ:"8 and the reduced energy of delayed neutrons. These columns are marked
adjusted and the subheadings, Hughes and Keepin, refer respectively to the delayed-neutron
data used in the two cases.

Table 9.27 - MEASURED CRITICAL HEIGHTS AND EXPERIMENTAL REACTIVITY VALUES

— — —

Critical Excess Reactivity (%)
Seed Blanket Height Adjusted

Type Configuration (inches) Unadjusted Hughes Keepin
L 1 x1 19. 60 8.9 10. 3 9.6
2x2 17.95 10.3 11.9 11.1

N 1 x1 22.76 6.7 7.8 7.2
2x2 20.18 8.2 9.5 8.9

P 2x2 17.91 2.9 11.5 10.7

Q 1x1 18. 89 9.1 10.6 9.8
Mock-up Mock-up 13,42 15.1 17.5 16.3

_____———-——'—",____——ﬁ
(c) Shutdown Measurement. The negative buckling in the rodded region of the mock-

up core was measured by the method given in Chap. 8. The value obtained for the negative

buckling factor was B zZ = -10.9 £ 0.15 x 10 . cm"z. This value yields a shutdown reactivity

of -8.0 £ 0.1 per cent.

(d) Analysis of Excess Reactivity Data. In addition to the reactivity and criticality
data, the basic information needed to analyze the reactor experiments is the exact core
geometry and the inventory of the core material. The inventory is obtained by weighing,
analyzing chemically and physically, and measuring the volume of the structural and fuel
materials in the core. The non-water volume in the seed region is determined by measuring
the volume of a total seed bundle.

The reactor experiments are analyzed by the same few-group diffusion model as is used
in the reactor design. The techniques for obtaining the group parameters, as they apply to
the PWR design, are discussed in Chap. 4. Fast constants are obtained from the MUFT
calculation (Appendix E). Thermal group constants are obtained by flux weighting the cross
sections, where this technique is applicable and averaging over the SOFOCATE spectrum.

Two calculations are necessary to determine the excess reactivity: One, using the critical
buckling as input data; the other, using the full height buckling. The ratio of the two eigen-
values is the keff of the core with no control rods. The results of the calculations for the
reactor experiments analyzed are given in Table 9. 28.

The third column of the table gives the buckling used in the calculation. This buckling is
(Byz + Bzz} in the slab cases, Bzz in the mock-up case. B : was obtained by assuming that
the length of an equivalent bare slab was given by the physical length of the slab (47.5 inches)
plus 6 inches total reflector savings. (The value of 6 inches represents an average value
obtained from several flux traverses.) Bzz for the critical case was obtained from the
measured critical height plus 6.5 inches total reflector savings. The same reflector savings

was used to compute the vertical buckling for the full-size reactor.



522 DESCRIPTION OF CRITICAL ASSEMBLIES

The excess reactivity values given in the fifth column of Table 9. 28 were calculated from
the expression

‘g

—-1

where NH and A are eigenvalues for the full height and critical reactors, respectively. The
experimental values of Table 9. 27 are repeated in Table 9. 28 for comparison.

Table 9. 28 - CALCULATED AND EXPERIMENTAL REACTIVITY VALUES

Excess Reactivity %

2 2 Experimental
B "+ Bz Values
Seed Blanket y4 .2 Calculated (Adjusted)
Type Configuration (10" cm ) Y Values Hughes Keepin
L 1x1 27, 68 1.0142
1 x1 7.73 1.1178 9. 27 10. 3 9.6
2x2 30. 74 1.0123
2x2 7.73 1.1338 10.71 11.9 11.1
N 1x1 23,09 1, 0200
1 x1 7.73 1.1001 7.28 7.8 7.2
2x2 26, 69 1.0166
2x2 7.73 1.1168 8.97 9.5 8.9
P 2xd 30. 84 1.0126
2x2 7.73 1.1321 10. 55 11.5 10.7
Q Il x1 25,73 1.0181
1 x1 7.73 1.1095 8. 24 8.9 8.3
Z2x2 28.94 1.0161
2x2 7.73 1.1255 9.72 10. 6 9.8
Mock-up Mock -up 40,56 1. 0060
2,51 1.2117 17.0 115 16.3
| —— — —




Chapter 10

TECHNIQUES OF FLUX MAPPING

THE FLUX PLOTTING OF LOW POWER REACTORS
by K. E. Relf

10.1 INTRODUCTION

Plots of relative flux in a reactor can be made with miniature fission counters, L2 com-
bination activation and film techniques, 3 and straight foil-activation methods. A=l The
method applicable to a particular reactor depends upon the information wanted, the spatial
resolution required, and the space available in the reactor for placing sensing devices.

Designs of miniature fission counters are described in the references cited. The con-
struction is straightforward, but facilities for assembling, evacuating, filling, and testing are
required. Miniature counters are most useful for obtaining data on gross features of a core
because of their limited spatial resolution.

The foil-activation techniques require counting facilities and an environment comparatively
free of background sources and power line noise. Foils (or wires) are useful for measuring
flux distributions where great detail and fine spatial resolution are of interest.

The film techniques require a well-equipped darkroom and one or more microscopes.
Because this method is very slow, both the accuracy and the number of points that can be
obtained in a given length of time are limited.

The discussion in this chapter is devoted to flux plotting by foil activation. This appears
to be the most useful method for making flux distribution measurements with water reactors.
Recent advances in automatic counting equipment and data-handling apparatus have made it
possible to take and process large amounts of data in a reasonably short time. Foil activation,
therefore, offers the reactor physicist a technique with both precision and speed.

10.2 THEORY OF THE FOIL-ACTIVATION TECHNIQUE

The total flux at a point is measured by exposing a suitable material to the neutron flux at
a point in the reactor for a length of time to- The foil is removed and transferred to a suitable
counter, and the activity is counted for a time te After being corrected for background, the
count rate is reduced to the value it would have had at the end of exposure if the time of
exposure had been sufficient to carry the activation to saturation.

523
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An expression may be derived for the relationship between the flux at the position at which
the foil is irradiated and the total count obtained from the foil. Let ¢(E) be the neutron flux at
the foil in the energy interval dE at E. For the particular nuclide being used, let its cross
section for activation by neutron capture to the state being counted be o(E) at the energy E.

By definition, the total neutron flux @ in the energy range from E, to E, is

L5
= E, O(E) dE Eq. (10.1)

and the average activation cross section ¥ in the energy range from EI to E 2 is

_ VA E
cd= El o(E) @(E) dE Eq. (10.2)
Let M be the atomic mass number of the nuclide and m the total mass of the nuclide in the
foil. Then if A is Avagadro's number, the total number of nuclides of this specie in the foil
is _n;% , and the total number of active nuclides Ro formed per unit time in the foil during the
irradiation is

o

al

Ro=

A
M

If the decay constant of the activated nuclide is )\, and if Q is the total number of active

nuclides present, the rate of decay of the active nuclides is just AQ. During the irradiation

period the rate of change of Q is given by the equation
daQ _
SR.R, -2Q Eq. (10.3)

If the initial concentration of active nuclides is zero and the time of irradiation exposure
is te: the number of active nuclides in the foil at the end of the exposure is

R
Q =—2 (1 - exp (-Aty)] Eq. (10.4)

The saturation activity is R o/ A
If the foil is removed from the flux, the number of active nuclides decays exponentially.
The number present at a time t following the exposure is

R
Q ==>{1 - exp (-xtg) Hexp (-At)} Eq. (10.5)

The number of disintegrations in the foil per unit time is AQ and the counting rate is propor-
tional to \Q. If C is the total number of counts accumulated by a counting system, %—?— is the
counting rate.

SE = Q= €R {1 - exp (-at ) Hexp (-at)} Eq. (10.6)
The factor € is the efficiency of the counting system and its value depends on the nature of the
radiation from the foil, the counting geometry, and the efficiency of the radiation detector.
If the time between the end of the exposure and the beginning of the count is designated as
tw and the total counting time as t ,, the total count C can be calculated. From this the total
flux & in the energy range El to E2 may be calculated,
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= - -1
o= (1 exp (-t} (1 - exp (at)} Hexe () Eq. (10.7)

The separate values of the fluxes of thermal and of epithermal neutrons are usually
required in reactor measurements; for example, in the application of two group diffusion theory.
The most common experimental method of separating the two fluxes utilizes foils exposed first
bare and subsequently with cadmium covers. This divides the flux into a component below and
one above the cadmium cutoff energy. Cutoff, denoted as ECD' is defined as the energy at
which the activation of a cadmium-covered foil is identical to that which would be produced if
the foil were covered by a material completely black to neutrons below the cutoff energy and
completely transparent to neutrons above the cutoff. Its precise value depends upon the
cadmium-cover thickness and the neutren energy spectrum in the reactor, as well as the
absorption cross section and thickness of the foil. It can be estimated by numerical evaluation
of certain integrals provided the flux spectrum is known. In lieu of a known energy distribution,
the assumption can be made that the thermal neutrons have a Maxwellian distribution and the
epithermal neutrons a 1/E distribution. An experimental method for evaluating the cadmium
cutoff energy for a given foil thickness and neutron energy spectrum is described by
Kunstadter. !

The cadmium ratio of a foil is the ratio of its activity when exposed at a point in a reactor
without a cadmium cover to its activity when exposed with a cover. Let ?TH represent the
average activation cross section of the foil over the thermal flux spectrum and QTH be the
total thermal flux. Let ‘EEP be the total epithermal flux (assumed to be 1/E) and ?EP be the
average activation cross section of the foil averaged over the epithermal flux. In terms of
the definitions, Eqs. (10.1) and (10. 2), El = 0 and EZ = ECD for the thermal flux while l?.:1 = ECD
and E, =« for the epithermal flux. Thus

E

Gpg = _£ CD =) dE Eq. (10.8a)
Ecp
Fgg Brgg = f o(E) @lE) IE Eq. (10. 8b)
[o]
= [T i
“EP "~ ‘Eqp E Tige- (2099
(-]
T - '3 E dE
Fop Ygp = ./; oELdE Eq. (10.9b)
cD

By definition the cadmium ratio R, is then:

W Bare foil activity %1 %u t "ep %P s, . id
¢ - Cadmium covered foil activity FEP REP q. (10.10)
and =
o
TH ®rH
 : S " ¥ - S Eq. (10.11)
* “ep “EP

For precise work with certain types of foils, correction factors may be required. One
of these is associated with the absorption of epithermal neutrons by the cadmium cover. This
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correction is particularly important with indium foils. The correction may be determined
experimentally by measuring the epithermal activation as a function of cadmium cover thick-
ness and extrapolating to zero thickness. This is shown in Fig. 10.1. The ordinate is the
activity due to epithermal neutrons; experimentally it is the activity of the cadmium covered

foils. The correction factor FCD is defined as follows:

B T I T I 1 I I I

8 RESONANCE —NEUTRON ACTIVITY -
FOR ZERO CADMIUM THICKNESS

RELATIVE SATURATED ACTIVITY

———— —— e ————

\G INDIUM FOILS |
4 /"" = ‘N}-l—o____o____b__[ -

NO THERMAL NEUTRONS
TRANSMITTED BEYOND HERE

I ] |

\— GOLD FOILS

| ]

(4] .020

040

060

CD—COVER THICKNESS (INCHES)

Fig. 10.1 - Relative Saturated Activity versus Cadmium Thickness. 1

Relative saturated activity extrapolated to zero cadmium thickness

FC:D Relative saturated activity at cadmium thickness used

Eq. (10.12)

With very thin cadmium covers some of the thermal neutrons leak through the cover. This
is shown in the indium curve of Fig. 10.1. If these covers are used, a correction may be
made for this effect. For reactor flux measurements in pressurized ratio reactors this
effect is generally unimportant and the correction is not made.

Based on the preceding discussion, the method of measuring the thermal and epicadmium
neutron flux at a point in a reactor is to expose a bare foil and determine its total activity
AB’ expose a cadmium-covered foil and determine its total activity AED; compute the epicad-

mium activity AEP. By the definition of Eq. (10, 12):

AEP AT p

B cp Fep Eq. (10.13)
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Next, the thermal flux is computed:
TH T ABP _,T 4T

Ag  =Ap-Ag =Ap-AcpFop Eq. (10.14)

In these equations the leakage of thermal neutrons through the cover is neglected.

10,3 ACTIVATION MATERIALS

Foil materials most suitable for the detection of slow neutrons in low power reactors are
manganese, indium, dysprosium, uranium-235 and gold. The important factors to consider in
choosing a suitable activation material are its half life and decay scheme, thermal neutron
activation cross section, availability, and ease of handling. Table 10. 1 contains pertinent

dala for materials most often used.

Table 10, | - ACTIVATION MATERIALS FOR MEASURING THERMAL
NEUTRON FLUX IN LOW POWER REACTORS

“th Pon Specific First
Foil T (barns) = Activity * Relative Resonance

Material 1/2 (0. 025 ev) TH (dps/gram) Activity (ev)
Mn>> 2.59 hrs 13,2 0. 81 1, 300, 000 1.00 345
Aut?? 2. 66 days 98 14. 35 130, 000 0.1 4.8
gt 54. 05 min 145 12.1 16, 000, 000 1.23 1.44

164 139.2 < 1000 56, 000, 000 4.31 1. 65
yl3sre 687

#* The number of disintegrations per second per gram of irradiated material immediately
after irradiation for 1 hour in a thermal neutron flux of 4 x 107 n/ecm?-sec.

*% See discussion in text.

Manganese has been used extensively for obtaining thermal flux plots because it has a
very convenient half life (2.6 hours), a cross section such that extremely thin or thick foils
need not be used, is readily available, and offers no problem in handling. One convenient
way to use manganese is in the form of 1/32-inch diameter wires cut to suitable lengths. The
wire composition is £4 per cent iron, 2 per cent molybdenum, and 14 per cent manganese.
Cadmium ratios are obtained by using special cadmium tubing. A chemical analysis of twenty
1-inch samples of this wire indicated the manganese content to be uniform within a standard
error of 0.3 per cent. The fact that the half life was 2. 6 hours indicates that no activities
from the iron, molybdenum, or contaminants were present.

In a light water moderated reactor, depending on the ratio of slowing down to thermal
cross section, manganese exhibits a cadmium ratio of about 10. This may be compared to a
value around 15 for U%3°. A cadmium ratio of 10 means that 90 per cent of the manganese
activation is caused by thermal neutrons. Thus if rapid, approximate values of the thermal
flux distribution are needed, manganese may be used without taking cadmium ratios. A
disadvantage of the high cadmium ratio is the low count rate encountered with the covered
foils.

A convenient way to use manganese wire is to mount pieces in plastic wands which are
inserted in the reactor. The wire, which is obtained in either 4- or 8-foot lengths, is cut
into 1/2- or 1-inch pieces, weighed, and taped with Mylar tape into slots milled in Plexiglass
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wands. Two typical types of wands have been used: One has slots milled on 0. 1-inch centers
lengthwise along the wand so that 10 flux points per inch are obtained; the other has slots
parallel to the long dimension of the wand, spaced 1/2 inch apart. The former have been used
for horizontal plotting; the latter for vertical plotting.

Indium yields both the thermal and epithermal neutron distributions because it has an
appreciable thermal neutron activation cross section (145 barns at 0. 025 ev) as well as an
extremely high resonance cross section (26, 400 barns at 1. 44 ev). Consequently, indium is
an excellent material to use in obtaining relative flux plots. The half life of 54 minutes is
within the range of convenient working values. Indium metal is available in a variety of thick-
nesses, all of which can be handled if reasonable caution is observed. A convenient way to
use indium is in an alloy with aluminum (90 per cent aluminum, 10 per cent indium).

The counting rate as a function of foil thickness for an indium foil activated by thermal
neutrons is illustrated in Fig. 10. 2. 8 From this curve it can be seen that foils of 100 mg/cmz
thickness yield the highest count rate in water and that the count rate is a slowly varying
function of foil thickness. The counting rate produced by capture of indium resonance energy
neutrons shows an even flatter maximum around 100 to 150 milligrams per square centimeter. 8

1,400
\
\0
1,200 ¢ H""‘\c
1,000
800
600
0 50 100 150 200 250

INDIUM FOIL THICKNESS (MG/CM)?

Fig. 10. 2 - Variation of Counting Rate Due to Thermal Neutron
Capture with Thickness of Indium Foil (Foils 2.5 ecm
in Diameter). 8

Indium has one disadvantage in that it possesses an isomer with a 4. 5-hour half life pro-
duced by fast neutrons (as well as in other ways). The decay from this isomeric state produces
a 0. 38 Mev gamma ray. This can be discriminated against by a sufficiently high discriminator
setting or by using a B-sensitive counter., A minimum irradiation time reduces still further the
relative proportion of the 4. 5-hour activity.
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Indium yields typical cadmium ratios of around three in a light water moderated reactor; so
high count rates are obtainable from cadmium-covered foils. On the other hand, because of
the low cadmium-ratio, it is necessary to obtain cadmium differences in order to obtain a
thermal flux plot.

Uranium is a valuable foil material particularly for special applications. Uranium foils
require somewhat more care with procedures than other types of foils but can be used to yield
accurate and reproducible results. In reactors fueled with UZSS, foils of this material can be
used to obtain the fission distribution directly if the foils are distributed properly in the fueled
zone.

Foils of uranium have been prepared from punchings of UO, dispersed in a plastic and
from uranium-aluminum alloys. krequently the foils are prepared directly from the fuel used
in the reactor. In certain cases the fuel rods themselves can be counted (see Chap. 9, Sec. 10).

If fission distributions are taken with fueled foils, cadmium ratios are unnecessgg;sr unless

it is desired to separate thermal and epithermal fissions. Highly depleted foils of U have

been used to obtain the distribution of neutrons above the UZ?'B fission threshold (see Chap. 9,

Sec. 10).

The use of uranium foils requires special measures for decay correction. Usually a
monitor channel is sufficient for this purpose. Experience with uranium foils indicated that a
decay curve for each individual count channel must be obtained if the fission-product gamma
radiation is counted. On the other hand, if B-counting can be used, this special procedure is
not required.

The residual activity of uranium foils prohibits their re-use for a period of 4 to 10 days,
the cooling time depending upon the permissible background count rate. The task of making
several sets of uniform (or calibrated) foils can be time consuming but once prepared they can
be used many times. Irradiation tests of several foils on a foil wheel have been used to demon-
strate the uniformity of the uranium concentration. In other cases weighing with a precision
balance, as with other foil materials, has been adequate.

Dysprosium is very convenient for thermal flux measurements because of its high cross
section and convenient half life (Table 10.1). Its specific activity is 4. 3 times that of mangan-
ese and 3.5 times that of indium. Dysprosium should be especially useful for extending flux
measurements well beyond the core into the reflector. Dysprosium foils have been prepared
by mixing the oxide with plastic and forming sheets. The foils are punched from the sheets.
Foils of this type have been used to make intracell flux plots (see Chap. 11, Sec. 4).

Gold is a possible activation material for thermal flux measurements, but it does not offer
the sensitivity that the other materials do since its specific activity is only 0.1 times that of
manganese. It possesses a simple decay scheme and, in pure form, has no extraneous activi-
ties. At flux levels of 1012 a significant amount of gold-199 can be produced, but at low fluxes
only gold-198 activity is formed.

In summary, each foil material possesses one or more advantages over another so that
it is usually possible to choose the material best suited to a specific need. Manganese is
readily available, easy to work with, has a medium sensitivity to thermal neutrons, and can
be used without obtaining cadmium ratios. Indium is easily obtained, moderately easy to
handle, has a higher sensitivity to thermal neutrons, and yields both thermal and epithermal
neutron distributions; cadmium ratios must be obtained. Uranium is the only material that
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can give the power distribution directly. While uranium of various enrichments is net difficult
to obtain, foils must be made and special procedures used for decay-correction and normal-

ization.

10.4 COUNTING EQUIPMENT AND TECHNIQUES

In this section a few remarks will be made concerning the selection of equipment for a
particular counting laboratory. ha In addition certain precautions taken to assure proper
operation of the equipment will be reviewed briefly. Later sections of this chapter discuss
special automatic flux counting and data processing systems used in other counting laboratories.

Geiger tubes should not be considered for a counting laboratory because of the effects of
spurious counts, long and variable dead-times, aging, and low efficiency for gamma counting.
The complex nature of spurious counts causes the ratio of spurious-to-valid counts to depend
on count rate, length of discharge, immediate past counting history, tube age, and overvoltage.

Only proportional and scintillation counters have been considered satisfactory. Greatest
versatility and maximum speed were offered by the use of scintillation equipment. Alpha,
beta, and gamma crystals are interchangeable within 1 or 2 minutes, and crystal types and
sizes are available for very specific needs.

The difficulties with scintillation equipment are afterpulsing, fatigue, and pulse-height
variation with count rate. The nature of these phenomena is such that no correction is made
for them; instead, phototubes that do not exhibit these features must be specially selected.

The RCA 6342 and the DuMont 6292 have been found satisfactory when used primarily for
integral counting at rates usually less than 100, 000 cpm. A new tube, the RCA 6655, is now
available with a cesium-an:imony cathode and special connections for the shield which may
eliminate the troubles exhibited by past phototubes.

In choosing electronic equipment the principal aim was to eliminate corrections and mini-
mize errors. The resolving times of both the amplifiers and scalers were chosen so that no
corrections were necessary for scaling losses and so that minimum pile-up occurred in the
amplifiers. A line-noise monitor was built to detect noise originating in the power lines, and
all equipment was operated from line-voltage regulators.

In operating the counting laboratory a routine preventive maintenance schedule was followed.
Before each run, a statistical purity checkls on the over-all operation of the equipment is
made; this has been a very reliable trouble-indicator. The check consists of recording 50
print-outs (counts) of a cobalt-60 source, computing the average value of these 50, and deter-
mining if more than two or three (actually 5 per cent of 50 is 2. 5) of the 50 lie outside two
standard deviations. The standard deviation is derived from the set of 50 counts. Should more
than two fall outside these limits, the channel is suspect until an explanation has been found.

Proper operation of the equipment during the course of a run is indicated by the constancy
of the count of a long-lived standard and the constancy of the background. Every 20 to 30
minutes two counts of the standard are recorded and compared with the upper and lower limits
obtained during the statistical purity check made at the beginning of the run. Only 5 out of
100 counts should exceed the upper and lower limits. Should a count exceed these limits,
judgment based on experience must be exercised by the individual in deciding whether the
departure is large enough to stop counting. The constancy of the background count serves as
a check not only on channel operation but also on the counting environment. A total, for
instance, of 1000 background counts should be accumulated at the beginning of the run, and the
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background count rate and the 95 per cent confidence limits computed from these. Every 20 to
30 minutes two background counts should be recorded and compared with the upper and lower
limits. Serious deviations should be investigated. Careless placement of the samples to be
counted or the long-lived standard can introduce large and variable background count rates.
Certain automatic features are desirable in a modern counting facility: Scalers with an
automatic print-out of the count, automatic sample changers, and a precise, adjustable
interval timer. Further automation, such as the punching of IBM cards and date, time, and

sample number print-out, is useful.

10.5 ANALYSIS OF ERRORS

One is usually interested only in determining experimentally the relative flux distributions
in reactors, not the absolute value of the flux. If therefore, in a given run, the total count
from a foil located at a point is corrected for the duration of the count, for the waiting time
prior to the count, for the mass of the foil and for the counting efficiency (if different counting
arrays are used) of the apparatus, one may derive by Eq. (10.7) a value for the flux at this
point relative to the values for the flux at all other points at which foils were activated.

The precision of relative flux values is also dependent upon the precision with which the
independent variable, i.e. the position of the foil in the reactor, is obtained. Steep flux
gradients exist in some regions of water moderated reactors. These must be located by prior
knowledge or by exploratory measurements, and specific techniques for foil insertion and
location must be developed to meet the need.

Except for the problem of producing the large quantity of data required, the principal
problem in flux mapping is estimating the errors in the procedure and determining means for
controlling these errors. Equation (10.7) gives the flux at a point in the lattice as a function
of a number of parameters. This equation may be written symbolically in the form

Z=FCoem o Rttt Eq. (10.15)
e’ w ¢
There is an error associated with our knowledge of each of these parameters. The magnitude
of the error and the manner in which they affect the relative flux values determine the pre-
cision with which the flux map may be made.

Suppose that each of the errors considered is relatively small and that the error in each
parameter is independent of the error in every other parameter. Then the total error in the
flux may be written in terms of the partial errors as follows. *
sz=(ﬂ)zsz+(ﬂ)zsi+. . .+(BF)232 Eq. (10.16)

[ an Y ac atc tc

The letter s has been used to designate the standard deviations.

Before proceeding to apply Eq. (10.16) to Eq. (10. 7) one further point should be noted.
Basic interest is centered upon the errors in the relative fluxes. Not all of the parameters in
Egq. (10.7) are independent in evaluating the errors in the relative flux. For example, the
atomic mass of the isotope used for activation is the same number at each point and does not
affect the relative flux values; this is also true of the cross section. Insofar as the decay con-
stant of the activated isotope is concerned, this is also true where it enters Eq. (10.7) as a

* See Reference 14, p. 161.
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factor since it affects all relative fluxes in the same way. It is not true, however, in the
exponential terms where the times may be different for different foils.
The fractional standard deviation of the flux may be written as

-] & 8 o <] 2 8 z
(38) -(8) + € () + e,
2 2
=] -1
+{); exp(at )- 1 } +{J\s (at_)=-1 }
Btc Xpixt, ] te[exp = ]

2
+Si{tw - tolexpaty) - 117! -t (expaty) - 177 +3IT} Eq. (10.17)

Since the errors at different points are now taken to be independent, the relative error in
the ratio of the flux at one point to the flux at any other point is given by the relation

2 2 1/2
B8 8 B
si/ez {[‘% ¥ H%] } Eq. (10.18)

If s o1/ 62 is assumed to be the same for all points in the reactor (this is not necessarily so
because of different count rates from foils in different parts of the reactor), the relative error
of the flux ratio is

1/2
%‘{2[%]2} - ﬁ% Eq. (10.19)

The next step is to estimate the size of each of the terms in Eq. (10.17). The exactness
with which foils of the desired size, shape, and nuclide mass can be made determines the value
of (sm/ m}z. The choice of foil material determines N since no attempt is made to improve
the precision to which the half life is known. After exposure, each foil is removed from the
reactor and counted on a nuclear-particle detector for a time interval t, at a time 1 measured
from the time of reactor shutdown. The wait time tw can be reckoned from any zcio time, but
all foils in every run must be referred to the same zero time. The preciseness with which t,
and tw are measured determines the values of the terms 8, and 8 - The count obtained from
each foil yields a value for (s./C)*. w o

The uniformity with which foils can be placed under the counting head and the degree of
stability of the amplifiers and power supplies set the limiting value attainable for (Be/ e}z, €
being the entire overall efficiency of the counting channel.

The standard deviations of each quantity is difficult to determine precisely, but the order
of magnitude of each one can be estimated by performing simple experiments or by making
certain assumptions, using available data, and calculating a value. The major assumption
made is that the distribution of measurements is normal. Moderate departures from a normal
distribution do not appreciably alter values obtained from statistical tables. When several
measurements are available (but still not many, e.g., 10), tests can be made to find out if they
depart seriously from a normal distribution. The theory of the statistics of small samples
indicates that the confidence limits are different from those that apply to an infinite number of
samples. For example, for an infinite number of observations, 95 per cent will lie within
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X+ 196 s for only two observations, 95 per cent will lie within X+12.71 5 for three,
95 per cent will lie within X & 4. 30 Sy

The specific methods employed to estimate the pertinent relative errors will now be dis-
cussed in greater detail. The estimate is based upon the use of manganese wires.

The efficiency factor € is divided into two components: The change in efficiency caused by
power supply drift, amplifier-gain variations, and discriminator dri.f!:; the apparent change in
efficiency that occurs if a sample is slightly misplaced in a holder or if the holder is not properly
geated in its slot. The magnitude of either change is not determined explicitly; rather a series
of counts is taken (e.g. 20 to 50), and if the deviations from the mean are only those expected
from statistical variations, it is stated that the relative error 8¢ /€ is zero. The count rates
are such that the statistical fluctuations expected are no more than 1/2 per cent (40, 000 counts).
When changes in efficiency caused by drifts in the characteristics of the equipment are sought,
10 to 50 one-minute counts of a long-lived standard are accumulated before the beginning of the
counting period, and two l-minute counts are recorded every 20 to 25 minutes. In this way
shifts in equipment characteristics are quickly detected during the run. The other factor,
sample misplacement, is not a function of time but a function of the physical characteristics of
the foil (or wire) and the holder. This is determined beforehand by counting and dumping the
same foil several times (20 or so) in succession. A statistical table of values may be consulted
to answer the question of whether any value recorded differs significantly from the mean value.
This factor can be made smaller than the counting statistics and, therefore, taken to be zero.

The relative error sm/m depends upon how uniformly the atoms of the isotope being
activated are distributed throughout the wire or foil. A chemical analysis of 20 samples of
manganese wire indicated a relative standard error of 0.3 per cent. With the uniformity of the
manganese distribution in the wire established, all other wires can be weighed to a comparable
accuracy. Foils can be calibrated with the aid of a rotating foil wheel.

The relative error in the count rate can be estimated as follows assuming constant back-

ground.

Let Rb

background counting rate
= counting rate of the sample plus background

o X
"o

sample counting rate = R, - R,

Define Rt

r = —

Rp

total number of background counts and
total number of sample plus background counts,

Then if Nb

N

the standard deviation in the sample count rate is

R
S~ = —5-(——?——) Eq. (10.20)
(o A \F -l
t
This relation is good (95 per cent confidence limit) for 2 <r < 20 if Nb/Nt 21 {number of back-
ground counts equals number of samples plus background counts). The high-level approxi-
mation, Si = Rs/ -/ﬁ:. can be used if r >15 and Nb/Nt >1.4. Relative errors of 0.5 per cent
are not difficult to attain except with foils at the edges of the core and beyond.
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The standard error in t the elapsed time between reactor shutdown and the counting of a
given foil, is difficult to determine and is not important (except when uranium feils are used)
if normalizing wires or foils are used. It depends only upon how well the clocks in the counting
room are synchronized to the clock in the reactor control room. Five seconds is a reasonable
estimate for Bt

The standard error in the value of the half life is estimated by accepting the stated error
of one of the experimental measurements. On this basis, the standard error sk is 2.1x 10'7
seconds ™ for manganese-56.

These estimates of the standard errors and relative errors, the average value of each
quantity, and the contribution of each term to the total error appear in Table 10. 2. When these
are substituted into Eqs. (10.17) and (10.19), the value of sﬂ/‘bz]tﬂ/éz is 0.584 per cent. The
statistical error in the counting rate is the greatest contributor to the final error. This pre-
sumes great care on the part of the operators to limit the error in €.

Table 10. 2 - NUMERICAL VALUES USED TO ESTIMATE THE
RELATIVE ERROR s +/ ¢ FOR MANGANESE WIRES

s c/e 0. 000

sm/m 0.003

sc/C 0. 005

st 5 seconds
w

8 1/60 second

3 b : Normalization makes this error
te negligible.

te 6 x 103 seconds

tc 50 seconds

tw different for each sample counted

N 2.1x10"7 geconds”!

A 7.43 x107° seconds'l

The error in normalization among channels and different runs requires separate consider-
ation. Normalization among channels of different sensitivity is accomplished by counting the

same samples (usually 30) on each channel and accumulating the order of 106 counts per channel.

Normalization among runs is accomplished by placing the same wires (foils) in the same place
in the reactor during each run. The ratio of the sums of the corrected counts (background,
decay, weight) between any two runs then corrects for both power level and irradiation time.

(It is these same wires or foils that are counted on each channel and serve as channel normal-
ization factors.) It is of no consequence that, in practice, the factors for channel normalization
and power level irradiation time normalization cannot be separated by the method just outlined.
What is wanted is the over-all normalization factor. If ll‘ilél counts are accumulated,

(sC/ C}2 =10 -8 and approximately 0. 45 per cent error in the normalization factor could be
expected. Combining this error with the error of 0. 58 per cent yields the relative error of
relative flux values among runs.
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s
% = 0. 73 per cent.

The approximations and assumptions made may raise the question of how much confidence
can be placed in the value of-.,lthe error finally computed. This can be determined experimentally
by placing two sets of foils in the same positions in the reactor during each run and using one
set for normalization, the other for a check on reproducibility of results. If perfect repro-
ducibility were achieved, the point-by-point ratio of the fluxes (count rates) would be unity.

For a set of twelve runs utilizing three channels (giving 36 ratios) the average ratio was
found to be 0.9940 + 0. 00451, a relative error of 0.42 per cent. In each run 30 foils were
used for normalization and 30 foils were used to check on reproducibility.

Figures 10. 3 through 10. 6 illustrate data obtained by the techniques discussed.




TECHNIQUES OF FLUX MAPPING




THE FLUX PLOTTING OF LOW POWER REACTORS

537



538 TECHNIQUES OF FLUX MAPPING

AUTOMATIC NEUTRON FLUX PLOTTING
by Edith B. Fehr

The preceding discussion analyzes in detail the basic problems of flux plotting by the use
of foils. This section describes an automatic counting system which was designed to carry
out flux measurements efficiently, and to furnish the results in a form suitable for automatic
data processing. 18 The equipment and methods described here are the result of a cooperative
effort by many members of the Knolls Atomic Power Laboratory Physics Sections.

10. 6 EQUIPMENT

The equipment consists of four components: (a) A sample changer; (b) a digital converter
that records and converts the counting information into a signal suitable for an IBM card punch
(Berkeley Type 5701 Counter Converter); (c) an IBM Summary Punch (Type 514 or 523) with
associated equipment for coding the cc:mntlng| information; (d) a timer that controls counting
cycles and scanner movement. These components, shown in a block diagram (Fig. 10.7), are
described below.

l;nausmau-:
INPUT
H.V. SUPPLY DIGITAL e IBM SI9
AND PULSE |—w COUNTER CH SUMMARY
AMPLIFIER CONVERTER | _ RESET _| PUNCH
START-1-sTOP }
COUNT
PROPORTIONAL PERIOD TIME CODE
COUNTER "'":E" REGISTER
SOTOR" | <START, | ProoRam |, starT__ _ ¥
CONTROL TIMER

1 Istop

EVOLUTION PRESET [T
COUNTER [=1 COUNTER

1
REACTOR SCRAM
SIGNAL

Solid lines represent information channels,
Broken lines represent operational signals.

Fig. 10.7 - Automatic Counting System for Reactor Flux Plotting.

(a) Sample Changer. The sample changer is designed to measure efficiently the
activity of materials which have been activated by neutron fluxes in critical agsemblies. The

changer consists of a scanner that moves a specially designed proportional counter across the

In order to avoid excessive length of the
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scanner bed or bending, the sample is held stationary and the counting head moved.

The principle of construction of the scanner bed and
drive mechanism can be seen in Fig. 10.8. The counter assembly is mounted on a carriage
which rides on two V-groove ball bearings. The bed and carriage are machined to close

tolerances in order to maintain accurate distance between the counter window and the sample.

Fig. 10.8 - Scanner Bed, Drive Mechanism, and Proportional Counter.

The carriage is moved by a driving screw. The revolutions of this screw are counted by
a digital transducer, an oscillator keyed by a toothed disk on the driving shaft. A detailed
description of this system will be found in Reference 15.

The square-wave oscillator signal envelope is differentiated, and a count pulse is derived
for both the rise and the fall of the oscillator signal. The counting pulses are fed to a preset
counter which, in turn, controls the motor drive. When the preset number of counts is reached,
the motor is stopped. Each count corresponds to a travel of 0. 010 inch. The counter can be
moved in any multiple of this minimum motion. In operation, the motor drive is started by a
signal at the end of the counting time. The carriage then moves until the signal from the
preset counter stops it at the chosen distance. It remains stationary during the subsequent
counting period and moves again at the end of count signal.
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Since positioning errors are cumulative, overshoot of the motor drive must be strictly
avoided. In our model, no error could be detected after several hundred consecutive steps.
For completely automatic operation, there are two limit switches which can be set at any
point along the bed to provide continuous back and forth scanning by reversing the motor drive,
or to stop the system at the end of one scan.

The proportional counter has to be well shielded and collimated to ensure that the counts
at any point of an activated strip or wire represent a true measure of the relative radioactivity
at that position. It must not see other portions of the strip. For this reason, B-counting was
chosen. Other requirements for the counter are good stability over long time periods and low
counting losses, so that good tounting statistics are quickly obtained without need for cor-
rections. Finally, since movement of the counter rather than the sample was desired (for
reasons of space saving and flexibility in the scanner), there was a premium on small size
and low weight of the counter-shield assembly.

By using the lead shield as both body and ground electrode of the counter, the amount of
lead and the size of the counter assembly was reduced to a minimum. TFigure 10.9 shows a
flow-type proportional counter developed on this principle. A hemispherical shell of 7/8-inch
radius was pressed into a cylindrical lead block of 6-inch diameter and 3-inch height. Openings
for gas inlet and outlet and for the high voltage electrode were then drilled. The high voltage
electrode consists of a 1/2-inch-diameter loop of 0. 00l-inch-diameter tungsten wire which is
mounted through a press-fit Teflon insulator.

Fig. 10. 9 - Flow Type Proportional Counter.
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An aluminum window of 0. 0005-inch thickness is mounted over the shell opening. Since
the counting gas (methane) is introduced under slight pressure, vacuum tightness of the various
seals is not necessary. This counter had a plateau length of 400 volts with a slope of 1 per cent
per 100 volts.

The counter is mounted over a lead collimating block having a é-inch diameter and a 2-inch
height. A central hole in the collimating block permits the insertion of interchangeable lead
blocks with apertures of varying sizes and shapes.

(b) IBM Summary Punch Associated Equipment. As an addition to the plugboard of
the IBM Summary Punch, there is an adjustable input board consisting of five 10-position
switches. It is used to put identifying numbers on each IBM card. The switches can be con-
nected to any desired column of the IBM card on the plugboard of the summary punch. At
present, they occupy the first five columns.

The first decade on the index board is used for a sample identification code. It is left at
zero for all cycles which are not to be processed in the IBM-650, such as standard counts,
monitor foil counts, or counts occurring during sample changing. An appropriate number
(e.g., 1) is selected during the first valid count on the first sample and left until the last valid
count for a scan. A new number is selected for the return scan or for the first valid count on
the second sample. This code is used, for example, for numerical integration of all ordinates
with the same code. The IBM-650 program will also number consecutively all cards having
the same code in column l. This information is used as the abscissa for automatic curve
plotting. The remaining four decades are presently used for consecutive numbering of all

counting runs.
Another addition to the plugboard is a time code register. This is a three-decade sequence

counter consisting of three 10-position stepping switches (C. P. Clare Co. Model 3181l). The
output is connected on the IBM Summary Punch plugboard to any desired column of the card.
At present, it occupies columns 7, 8, and 9. The time code register is started from the
reactor scram signal through the cam timer (see Fig. 10.7). It then advances by one unit for
each counting cycle. This information is used in the IBM-650 for decay correction of data.

(c) Timer. The timing system consists of a Microflex Clock Timer with auxiliary
relays and a 6-Position Cam Timer (Industrial Timer Co. Model MC-4). Figure 10.10 shows
an outline diagram of the circuits involved.

The timer controls the following functions. The start of counting period is given by the
first cam of the multiple cam timer (the length of the total cycle can be varied between 40
seconds and 10 minutes by using interchangeable cams). The length of counting time is set on
the Microflex Clock Timer. For the start of scanner carriage movement, the signal is gen-
erated by an auxiliary relay at the end of the counting period from the Microflex Timer. The
end point of the carriage movement is controlled by the preset counter described in (a) above,
and this preset counter is reset by a signal from the auxiliary relay of the Microflex Timer
at the beginning of the count period. The second cam, which is offset from the first cam, gives
a signal to the digital counter converter to print out. This signal is given about 1 second before
the beginning of the next cycle. Thus the display of the digital counter can be observed visually
during the time the carriage moves to the next position. In cases where a printing digital
system is used in parallel with the counter converters, a third cam, analogous to the second

cam, is used.
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Fig. 10.10 - Schematic Diagram of Program Controller for Automatic Scanner.

Since the decay correction for uranium strips is made from an empirical table, it is
necessary to standardize on a counting cycle. Forty seconds was chosen, because this cycle
gives adequate counting statistics at reasonable reactor power levels. The counting interval
must be shorter than the counting cycle to permit movement of the carriage. For instance,
at a drive speed of 5 seconds per inch of travel and a distance of 2 inches between points to be
counted, one must allow 10 seconds for travel and 1 second for pickup of the relay, an allow-
ance giving a count interval of 40 - 11 = 29 seconds to be set on the Microflex Timer.

The timing cycle is siarted at reactor scram time directly from the reactor control room.
This starts the time code register.

10. 7 EXPERIMENTAL PROCEDURES
Samples in the form of long strips or wires, individual foils, or discs can be handled by
the scanner. The preferred type of activation foil is enriched uranium in the form of thin

strips identical with the reactor fuel. A special set of such strips with low background is
reserved for activation experiments.

The use of uranium strips has the following advantages: There is no disturbance of flux
since the activation sample simply replaces reactor fuel; results are obtained directly in terms
of fissions occurring without corrections such as those for differences in cross sections or
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self-shielding effects in reactor fuel; the high cross section permits the obtaining of good
counting statistics with short activation and counting times at a very low reactor power level
during activation. This condition, in turn, minimizes personnel exposure during removal of
samples from the reactor and makes the use of remote handling equipment unnecessary.

A disadvantage of using uranium foil for activation experiments is the complex decay
scheme of the fission products, which requires the use of an empirical decay correction factor.
The large number of different beta and gamma activities of the mixed fission products puts
special requirements on the counting equipment, and a rigid standardization of exposure time
is required to obtain reproducible results. The standard irradiation time chosen is 30 minutes,
and decay corrections are made to a zero time corresponding to 20 minutes after the end of
irradiation. Under these conditions, the decay has been found to be very reproducible. The
correction curve obtained for aluminum-clad enriched uranium on the equipment described

The strips are checked by irradiation on a wheel, and correction factors are applied

when required.

Manganese strips are used mainly for flux measurements in locations not normally
occupied by fuel, such as water gaps. In this case the low cross section of manganese permits
use of reasonably thick foils without creating a flux disturbance. An alloy of 80 per cent man-
ganese and 20 per cent copper can be obtained in the form of uniform sheets of 2-mil thickness
with good mechanical properties and adequate corrosion resistance. With 30 minutes irradia-
tion time, the 5-minute copper-66 activity becomes negligible after 20 minutes decay, and the
low energy radiation from the 12. 8-hour copper-64 activity can be reduced to a negligible
amount by covering the foil during counting with an aluminum absorber 50 milligrams per
square centimeter thick. Thin foils of approximately 3/4-inch width are preferred to wires
because they give much better counting statistics for equal resolution.

10.8 DATA REDUCTION

The first field of ten columns of the IBM card is reserved for coding information, such as
run and sample number and time and position code information. The remaining seven fields of
ten columns each are available for use with up to seven counting channels. Where necessary.,
corrections for background, sample weight, counting geometry, reactor power level, and
activation time are put on program master cards, which precede the input deck. The cor-
rections for decay of uranium are made from the empirical decay curve. This is loaded in
the form of a table into the IBM-650 memory drum as part of the program deck. Exponential
decay corrections are made from the formula [see Eq. (10.6)]

A =A1 - exp(-atg)] ! {exp[ Aty +t./2)] 3 Eq. (10.21)
where
Ao = count rate at the end of saturation activation
A_ = count rate (counts/minute minus background)
» = constant of exponential decay
te = activation time
t, Tt c/ 2 = elapsed time from the end of activation to the middle of counting time.
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Fig. 10.11 - Correction Factor for Enriched Uranium Fission Product Decay.
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Counter geometry and foil area or weight correction are added to this formula when absolute
results are required.

The output information from the IBM-650 can be listed on the Tabulator for manual
plotting or analysis of data, plotted automatically by using one of the standard available curve

17 A frequently used program involves

plotters, or used as input for further calculations.
numerical integration of the area under a curve, required for calculation of average reactor
power and also for calculation of fuel or coolant temperatures. Other calculations involve
point or area normalization of sets of curves and many reactor calculations based on flux
distributions, such as fission product accumulation or fuel burnout. Standard deviation of a
set of source counts can be caiculated directly from the counts recorded on IBM cards; this is
used regularly to check counter performance. The great simplification of these calculations
and the consequent rapid availability of experimental data for analysis constitute perhaps the

major advantage of the automatic counting system.

10.9 PERFORMANCE
(a) Reproducibility. The counters are quite stable, and counts of permanent sources
remain within the limits of errors of counting statistics over many weeks. Repeat counts of

the same activated strips are generally reproduced within counting statistics. The reproduci-
bility of activations involving different strips in different reactor runs depends on the uniformity
of the strips, the steepness of the flux gradients, and the accuracy of placing the strips in the
reactor and maintaining the geometry of the reactor (widths of water gaps).

{(b) Resolution. The scanner was specially designed to represent accurately the
changes in neutron flux occurring over short distances with steep gradients. A detailed dis-
cussion of the factors governing scanner resolution is given in Reference 16. The resolution
obtainable in the present scanner is shown in Fig. 10.12. A rectangular aperture of 0. 075-inch
width was moved in 0. 050-inch steps across manganese foil of 0. 275-inch width which had been
activated in a uniform flux. The width at half maximum is 0. 282 inch instead of the theoretical
value of 0. 275 inch.

Figure 10. 13 presents typical results obtained by using a thin uranium strip as activation
foil and scanning with a 1/8-inch aperture.

(c) Capacity. When uranium is counted, the use of a 40-second counting cycle permits
taking 90 points per hour on each counting channel. The relatively short half-life of fission
products limits the counting period to about 3 to 4 hours from the end of irradiation, when the
activity has fallen to less than one-tenth of its original value. With time allowed for sample
changing, the three-channel scanner enables one operator to obtain 600 to 800 points per
reactor run, or about 1500 points per day. The results can be corrected and plotted within

1 or 2 hours after the completion of measurements.
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A SYSTEM OF OBTAINING AND REDUCING NEUTRON
FLUX DATA FROM A CRITICAL ASSEMBLY

by H. A. Morewitz and R. F. Valentine

The preceding discussions described methods of obtaining the relative neutron flux distri-
bution from experimental data which required approximations to correct for sample decay,
or a medium-scale digital computer to calculate the correction. The method described below
provides the decay correction without the use of auxiliary computation and presents the data
in usable form as it is taken. This is accomplished by varying the time interval over which
the individual foils are counted in such a manner as to correct for decay. The time interval

is established by counting a monitor foil.

It is used in conjunction with automatic sample changers in order to count
a large number of samples at frequent intervals. With this scheme approximately 1500
precision-cut wires may be activated and counted in one day. The over-all system appears to
be more stable and accurate than many that have a small sample capacity.

10. 10 COUNTING EQUIPMENT

The unique feature of the system is the method of count timing which provides automatic
correction for radioactive decay of the sample. A block diagram of the counting system
employed is shown in Fig. 10.14.

BLOCK DIAGRAM OF COUNTING EQUIPMENT

AUTOMATIC CRYSTAL AND NON-OVERLOAD —
SCRIM- (]
SAMPLE —» - LINEAR - EECIAL o PRINTER
PHOTOMULTIPLIER TUBE INATOR SCALER
CHANGER AMPLIFIER

NON -OVERLOAD
CRYSTAL AND DISCRIM-
| LINEAR
PHOTOMULTIPLIER TUBE INATOR e
AMPLIFIER
SPEED PRE-SET
INPUT oMY
AMPLIFIER 8 DISCRIMINATOR - RIC. MODEL 107 P — MODIFICATION | SCALER
SCALERS - BERKELEY MODEL 1556

PRESET COUNT SCALER - BERKELEY MODEL 5446 OSCILLATOR
OSCILLATOR — BERKELEY MODEL 5632 ELECTRONIC
PRINTERS - BERKELEY MODEL |450 SWITCH
SAMPLE CHANGERS - TRACERLAB MODEL SC6D

Fig. 10. 14 - Block Diagram of Automatic Data Reduction System.
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The activity of the sample is measured by counting beta particles with a one-half millimete
thick stilbene crystal mounted on a photomultiplier tube. This signal is amplified by a non-
overload linear amplifier which feeds a decimal scaler, the accumulated counts of which are
printed on a paper tape. The duration of the counting interval in this signal channel is con-

trolled by a gate from a preset count scaler.

The preset count scaler receives its pulses alternately from two sources. The pulses
which determine the counting interval are derived from a timing channel consisting of a
detector and amplifier identical to those of the signal channel. The dead time which is required
for changing samples, ete., is set by feeding the timing scaler from a l-ke crystal-controlled
oscillator. At the end of each signal period, the timing scaler is electronically switched to
this oscillator. The counting interval is determined by using a standard sample of foil mater-
ial, activated simultaneously with the foils of interest. It is placed in front of the timing
channel detector, and left undisturbed during the counting run. As the standard decays, the
time necessary to achieve the preset count (100, 000 counts is a typical value) will increase
exponentially at the rate determined by the half-life of the activated material. Therefore, the
counting interval of the signal channel increases in the proper manner to compensate for the
decay of the signal foil. One timer circuit can control more than one signal channel.

This method of timing provides several advantages: (1) The data, having been directly
corrected, can be presented immediately without any processing time; (2) for a given wire the
statistics of counting are independent of the time when the wire is counted during the counting
run (in the more conventional type of counting, in which a fixed counting time is employed, a
given wire will have poorer statistice as counting progresses); (3) the decay of mixed exponen-
tials such as exists in fission products is compensated as readily as single exponential decay.

10.11 FEATURES OF SYSTEM WHICH MINIMIZE ERRORS

The non-overload amplifiers are used as stretcher-limiters. For this mode of operation
the amplifiers are set so that essentially all beta pulses received from the photomultiplier
are expanded to uniform pulse height. The limiting action is provided by overdriving the latter
stages of the amplifier, which, because of their non-overload characteristics, provide essen-

tially constant-width pulses. This results in long plateaus of counting rate versus discriminator

setting, amplifier gain, and photomultiplier voltage. Typical plateau curves are shown in
Figs. 10.15 and 10.16. Operation of the amplifiers in this manner has resulted in long-term
stability (greater than six months).

To use this system, alloy wires of manganese-iron, indium-aluminum, gold-aluminum,
and uranium-zirconium have been drawn to 30-mils diameter. The variation in length of the
half-inch wire segments has been reduced to less than one part in a thousand by the simultan-
eous surface grinding of approximately 3000 wires clamped in a magnetic chuck. This results
in a high yield of wires that are within + 0. 5 per cent of a mean value by weight. Wires may
be stacked end to end in polyethylene spaghetti tubing for insertion in small diamctcr slots or
in through tubes provided in the critical assemblies. Because there is essentially no length
variation in the individual wires, the relative position of each wire is known to a high degree
of accuracy.

A commercially available sample changer has been modified to obtain highly reproducible
positioning of the wire samples. The induced activity obtained by irradiation of the wires in
this critical facility is sufficiently high to make background count insignificant in the
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experimental count. In the event that background counting rates are high, they may be auto-
matically subtracted. Further modifications to the sample changer permit a large number of
samples to be stacked on the changer. Injection molded plastic sample holders have been
manufactured so that no significant difference between sample holders exists to contribute
errors in counts when a large number of these holders is used.

10,12 ERROR ANALYSIS
The inherent counting errors due to the statistical nature of the decay process and the back-
ground counts may be determined by standard procedures. Experimental errors due to
differences in wire weights, in wire composition, wire holders, wire positioning and electronic
changes are equally important but they are more difficult to establish. These errors have been
experimentally determined by counting, in the normal fashion, several hundred wires which
have been exposed to the same integrated neutron flux. The total error represented by the
standard deviation of this large number of counts has been divided into three groups:
l. The error resulting from the statistical nature of the decay processes (standard devia-
tion due to this cause is denoted sC);
2, The error due to statistical nature of the background counts (standard deviation due to
this cause is denoted sB};
3. Al other errors which are proportional to the magnitude of the count (standard devia-
tion due to the lumped experimental errors is denoted Sy
Since these errors are independent the total error is equal to the vectorial sum of these three
types of errors. Thus,

2 2 & 2
8total ~ C * B ® SEx

The error due to statistical decay is given by

8c= /N 'V“"'g' Eq. (10.22)

where 5 = the total experimental count minus the background count, and
M = the preset count in the timing channel.

The added contribution to the uncertainty over Eq. (10. 20) is due to the fact that the time of
count is uncertain due to the statistics in M. The standard deviation of the background count
is given by a similar expression in which Ng is replaced by Nb the background count. Sub-
traction of the statistical and background error from the total observed standard deviation
yields the experimental error introduced by the counting procedures. This has been estimated
to be approximately 0. 8 per cent. The absolute magnitude of this error is dependent on the
type of wires being counted. For convenience the experimental error has been combined with
statistical and background errors into the family of curves shown in Fig. 10. 1‘7. The experi-
mental error used in preparing this curve was SEx = 0. 0077 Ns where Ns is the sample count
(total count minus background). The effect of various background counting rates are shown
parametrically.

10.13 APPLICATION OF ERROR ANALYSIS

The counting errors which have been determined experimentally may be used to improve
the results obtained from analysis of the flux plot data. An example of such use occurs in the
fitting of a cosine function to an experimental axial flux distribution such as that shown in the
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upper curve of Fig. 10.18. A computer code has been developed for fitting a cosine function to
experimental data. 19 This code can be used either to minimize the quantity Z(y, - y]
which all points have equal weights, or to minimize the quantity
by - n?

z 2y
in which Ay represents the counting error for each point as determined above. When used in
the latter fashion, the weighting provided by the assigned error of the individual points reduces
the influence of the absolute residuals (which are highest near the peak of the cosine distribution).
If the proper parameters have been obtained by the least squares analysis, division of the
individual Y3 values by the determined function evaluated at these respective points will yield
a quantity which is a horizontal line when plotted as a function of x. In this type of represen-
tation, if the value of B in the expression y = cos B(c-x) has been determined incorrectly, the
line will be concave upward or downward, depending upon whether B is too large or too small.
If the value of c is determined incorrectly, the line will not be horizontal. The second curve
in Fig. 10.18 is a plot of this function using the parameters determined without benefit of
point weighting. The lower curve is a plot in which the parameters have been determined in
a weighted least squares analysis. It can be seen that the two cases differ. The weighted
least squares analysis provides a better fit to the data as shown by the fact that the lower
curve is a better horizontal line.
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Chapter 1

TECHNIQUES OF PARAMETER MEASUREMENT
(N HIGH URANIUM CONTENT REACTORS

11.1 INTRODUCTION

This chapter gives the methods used in the measurement of some of the more important
parameters associated with high uranium content reactors. These include thermal utilization,
resonance escape probability, fast fission factor, conversion ratio and the radial distribution
of plutonium formation in fuel rods. The experimental techniques were developed as part of
the TRX lattice program. The TRX reactor itself is described in Chap. 9. It was noted there
that the program on the properties of slightly enriched uranium-water lattices was a cooperative
program with Brookhaven National Laboratory. Many of the techniques developed in the pro-
gram were the result of joint discussions between laboratories and, as a result, the techniques
in use at the various laboratories are quite similar. Those described in this chapter are the
techniques which have been in use at Bettis; they differ only in slight detail, however, from

those used by Brookhaven.

MEASUREMENTS OF THERMAL UTILIZATION, RESONANCE
ESCAPE PROBABILITY AND FAST FISSION FACTOR

by D. Klein and G. G. Smith

11.2 THERMAL UTILIZATION - THEORY OF THE MEASUREMENT

The thermal utilization is defined as the number of thermal neutrons absorbed in the fuel
per thermal neutron absorbed in the reactor. Referring to the description of the TRX in
Chap. 9, the lattice consists of rods of uranium metal or uranium oxide, clad in aluminum
tubing and arranged in a triangular lattice pattern. Of the nuclei present in the lattice, the
thermal capture of the oxygen may be neglected. The expression for f, the thermal utilization,
is then:

f:{nVWNHtrl"‘p."‘ﬁV“N.Alw‘”‘l‘pm : Eq. (11.1)
Vu[Nzs T25 * Nag T2y

555
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In this equation V refers to the volume of a particular material and N to its number density.
The subscripts H, 25, 28, and Al refer to hydrogen, U235. UZ38' and aluminum, respectively.
The cross sections indicated in Eq. (11.1) are to be averaged over the neutron spectrum

present, i.e.,

" Cd
: ‘25(E) Q’U{E} dE
Fp = Eq. (11.2)

25 cd
¢U(E} dE

[+]

where (hu{El is the neutron flux in the uranium in the energy interval dE at energy E. The
average neutron flux is given by the equation

IECd
avy J T eyim am Eq. (11.3)
U

where the spatial integration is carried over the fueled volume of a unit lattice cell. Similar
definitions apply to the other fluxes and cross sections. There are two features to be noted in
these definitions. First, it is presumed that within each of the media present, the spatial
dependence of the neutron flux is separable from the energy dependence, i.e., there is a
single neutron energy distribution for the fuel and another for the moderator. Second, the
upper limit of the thermal spectrum is taken to be the cadmium cut-off energy. This separates
the resonance region from the thermal region (about 0.5 ev for 0.020-inch cadmium).

Two techniques were developed for the thermal utilization measurement. These are
referred to as the differential and integral methods. In the differential technique a series of
small foils are used to make a thermal flux plot along the radius of the rod extending out
into the water. The thermal utilization is calculated from appropriate fits to these data. In
the integral method two sector foils containing U235 are exposed, one within the fuel and the
other in the moderating water. The thermal utilization is deduced from the relative activities
of these two foils.

Figure 11.1 illustrates the two methods. Cross sections of four fuel rods arranged in a
triangular lattice array are shown on this figure. In the upper portion of this figure the cross-
hatched area shows the location of the U235 sector foils which are activated to make the
integral measurement. In the lower portion of the figure the small circles show a typical
arrangement of foils for taking the flux plots in the fuel and moderator during differential
measurement. The details of these techniques will be discussed in the following two sections.

The integral technique has largely displaced the differential measurement for obtaining
values for thermal utilization because of the simplicity of the method. The differential
measurement is valuable, however, since it does provide some detailed data. Results obtained
by the two techniques agree well within the uncertainty of the measurements.

11.3 THERMAL UTILIZATION - INTEGRAL MEASUREMENT
(a) Principle of Measurement. Speaking qualitatively, the principle of the integral
measurement is as follows: Referring to the upper half of Fig. 11.1, half a unit lattice cell is

represented by the area of an equilateral triangle with vertices at the centers of three adjacent
fuel rods. The one-half unit lattice cell can be divided into the six congruent triangular areas

shown.
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THERMAL UTILIZATION FOIL ARRANGEMENTS

Al-U235 ALLOY FOIL

ARRANGEMENT
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Fig. 11.1 - Integral and Differential Techniques for
Thermal Utilization Measurement.
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Assuming that the over-all thermal neutron flux is constant in this region, identical neutron
fluxes pass through each of these six triangular areas. The fission product activity of a foil
placed in one of these triangular areas is proportional to the average neutron flux passing
through the area, and therefore proportional to the average neutron flux passing through the
unit lattice cell. Further, if the foil is cut into two parts, one in the fuel rod, and one in the
water moderator, each part will have a fission product activity proportional to the spatial
average of the neutron flux passing through it. Therefore, the ratio of the activity of the foil
in the water to the activity of the foil in the fuel is equal to ($w/$u}.

To discuss the measurement quantitatively, the aluminum cladding must first be taken
into account. This is treated most simply by assuming the flux in the aluminum to be propor-
tional to the flux in the water and that it lies between that in the water and that in the uranium.
Thus

$A1=K$W Eq. (11.4)

where K is a constant of proportionality

3
—;n—<x<1. Eq. (11.5)
w

Now the neutron spectrum in the water moderator is, in general, different from that in the
fuel. Defining the average cross section for activation of the ene according to Eqgs. (11.2)
and (11. 3) will result in two average values ‘?ZSW and EZSU' The first of these is the cross
section of U‘235 averaged over the spectrum in the water, the second is that averaged over the
spectrum in the fuel.

The experimental measurement in the integral method results in a ratio A, the relative
activation of the foil in the water to the foil in the fuel.

v $
A=_§?‘:§5}I¥_¥-[‘Jy_ Eq. (11.6)

In terms of this measured quantity, Eq. (11.1) for f can be put in the form

- = -1
vg_NHEH . K VAIN_A_IUAI
V. [ VN, T
Fud 14K U~ 25 ZEWN EU 25 25 Eq. (11.7)
1+ 28 28U

N25%25u

Thus a measurement which samples the spatial average of the thermal flux in the water and
the spatial average of the thermal flux in the fuel can be used to infer a value for the thermal
utilization if the appropriate average cross sections for hydrogen, U235, U238 and aluminum
are known. In the application of this method, the cross sections are taken as the average
values for a Maxwellian neutron distribution at 0. 025 ev.

The expression for thermal utilization in Eq. (11.7) consists of cross section ratios in
the same medium, with the exception of the aluminum term, which is small compared to
the preceding term in the bracket. Consequently, the proper thermal neutron spectrum

for averaging the cross sections is of secondary importance. In fact, if i behaved as a



THERMAL UTILIZATION, RESONANCE ESCAPE AND FAST FISSION 559

1/v absorber, the measurement of thermal utilization would be independent of the thermal
spectrum. The error in the measurement due to neutron distributions other than that
assumed is discussed later in this section.

As the thermal flux in the aluminum is not measured directly, its contribution to the
thermal utilization must be estimated. This is done by assuming the constant K has the value
-li{l +1/A). Intracell flux plots obtained from the differential technique support this assumption.
Measurements of the activation ratio A in a wide series of measurements gave values less than
1. 30. Thus the maximum possible error in K is less than 15 per cent. In the same series of
measurements the aluminum term contributed less than 3 per cent to f. Therefore, the maxi-
mum possible error in f due to a maximum possible error in K is less than 0. 4 per cent.

(b) Method of Measurement. The foils used are uranium-aluminum alloy 0. 005 inch
thick. The uranium is enriched to over 90 per cent U?'35 and alloyed at 10 weight per cent with
2S aluminum. These choices make the U235 atomic density in the foil approximately the same
as that in the fuel rods. The shape and location of the foils in the rod is shown in the upper
part of Fig. 11.1 by the cross-hatched area. This area represents a repeating section of a
unit cell of the lattice. Thus, the ratio of the activity of the foil in the moderator to the activity
of the foil in the fuel does represent the ratio of the thermal fluxes in the two regions.

The uranium-aluminum foils are irradiated in the center of the TRX where the radial flux
gradient is essentially zero. The foils in the fuel are positioned between two fuel pieces in a
split fuel rod. The foils in the water are held in a 1/16-inch Lucite foil holder taped to the fuel
rod directly opposite the foil in the fuel. The locations of these are shown in Fig. 11.2 by the
sketch on the right. The ratio of foil A activation to foil B activation yields the activation

ratio required to apply Eq. (1L 7).
Generally speaking, correction for the epicadmium fission in the foils is not important, If

desired, this correction to the activation ratio can be obtained from foils C, D, and E of Fig.
1. 2. The ratio of the activity of foil D to foil C gives the cadmium ratio for the fuel foil B.
The ratio of the activity of foil A to that of foil E gives the cadmium ratio for foil A. The cad-
mium thickness used to obtain the cadmium ratios is 0. 020 inch, corresponding to a cut-off

energy of 0.5 ev.
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The activation of the foils is determined by measurement of the fission product y-radiation
using scintillation counter techniques. The equipment consists of the following components:

A sodium-iodide crystal 1-3/4 inches in diameter by 2-inches thick mounted on an RCA 5819
photomultiplier tube, a regulated high voltage power supply, a pre-amplifier, a linear
amplifier, and a scaler. The foils are calibrated initially by counting the y-radiation of the
natural U235 activity above 90 kev. The relative natural activities of the foils are proportional
to the relative amounts of uranium-235 in the foils (the attentuation of the 90 kev y-radiation
through 0. 005 inch of aluminum is negligible). After the irradiation, fission product y-rays
with energies greater than 400 kev are counted. The 400 kev cut-off is chosen because there
is little v-ray activity of higher energy that does not originate from fission product decay.
Since the activities decay as a function of time, the foils are counted alternately, every other
minute, for about an hour. The decay curves are plotted to obtain the ratio of activities at any
time after irradiation. Air and natural background corrections are made when necessary.

(c) Experimental Investigation of Errors. Several possible sources of error in this
measurement were investigated experimentally. In one case a check was made to investigate
the shadowing effect of the moderator foil on the foil in the fuel. To make this test two fuel
foils were irradiated in symmetric positions. One of the two foils was shadowed by a modera-
tor foil; the other was not. The ratio of the activity of the two fuel foils was found to be
1.00 £ 0.01. This result indicates that there was no shadowing effect.

In another check a series of measurements was also made with foils 0. 0025 inch thick to
investigate the effects of foil perturbation on the measured flux ratios. The results obtained
with this series of foils were consistent with those obtained with 0. 005 inch thick foils within
the statistical uncertainties of the measurement.

In the course of the development of these techniques, one source of error was discovered
which could result in an error of the order of one per cent in the thermal utilization. This
error can arise from the piece used to support the foil in the water. In early experiments
both aluminum and Lucite foil holders were used. To determine whether this resulted in a
difference in the thermal utilization it was decided to measure l&w/‘iul in a lattice using three
different thicknesses of Lucite and three different thicknesses of aluminum. In each case, the
foil holder cover was identical in dimensions with the foil holder, except for the 0. 008 inch
deep foil slot which was cut in the foil holder. Both Lucite and aluminum assemblies were

suspended by Lucite rods.

The results are shown in Fig. 1l. 3. The measured flux ratios are plotted as a function of
foil holder thickness. Each point represents the average of at least three runs; the spreads
are the standard deviations. The straight lines are least squares fits to the experimental
points, ignoring the differences in standard deviation from point to point. Within the error
limits of the measurement, the two lines extrapolate to a common value at zero thickness.

The data show that, first, {&w/?&U) has a small positive slope for Lucite holders, and
second, {$w/ $U] has a relatively large negative slope for aluminum holders. Thus, the use
of thick aluminum holders, and the consequent displacement of moderator by aluminum, can
lead to significant errors.

(d) Errors Associated with Neutron Energy Distribution. There are two possibilities
of errors associated with the thermal neutron energy distribution. First, there is the possi-
bility that some of the foil activation is due to fissioning by neutrons above the cadmium cut-off.
This error can be corrected experimentally by taking the cadmium ratio measurements men-

tioned previously.
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Fig. 1l. 3 - Errors Associated with Lucite and
Aluminum Foil Holders.

The other source of error is associated with the assumption that the energy distribution in
both the fuel and the water is Maxwellian at a temperature of 0. 025 ev. This assumption is,
of course, not correct. It was noted previously, however, that such an assumption results in
an error only because the cross section of UZ35 is not 1/v in its behavior. In the following
discussion the magnitude of the error associated with the assumption will be estimated.

If Eq. (ll.7) is written in the form

f={1+AG}'1 Eq. (11.8)
and for purposes of estimating errors the aluminum capture is neglected,
- -1
_ VwMun N28%28y
G =V N, I+N. 5 Eq. (11.9)
U 25 25W 25" 25U

The changes in G will be examined under various assumptions. From Eq. (11.8), if af is an

error in f resulting from an error AG in G,

af]_ AG
I -n-n4S Eq. (11.10)

so that for the values of f greater than 0.8, the fractional error in f is less than one-fifth
the fractional error in G.

The value of G was computed for two sets of conditions assuming the neutron distribution
in both the water and fuel to be Maxwellian. In the first, the temperature of the neutrons in
the water was assumed to be fixed at 293°K while the tempcraturc of the neutrons in the fuel
was assumed to range from room temperature (293°K) up to 700°K. The value of G, normal-
ized to its value with the temperature in both water and fuel at 293°K, was calculated. These
are given in the center column of Table 1l.1. In the second calculation the value of G was
determined with the temperature of the neutrons in the water and in the fuel equal and ranging
from 293°K to 700°K. The values, normalized to that at 293°K, are tabulated in the third

column of Table 11. 1.
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Table 11.1 - EFFECT OF NEUTRON TEMPERATURE ON VALUE OF G

Temperature Ratio of G Values
of Neutrons Neutrons in Water Neutrons in both Water and
in Fuel (°K) at Room Temperature Fuel at Elevated Temperatures

293 1.000 1.000
400 0.996 1.016
500 0.993 1.022
600 0.993 1. 024
700 0.993 1.020

NOTE: Calculated for 1. 3% enriched rods.

The results in Table 11.1 show that the change in G in either case is small. Since the
neutron temperature in the rods will undoubtedly be higher than the neutron temperature in the
water, the change in G will be of the magnitude given in the center columns of Table 11.1 and
is negligible.

11.4 THERMAL UTILIZATION - DIFFERENTIAL MEASUREMENT

(a) Method of Measurement. The detector used for this method is dysprosium.
Dysprosium has a cross section which is approximately 1/v in the thermal range with a value
of over 1000 barns in the thermal range and about 100 barns at 1 ev. Cadmium ratio measure=-
ments on dysprosium were taken in the TRX moderator and a value of 35 + 1 was obtained.

The dysprosium foils were made as follows: Dysprosium oxide powder was mixed at
50 weight per cent with polyethylene powder and the mixture formed into a 0. 015-inch disc in
a metallurgical hot press. The foils, 0. 065 inch in diameter, were punched from the large
foil. They averaged 800 micrograms per foil. The foils were calibrated by exposure to a
uniform flux. They were placed on a milled hole on the outer edge of an aluminum plate,
three inches in diameter. The plate holding 48 foils was placed in the reflector of the TRX.

Uniform activating flux was obtained by rotating the plate using a long shaft and a 1-rpm motor.

The foils were positioned in the fuel by machining a thin disc of the fuel rod to a thickness
of 1/8 inch. This disc had depressions milled into its face to hold the foils. The locations of
the foils are shown in Fig. 1l.1. The fuel disc holding the foils was located at the center of a
specially constructed fuel rod in order to carry out the irradiation. The foils in the water
were held in a piece of 1/4-inch-thick Lucite with depressions milled in the surface. The
locations of the foils in the water are also shown in Fig, 1l.1. It should be noted that the foils
are arranged along two radii, one along the line joining the centers of adjacent rods, the other
at 30 degrees to this line. The Lucite foil holder was suspended adjacent to the in-the-rod
foils by means of a Lucite rod.

After irradiation, the Dy165 B-rays were counted in end-window Geiger counters. Each
foil was counted in each of four counters to minimize errors due to geometry and to take
account of counter efficiency. The data from the counters were corrected for decay, counter
dead-time losses, and foil calibration. The resulting normalized averages were plotted as a
function of radial distance from the center of the fuel rod. Figure 1l.4 is a plot showing
typical data for a metal fuel rod 0. 600 inch in diameter.
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(b) Method of Fitting Data. The first step in treatment of the data is the conversion
of the hexagonal unit cell of the lattice to a cylindrical cell having the same relative water and
uranium volumes. If R is the radius of the equivalent cylindrical cell, ry; the radius of the
fuel in the rod, and (a) the radius of the outside of the aluminum cladding, R is given by the

equation

Eq. (11.11)

(R - az] _ ‘%{
= =
Tu
where W/U is the water-to-uranium volume ratio of the actual lattice.
Within the fuel rod the experimental flux data are fitted by least-squares technique to a

diffusion type equation
¢ =AI (kr) Eq. (11.12)

where 10 is a modified Bessel function of the first kind. In Eq. (11.12), A is a normalizing
constant and k is the reciprocal of the diffusion length, ¢1 is the flux corresponding to the
radius ry.

In the water region the data are also fitted to a diffusion type expression by least squares.
The expression is

¢;=S-B [IltkaKO{kwrj) + K, (kyR) I {kwrj)] Eq. (11.13)

In this expression the I's and K's are modified Bessel functions of the first and second kind,
respectively. R is the cell radius as defined by Eq. (11.11), ¢ is the flux value at the radius
rj, and kw is the reciprocal of the diffusion length in the water {taken to be 0.4l em” } Sis
the source term and B is an arbitrary constant to be determined. In fitting the experimental
data the fit is made to the average of the rod-to-rod and the median line data. The solid
curve plotted in Fig. 11.4 is a fit of the data carried out as described,

The average fluxes in the uranium fuel and in the water are obtained by integration of

Eqgs. (11.12) and (11.13). Thus for the fuel rod
T BT (L) Eq. (11.14)
rod kry I Tu Q. '

where ry is the radius of the fuel in the rod. For the water

H I) ky(R) K;(kya) - K;(kR) L(ka) Eq. (11.15)
o (R _a)}{ wiR) Ky 1 }

and for the aluminum, the average of the fluxes on the two sides of the cladding is taken

_ #ylry) + éga) .
dp = ——— Eq. (11.16)
Equations (11.14), (11.15), and (11. 16) give the flux averages to be used in Eq. (11.1).
The average cross sections are, as before, taken to be Maxwellian averages at room temper-
ature. Thus all the quantities necessary to calculate the thermal utilization are known.

(¢) Summary. As noted previously, in those lattices in which both the differential
and integral methods were used *the results for the flux ratios in the water to fuel agreed well.
Thus either method could be used to obtain satisfactory data. The integral method, however,
has largely displaced the differential method for the following reasons:
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1. The integral method can be used for lattices with small water -to-uranium volume
ratios and for lattices of small diameter rods, where a point-by-point flux plot
with dysprosium foils would be impractical.

2. The foil activities obtained in the integral technique are directly related to the
average thermal fluxes in the fuel and moderator. Therefore, the data reduction
in the integral method is simpler than that in the differential technique.

3. The dysprosium foils used in the differential method are small and relatively
fragile. They may chip at any time, changing their Dy203 content and therefore
must be calibrated each time they are used. In contrast to this, the integral
method utilizes relatively large metal alloy foils which are not fragile. They
need to be calibrated only once, while still virgin, to obtain the relative number
of uranium atoms in a pair of foils.

In assigning errors to thermal utilization measurements the uncertainties are determined
by combining the following standard deviations:

1. A 2 per cent uncertainty in the cross section values.

2. An estimated 2 per cent uncertainty in the measured flux ratio ($W/ $U]. including
the uncertainty in the foil calibration. In the most recent measurements the
uncertainty in f is estimated to be about + 0. 005 for a value of f around 0. 8.

11.5 RESONANCE ESCAPE PROBABILITY - THEORY OF MEASUREMENT
238

The resonance escape probability in U will be defined in the following way:
(q)
p e —Cr— - Eq. (11.17)
Q) +Z,. ¢,
28 . St T 238
where p°* is the resonance escape probability in U (q), is the density of neutrons slowing
down past the cadmium cut-off energy €., per second, and Eif_ ¢, is the epicadmium radiative
capture in U 38
L]
28 28
T 0= f = (E)$(E)E Eq. (11.18)
€cd

Now the density of neutrons slowing down past the cadmium cut-off energy is equal to the
density of neutrons captured in the thermal group, if thermal leakage is neglected. Of the
density of neutrons captured in the thermal group the fractxon f(q} is the rate of capture in
fuel. If R is defined to be the ratio of radiative capture in U Foly in the thermal region to the

total thermal capture in fuel, by definition

N, .o
s 28+ab218 . Eq. (11.19)
28 a28 25 a2b

R =

where the &'s represent averages of the absorption cross section over the thermal flux spectrum

in the fuel rod and the N's represent number density.
The rate of thermal capture in U &8 is then f R(q}
Now, p is defined to be the ratio of radiative capture in U 238 above the cadmium cut-off

energy to the radiative capture in Uz 8 pelow the cadmium cut-off energy. This ratio

is equal to the ratio of rates of capture, i.e.,
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Z:“B' b Eq. (11.20)
p= q. ;
f R(q}c
Substitution of Eq. (11.20) into Eq. (11.17) gives the result

28

1_-2%_=pr Eq. (11.21)

P

To determine pzs, the quantity p is measured. The thermal utilization is measured by the
techniques discussed previously. The quantity R is determined by taking Maxwellian averages
of the cross sections at room temperature.

The choice of definition for pz8 was made for the following reason: The conventional
dezfégition requires the determination of the number of neutrons escaping radiative capture in
U

definition requires a knowledge of the competition between I.lz3
tions, such as in U235. as well as a correction for the leakage of resonance energy neutrons.
It should also be noted that this definition for p2° 238 4

includes the capture by U in the energy
region between 0233 resonances as well as that in the resonances themselves. In other words,
8

in slowing down to the thermal group per neutron entering the resonance region. Such a
& absorption and other absorp-

the so-called smooth 1/v epicadmium radiative capture in UZ3 is lumped into the resonance

capture.
11.6 RESONANCE ESCAPE PROBABILITY - MEASUREMENT TECHNIQUE

The determination of the resonance escape probability reduces to a measurement of p, the

ratio of epicadmium to subcadmium radiative captures in U238. Two methods have been used

to measure this quantity.
(a) Depleted Foil Method. Radiative capture in U

238 239 B, 239 _B7, v 239
U MmN U e > W S 3ne > Pu

38 leads to the following reaction:

In the de-excitation of the excited states of Pu239 to the ground state by internal conversion, a

103 kev X-ray is produced. The intensity of this X-ray is proportional to the U238 radiative
capture.
The determination of p is made in the following manner. Two highly depleted uranium

foils (5 ppm U235). one cadmium covered and the other bare, are exposed in flux-symmetric

positions in a fuel rod. The 103 kev activities are measured with a Nal scintillation spectro-
meter and compared at the same time after shutdown. A typical loading scheme is illustrated
in Fig. 11. 5,

The spectrometer consists of a NaI{Tl) crystal 1/2 inch thick and 1-3/4 inches in diameter,
mounted on an RCA 5819 photomultiplier; a linear amplifier, and a twenty-channel pulse height
analyzer. The activities of the two irradiated foils and one unirradiated foil (used for natural
background corrections) are scanned for at least one half-life (56. 3 hours). By subtracting
the activity of the background foil from the activities of the two irradiated foils, p is deter-
mined from the following relationship:

(np?3?
activity of bare foil) - (sz

activity of cadmium-covered foil)
39

p=
N2

A plot of typical experimental data is shown in Fig. 1. 6.

activity of cadmium-covered foil)
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FOIL ARRANGEMENT FOR RESONANCE ESCAPE
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Fig. 11.5 - Irradiation Package for Resonance Escape Probability Measurement.
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103 KEV X-RAY ACTIVITY vs. TIME
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Fig. 11. 6 - Depleted Foil Decay Curves.

(b) Radiochemical Separation Technique. The quantity p can also be measured by

using a radiochemical separation technique. In this technique natural uranium foils are used
since depleted foils are not required. After irradiation in the arrangement shown in Fig. 11.5,
each of the foils is dissolved in hydrochloric acid. Equal amounts of sz AT tracer are added
to each of the two solutions and the neptunium is separated from the uranium and fission product
contamination by radiochemical techniques.

The Np239 decay rates of the two solutions are determined by 8 counting the decay of Np
to Pu”3? with an end-window Geiger counter. To eliminate counts due to « particles, a

0. 001-inch aluminum foil is placed over the window of the counter.
239

239

To obtain the desired ratio of Np activity in the bare foil {N ) to that in the cadmium-
covered foil {NCd) corrections are necessary for the original foil weight. the yield of Np from
the separation and the amounts of tracer Np added to the solutions.

If the observed B counting rates of the separated material from the two solutions is desig-
nated as Nb and NI, , for the bare and cadmium foils, respectively, the corrected ratio is given

Cd
by Eq. (11.22).
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N N! w a, T
b b Cd Cd b
| == R [ | S A Eq. (11.22)
[NCd] [ch][wb ][“b]['rca] % |

Weq and W are the weights of the original two foils. The ratio of the yields of neptunium
from the chemical solution is given by

=] |

This ratio is determined by a counting the I~I:p23'7 tracer activity (it is assumed that the yield
of sz” is proportional to the yield of sz“}. This a-activity must be corrected for the ratio

=

which is the ratio of the amounts of sz37 added to the original solutions unless special care
is used to make this ratio unity. By careful pipetting, a ratio of 1.000 + 0.0005 has been

achieved.
The weights W of the original foils are determined by weighing with a microbalance. To

assure a uniform deposit with uniform « absorption, the separated neptunium is electroplated
onto a platinum foil one inch in diameter and 0. 005 inch thick. This foil is used for both the

a and B counting. The e-activity is determined by using a proportional flow counter with a con-
tinuous flow of gas with composition 90 per cent argon + 10 per cent methane. The B-counting
is performed as described previously. The T's are determined by standard volumetric chem-
ical techniques.

To assure that each separation and its associated counting are properly performed, two
bare and two cadmium-covered foils are irradiated simultaneously. After normalization by
Eq. (ll. 22), the ratio of the activities of the two bare foils as well as the ratio of the activities
of the two cadmium-covered activities should be unity.

In comparing measurements which have been made, the results of the radiochemical
separation technique and the foil technique have agreed well within their experimental errors.
Generally speaking, the foil technique is preferred where applicable and if the necessary
electronic equipment is available. The radiochemical technique has served to establish the
foil technique, however, and has been useful in making a number of auxiliary experiments.

(c) Experimental Investigation of Errors. In the experimental technique for foil
irradiation shown in Fig. 11. 5, several auxiliary materials are included in the foil packages.
These have been found necessary by experimental studies. The 0.002-inch aluminum foil on
each side of the foil undergoing irradiation is necessary to prevent contamination of the foil

by fission products from the adjacent fuel material.

In the cadmium-covered package, a fuel wafer 0.100 inch thick is included in the package.
If this were not done, the relatively thick cadmium would permit strcaming of rescnance energy
neutrons from the moderator on to the surface of the foil. The magnitude of this effect has
been measured. The results are presented in Table 1. 2. The last row of data on this table
corresponds to the 0.100-inch fuel spacers normally used in the measurement. The data
indicate that only a very small spacer thickness is required to stop the streaming of resonance
neutrons. It should be noted that the spacers must be of the same composition as the fuel, so

that the absorption and scattering characteristics of the fuel are matched.
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Table ll. 2 - p VERSUS FUEL SPACER THICKNESS

Thickness (U2> atoms/cm?® x 10~29) Cadmium Ratio (Relative Value)
0 1.00 £ 0,04
6.1 1,13 £ 0,02
30.5 1.19 £ 0.02
61.0 1.20 £ 0,02
122.0 1.20 £ 0.02
e —
In the foil technique, the use of depleted material was found to be necessary because of

the errors introduced by radiation accompanying the decay of U335 fission products. After

considerable effort to correct for this contamination, it was found necessary to resort Lo
depleted foils. The chemical separation technique, of course, permits the use of natural
uranium foils.

The effect on the magnitude of p of suppression of fissions by thermal neutrons within the
cadmium box has also been determined. The resonance activities of two foils, one surrounded
by a cadmium sleeve 0.6 inch high and the other foil surrounded by a cadmium sleeve 0.1 inch
high, were compared. The ratio of the foil activities was 1. 015 + 0. 02. The effect, if it
exists, is within the uncertainty of the experiment.

Experiments have been performed to estimate the effect of the cadmium thickness on the
measurement of p. If U238 exhibited only resonance structure, which was well above the
cadmium cut-off energy, there would be no cadmium thickness effect. There is, however,

1/v absorption in U238

. As the thickness of the cadmium increases, it becomes more opaque
to higher energy neutrons. A series of measurements has been made at several cadmium
thicknesses to determine the extent of this effect. The results from these experiments
yielded a change in p28 of 0.7 + 0. 1 per cent for a change in the cut-off energy from 0, 38 ev
to 0. 50 ev (0. 010 inch of cadmium to 0. 020 inch of cadmium).

A check has also been made on the use of depleted metal foils in the determination of p in
oxide lattices. Two low density oxide pellets 0.100 inch thick, one bare and the other cadmium
covered, were chemically separated after irradiation. The value of p obtained by using oxide
pellets was consistent, within the experimental uncertainty, with the value obtained using metal
foils. This experiment confirms the belief that the thin metal foils sample the resonance flux
without perturbing it.

The estimates of the uncertainty in 1:1ZB are the result of a combination of a 3 per cent
uncertainty in p, a 0.5 per cent uncertainty in the thermal utilization and a 2 per cent uncer-
tainty in the cross-section values comprising R. In the most recent measurements the

uncertainty in p28 is approximately + 0. 005 for a value of p28 around 0, 8,

11.7 FAST FISSION IN URANIUM-238 - THEORY OF THE MEASUREMENT
The energy threshold for fission by neutrons in UZ:‘18 is approximately 700 kev. Since a

substantial fraction of the neutrons emitted in fission of 0235
238

and U?",’8 have energies above
this threshold, such neutrons can cause fission in U before they become degraded in
energy. Several quantities can be defined which are measures of this effect. One of the least
ambiguous is the quantity 628 defined as the ratio of fissions in U238 to those in Uzss. By

definition
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NZ® fb 8E) o(E)AE

"Sf o2 °(E) $(E)E

Eq. (11.23)

238 .toms in the fuel, le?s is the number density

In this equation N%-B is the number density of U
238

of 0235 atoms, urza{E} is the fission cross section of U

the fission cross section of U‘235 as a function of energy and ¢(E) is the neutron flux in the

interval dE at energy E.
To determine 623 experimentally, two foils are exposed to the neutron flux in the reactor.

One is a partially depleted foil having number densities of U238 and U235. g& and le)s
28 25

respectivel Another foil is slightly enriched and has the number densities N and N, for
pe Y. ghtly E E

the UZ:"B and UZ35. respectively. The two foils are exposed and the fission product activity

measured as a function of time after exposure. The fission product actlnty of '(123'8 will decay
at a different rate in general from that of U235 fission products. Let p. [t) and |-L (t} be
proportional to the measured activity of U238 and U235 fission products at a time (t) after

fission. Define P(t) as the ratio of these functions.

as a function of energy, tZS{El is

25

P(t) =t Eq. (11.24)
)

(t)
The experimental quantity which is measured is v(t), the ratio of the activity of one foil,
say the depleted foil, to the other, i.e., the enriched foil, as a function of time after exposure.
For equal weights of the two foils

o0 00
2 2
28 4 NIZJS f ol 8(E) H(E)dE + u2(t) ND5 fo cfstEI $(E)dE

7t = ° - Eq. (11.25)
By N2 [ oZPmemae + W50 Ny [ of (E) $(EVE
o

Equations (11.23), (11.24), and (11.25) can be combined to give for 628

NZB
F
-—Z—s") Eq. [ 11. 26}
Np

If the enriched foil has the same enrichment as the fuel, the last factors in Eq. (11. 26) cancel.
Equation (11. 26) states that 628 can be measured by determining the relative fission product
activities in two foils of different U235 content; however, the quantity P(t), the relative
activity of the Uz35 and U'238 figsion products being measured, must be known as a function of
time after shutdown.

It may be of interest to note that the fast fission factor € may be determined from 628.
Thus

8
-1 .28
€-1 ="—vﬁ—15 Eq. (11.27)

25 238

where v28 and v°° are the number of neutrons emitted per fission of U and UZSS. respec-

tively. This definition of € differs from a more customary one in which the numerator of
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Eq. (11.27) is {vzg -1 - QZS} where 028 is the ratio of capture to fission cross section for
U?"?'8 averaged over the energy interval of interest. The definition of Eq. (11, 27) is given
here because when used with the definition of ]:o28 given previously, Eq. (11.17) the correct

four -factor value for kw is obtained.

11.8 FAST FISSION IN URANIUM-238 - METHOD OF MEASUREMENT

(a) Foil Measurements. The quantity y{t) is measured by placing a 0. 005-inch
uranium foil, depleted in U235. and a similar foil, enriched in Uz35, together in a fuel rod
in the center of the lattice. The arrangement of the foils is shown in Fig. 11.7. The foils
are protected against fission product contamination from the fuel rod by 0. 001-inch aluminum
foils.

After irradiation the foils are removed and the resultant fission product activity is counted
on a Nal scintillation counter biased to reject pulses below 1.2 Mev. This bias is chosen to
eliminate those y-rays caused by bremsstrahlung of the U239 B-rays, which have a maximum
energy of 1. 2 Mev. The reason for this will be discussed later in connection with experi-
mental problems.

(b) Measurement of P(t). Before describing the method of determining P(t) it would
be well to recall what is needed. What is required is a constant of proportionality as a function

of time between the measured gamma activity of the foil and the total number of fissions
which had taken place in the foil originally. The constant of proportionality is required for
both the depleted and enriched foil. The constant of proportionality may be wrong by a factor
provided the constants for both foils have the same error since it is only the ratio that is
required.

The determination of P(t) provided some formidable experimental difficulties. Their
resolution was in the form of a fairly complicated double-chamber fission counter. The design
of this chamber is shown in Fig. 11.8. The two chambers were separated by an aluminum
center piece. This piece was split so that foils could be placed within the center piece and

8

irradiated in the same flux as the active parts of the counter. On each of the two faces of the
center piece two nickel discs were mounted in depressions machined into the center piece.
The outward face of each nickel disc, i.e., the face toward the chamber, was coated with
uranium electrolytically deposited to a thickness of 0.1 mg/cmz. One face was coated with
depleted uranium, the other with the slightly enriched uranium, each having the same isotopic
content as the foils used for the measurement. Through the electrolytic deposition technique,
the quantity of uranium deposited on each disc was accurately known to within + 3%.

The two foils, shown in the lower part of Fig. 11. 8, were mounted inside.the center piece
of the chamber during the measurement. The total number of fissions in the depleted foil is
proportional to the total count of the fission counter with the depleted deposit, while the total
number of fissions in the slightly enriched foil is proportional to the total count of the chamber
with the enriched deposit. Furthermore, the relative efficiencies of the chambers were
determined by interchanging deposits. Thus the ratio of the fissions in the two foils is known.

To make the determination of P(t) the fission counter was irradiated in the reflector of
the TRX critical facility. The length of irradiation was made equal to that used for a fast
fission measurement. The total count of each chamber during the measurement was recorded.
After the irradiation, the foils in the center piece of the counter were removed and the result-
ant fission product activity counted on a scintillation counter using the same bias as is used for
a fast fission measurement.



THERMAL UTILIZATION, RESONANCE ESCAPE AND FAST FISSION

FOIL ARRANGEMENT FOR FAST
FISSION FACTOR MEASUREMENT

s = |

N
-
c
m
r

A\

y A S SN S S S S A A a— - |
piegp—————————

24 IN.
10.600 IN.
f¢— OR—>
No.387 IN.
\//
i
~/ 0.002 IN.
v ¢ ! / 0.005 IN.
0.002 IN.
4 \// \ 0.005 IN.
! i 0.002 IN.
by M
N N
q y
r L
i ///,;‘———Al. TUBE,
24 N, FUEL™ N
0.005 IN.

y A S S A S S —
F—a—r— — 17

NN

=

Al. FOIL

DEPLETED FOIL (SPPM U
Al. FOIL

ENRICHED FOIL (1.3% OR 1.15%)
Al. FOIL

235 )

0.026 iN. WALL THICKNESS

AIR GAP

Fig. 1. 7 - Arrangement for Fast Fission Measurement.

573




574 TECHNIQUES OF PARAMETER MEASUREMENT IN HIGH URANIUM CONTENT REACTORS

DOUBLE CHAMBERED
FISSION COUNTER

URANIUM

FOILS (See Below)
DEPOSITS
\ ———————— 3N,
Ay Vs
2s N / HIGH VOLTAGE
ALumnuu\ ™ AND SIGNAL
' CONNECTION
ARGON
3N, /))}1- | Mlnpur
\ ¥4
X
'rsnon/ \
INSULATION \—ANODE

FOIL ARRANGEMENT

DEPLETED FOIL

-
0.005 IN. THICK AL. ANNULUS CENTERED
DORE N AL > ABOUT 0.005 IN. THICK URANIUM FOIL

-\
e ENRICHED FOIL

Fig. 1l. 8 - Counter for Determination of P(t).



THERMAL UTILIZATION, RESONANCE ESCAPE AND FAST FISSION 575

The data taken from such an irradiation experiment are reduced by the following analysis.
The ratio of the fissions per uranium atom recorded from the deposits in the double-chambered
counter can be written as

28 28 25 [T 25

N, of (E) $(E)AE + Npj A o (E) $(E)dE

C = Eq. (11.28)

o)
= =) =)
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As before, the ratio of the fission product activities from the foils normalized to equal weights,

can be written

-] o0
w8 N2 j; oZ8(E) $(B)aE + * () NEY j; o7"(E) $(E)IE

7t = Eq. (11.29)
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Using the definitions given previously by Eq. (11.24) and eliminating the integrals between
Egs. (11.28) and (11. 29), the equation for P(t) reduces to

28,28 (zs 25)
25 (ND/NE) - 7. JC - \Np /NE

o o - WD) | BN -c
8

The value of P(t) given by Eq. (11.30) is then used in Eq. (11. 26) with y(t) to obtain 6z .

The double-chambered counter used in this experiment is a continuous flow type using
argon gas. A typical characteristic curve of the counter's neutron response is shown in
Fig. 11.9. In the operating range, from discriminator settings of 15 to 40 volts, the plateau
has a slope of 2 per cent. Experiments with deposits interchanged have shown that the two
chambers have characteristic curves and counting efficiencies that agree within 2 per cent.

A curve of P(t) is plotted in Fig., 11.10. This curve is dependent to some extent upon the
time of irradiation and the efficiency and bias of the scintillation counter. It is, however,
independent of the lattice in which it is measured. The slope of this curve is uncertain to
2 per cent, although the uncertainty in the magnitude of the curve is 5 per cent, due to the

Eq. (11.30)

following uncertainties:

1. A 3 per cent uncertainty in the relative amounts of uranium in the enriched and
depleted deposits of the fission counter;

2. A 2 per cent uncertainty in the relative efficiency of the two chambers in the fission
counter;

3. A 2 per cent uncertainty in the background counting rate observed from the fission
counter when it was irradiated without any fission element in it.

(c) Experimental Problems. One of the difficulties originally encountered in the fast

fission measurement was an apparent variation of 628 with the time after shutdown at which

the activity ratios were measured. This was traced finally to the bremsstrahlung in the
uranium foils from the 1.2 Mev f-ray emitted by v® 39. 9 This is sufficiently energetic to
produce pulses of energy greater than the originally used 393-kev counting bias. Figure 11.11
shows the value of 628 obtained using a 393-kev bias and the 1. 22 Mev bias as a function of time
after the irradiation. The UZ39 decay has a 23.5 minute half-life which would make its effects
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most noticeable during the first hour or so after shutdown. It should be noted that the effect
came about because of the difference in neutron spectrum between the lattice where the foils
were irradiated and the reflector where P(t) was determined.

(d) Effect of Neighboring Rods. One of the interesting questions in fast fission effects
in water lattices is the effect of neighboring rods compared to the neutrons born in the parti-
cular rod.

It has been noted from the data that there appears to be no dependence of the fast fission
on rod size, fuel composition, or enrichment. Mean free path arguments indicate that a con-
siderable fraction of the fast flux is due to neighboring rods. The strong coupling of rods in
typical TRX lattices causes the fast fission factor to behave as if these lattices were homo-
geneous, i.e., to depend only on the water-to-uranium ratio.

In one of the high density oxide lattices the fraction of fast neutrons which cause a fission
in U?'?'8 in the same rod in which they are born was measured. This was done by comparing
the fission product activity of a highly depleted (5 ppm) uranium foil in a split fuel rod with
that of a highly depleted foil in a rod in which the fuel had been replaced by lead. It was found
that about 10 per cent of the UZ?'B fissions in a rod are caused by neutrons born in that rod.
The experiment supports the argument that the fast fission effect is mainly dependent on the
water-to-uranium atom ratio for low enrichment lattices.

(e) Estimate of Errors. The over-all uncertainties in the most recent fast fission
measurements are estimated to be about £+ 0. 003 to + 0. 004 in a value of 528 of about 0. 05 to
0.08. This uncertainty is a combination of the uncertainties in counting statistics in measuring
7 and the counting statistics and other uncertainties listed above in the determination of P(t).

11.9 EPITHERMAL FISSION IN URANIUM-235

A quantity which is often of interest in both highly enriched and high uranium content
reactors is the fraction of the total 0235 fissions which are epithermal. By defining the upper
energy limit of the thermal group to be the cadmium cut-off energy, for a given cadmium
thickness, the measurement becomes extremely simple. Basically two foils containing U235
in a known ratio are required. The foils are exposed to a given flux in the reactor, one foil
being bare and the other cadmium covered. After exposure, the fission activity in the foils is
counted and the cadmium ratio Rc determined.

Activity of Bare Foil
R, = Activity of ZEaEEIum-Coverea Foil Eq. (11.31)

The ratio of epicadmium fissions to the total number of fissions is defined as §%°. By defini-
tion then

25 1
£* gt Eq. (11.32)
R_-1

In making the measurement, foils made of e alloyed in aluminum, such as were used
for the thermal utilization measurement, are convenient to use. The method of exposing the
foils to determine the cadmium ratio either in the fuel or in the moderator is shown in
Fig. 11.2.

Foils can be intercompared by using them alternately for the bare foil and the cadmium-
covered foil. Care must be exercised in keeping the cadmium-covered foil some distance from
the bare foil since the cadmium depresses the thermal flux locally. The separation shown in
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Fig. 11.2 is satisfactory. Another precaution to be observed is to make certain that no water

or other hydrogenous material gets inside the cadmium cover.

THE SPATIAL DISTRIBUTION OF RESONANCE NEUTRON CAPTURE
IN URANIUM-238 '

by D. Klein, W. Baer, and G. G. Smith

The radial distribution of resonance neutron capture in a rod of uranium metal has been
determined by two methods. One is called the foil method, the other, the spiral method. The
measurements have been performed on a 1.3 per cent enriched rod of 0. 387-inch diameter.

11.10 THE FOIL METHOD FOR DETERMINATION OF THE SPATIAL DISTRIBUTION OF

RESONANCE CAPTURE
The detectors used for this measurement were UM8 metal foils, 0.004-inch thick by
0.119 inch in diameter, depleted to 5 ppm of UZ35. The foils are stacked in a 0. 125-inch
diameter hole drilled across the diameter of a 0. 387-inch uranium metal fuel rod. The

arrangement is shown in Fig. 11.12.
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Fig. 11.12 - Foil Arrangement Used to Determine
Distribution of Resonance Capture.
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At each end of the hole, the metal fuel rod is milled flat to a distance of 1/8 inch above
and below the hole, so that the surface of the end foil will be coplanar with a flat surface.
Foil positions within the rod are determined relative to this foil surface.

The method of loading the fuel rod section containing the foils is shown in the lower part
of Fig. 11.13. This sketch also shows the cadmium cover arrangement which is used. After
loading the foils in the fuel rod, it is irradiated at the center of the TRX lattice.
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Fig. 11.13 - Location of Foils and Spiral in Fuel Rod.
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mab captures is identical to that described in Sec. 11. 6

The method of determining the U
on the resonance escape probability. As described there, the 103 kev X-ray produced in the
decay of Pu239 to the ground state is measured. Background corrections were checked and
found to be less than 0.5 per cent of the total count at the lowest counting rate, and so were
neglected.

It might be considered that the location of the foils relative to the surface of the rod is
extremely important and must be carefully measured if this method is to be applied. On the
inner foils, in addition, the various points on the foil are at somewhat different distances from
the surface. These difficulties are minimized by the nature of the absorption. As will be
seen later in results of the experiment, the spatial absorption curve drops very rapidly in the
first few thousandths of an inch and then becomes relatively flat. For this reason the precise
position of the inner foils is only of minor importance. The fourth foil, whose position is
nominally 0. 016 inch from the flat surface, does not vary in distance from the surface by more
than 0. 001 inch on the average. This variation can be neglected for this foil.

The problems associated with the location of the surface foils were also examined. Since
it was not always possible to be sure that the surface of the end foil was coplanar with the rod
surface to within less than 0. 0005 inch, these end effects were also investigated. Experiments
were performed with a foil taped to the flat surface of the fuel rod but above the hole. The
activation of this foil agreed to within 2 per cent with the activation of a foil coplanar with the
surface.

An experiment was also performed in which the first foil was replaced with a 0. 004-inch
foil of aluminum. The activation of the second foil was then compared with the activation of a
foil coplanar with the surface. These activations agreed within the experimental errors.
These checks indicate that the activation measured is due, almost entirely, to the normally
incident flux on the surface of the foil and that end effects are unimportant.

11.11 THE SPIRAL METHOD FOR DETERMINATION OF THE SPATIAL DISTRIBUTION OF
RESONANCE CAPTURE

The second method for measuring radial resonance capture in U23
natural uranium metal foil. The arrangement of this foil on the slightly enriched metal fuel is
shown in Fig. 11.14. The spiral, which is 1/8 inch wide, 30 inches long, and 0,002 inch
thick, is wound onto an extension of the 0.387-inch fuel piece. This extension has been reduced
in diameter to 1/4 inch, as shown on the figure. After wrapping the spiral on this extension|
it is held in place by 0. 00l-inch thick Mylar tape. Measurements of the thickness of the spiral
strip and the diameter of the finished assembly indicate that no more than 0. 0005 inch of air

9 uses a spiral of

is present in the winding.

The spiral assembly is mounted in the fuel rod as shown in the upper part of Fig. 11.13.

A cadmium cover is provided as with the foil method. The assembly is irradiated at the center
of the TRX lattice.

After irradiation, 0. 2-inch long pieces are cut from each successive turn of the spiral.
These pieces are cut from that section of the spiral which is 180 degrees from the point where
the innermost turn of the spiral starts. Identification of this position is made by notching the
spiral after it is wound onto the uranium metal. The determination of the resonance capture
is made by the radiochemical separation technique described previously in Sec. 11-6 on
resonance escape probability. Each of the foils is dissolved separately, neptunium tracer is
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Fig. 11.14 - Spiral Method for Determination of
Distribution of Resonance Capture.

added and a neptunium separation carried out. Following this the solution is electroplated
onto platinum foils and ¢- and B-counting is performed.

11.12 DATA TREATMENT - SPATIAL DISTRIBUTION OF RESONANCE NEUTRON CAPTURE

A composite curve made up of three foil runs and three spiral runs is plotted in Fig. 11.15,
where foil activation is shown as a function of the distance from the rod surface. The runs
were normalized together utilizing the points from 0. 040 inch through the center of the rods.
Points where the gradient of the curve varied rapidly were omitted from the normalization.
This method of plotting was chosen, as compared to a histogram method, because all the foils
were not of the same thickness. Since over 100 foils were used (different foils were used for
each run), the normalization of runs would have been more difficult.

The positions of the foils were plotted at their mid-points. The position of the foil from
the surface of the rod was determined by measuring the thickness of each foil. Since the
surfaces of the detectors were not flat to better than 0. 0004 inch due to oxidation and mach-
ining, the uncertainty in the position increases with depth. As discussed above, however, the
effect of increasing foil mispositioning at large depths is not severe. The uncertainty in the
position of the first foil is 0. 0003 inch and the uncertainty in the position of the fifth foil is
0. 001 inch.
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The position of the foil should also be corrected for the attenuation of the 103 kev activity
and for the non-linearity of the spatial absorption through a foil. Only the latter effect need
be considered for the spiral method. The position at which a point should be plotted is deter-

mined from the following expression:
d+b
[ e e */N ax

d
#x) = +b
fd ca'th dx
d

Eq. (11.33)

where
$(x) is the assumed spatial variation of the resonance flux. (Slab geometry can be
assumed for the small distances considered.)
A is the attenuation factor in uranium for the 103 kev X-ray (0. 016 inch,
d is the depth of the foil measured from the surface
b is the thickness of the foil

b r & v & = 4
T oy 5 A =
a0 —
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Since the position of the first foil would vary the greatest, the calculation was made first for
this foil. The attenuation effect would shift the position at which the first foil is plotted by
0.00014 inch. The correction would decrease for the other foils. Since other larger uncer-
tainties exist, this correction has not been applied. The surface of the foil nearest the outer
surface of the rod was always placed nearest the scintillation counter. For the first foil,
where the gradient of the spatial absorption curve is greatest, the front-back counting rate
difference is 4 per cent. This difference is consistent with the spatial shift calculated above.

THE MEASUREMENT OF CONVERSION RATIO
by W. Baer

11.13 THEORY OF THE CONVERSION RATIO MEASUREMENT

. 3
The conversion ratio for UZ 5-—U?'38 systems will be defined for a point, or small region,

of a reactor as follows:

Conversion - Rate of Formation of Plutonium-239 at the Point
Ratio Rate of Destruction of Uranium-235 at the Point

= Rate of Epithermal Capture in Um'3 + Rate of Thermal Capture in U233
Rate of Epithermal Absorption in U235 + Rate of Thermal Absorption in U235
Eq. (l1.34)

The U233

The over-all conversion ratio of a reactor is obtained by integrating the numerator and
denominator of Eq. (11. 34) over the volume of the reactor and forming their ratio. This

absorption includes both fission and radiative capture.

section will be concerned with the technique for measuring the conversion ratio in a small
region, i.e., a single fuel element, in a reactor.

Brief consideration should also be given to determining if the conversion ratio can be
calculated from the measurements discussed previously. In connection with the resonance
escape probability a quantity p was defined | Eq. (11.20)] which was the ratio of epithermal to
thermal capture rates in U238. This quantity was measured experimentally by a bare and
cadmium-covered foil measurement. Another parameter which is required is the quantity R
defined as the ratio of thermal capture rate in UZ'?'8
U”’5 and U238 [Eq. (11.19)]. The parameter R is determined by integrating cross sections.

Finally, the ratio of the epicadmium fission rate in T the total fission rate was defined
235

to the sum of the thermal capture rate in

as 625 |Eq. (11.31)]. This parameter is related to the cadmium ratio R. of U
From these quantities an expression can be deduced for the conversion ratio

R -1
C.R. ={p+l}(l l:"1.{)( QR ) Eq. (11.35)
c

The only assumption necessary is that the ratio of epithermal absorption rate in U235 to the

total absorption rate is the same as the ratio of the respective fission rates, i.e., the epi-
thermal value of a’> for U>>° is the same as the thermal value.

Since in general the epithermal-to-thermal flux ratio will vary from point to point in a

complex reactor, it is necessary to measure p at the point in the lattice at which the conversion

ratio is desired. Similarly, R ¢ Will vary from point to point.
In developing a technique for measurement of the conversion ratio in the blanket lattice of
the PWR reactor, a somewhat more direct approach was finally adopted. This method
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eliminated the necessity for exposing both bare and cadmium-covered foils in each fuel rod of
the lattice. The method in essence is as follows: Exposing a high U238 content foil permits a
measurement to be made which is proportional to the plutonium formed in the foil. This uses
the measurement technique developed for the resonance escape probability measurement.
Exposing a highly enriched foil permits a measurement to be made which is proportional to
the U235 fissions which have occurred. This is the measurement technique developed for the
thermal utilization measurement. The factors of proportionality corresponding to the absolute
events in these two foils need not be obtained independently. Only the ratio of the proportion-
ality factors is required. By exposing the foils in a highly thermal flux and measuring the
counting rate ratios, the factors can be determined since the expected ratios of activation can
be calculated from cross-section data. The equations for this will be developed to clarify the
discussion.

Suppose that a foil having a high 0238 content is irradiated and the decay of Pu23
ground state is measured as a function of time after shutdown by either of the methods described
in connection with the resonance escape probability measurement. Let Pb{t] be the counting
rate of the foil as a function of time after shutdown. The total number of UZ?'a captures in the
foil during irradiation is related to Pb(t) by a factor which is a function of time. Let Kltt} be

this factor defined so that it gives the capture per U23 atom present in the foil.

9tcn the

No. of U‘?'38 absorptions per UZ?'8 nucleus present = Kl{t] Pb(t) Eq. (11.36)

Similarly, suppose that a foil containing enriched uranium is exposed. The gamma
activity of this foil will be due mainly to fission products. This activity as measured will be

denoted Fb(t}. As before, a factor Kz{t} is defined which gives the number of fissions of UZ35
in the foil per UZ35 nucleus present.
No. of U23® fissions per U>>° nucleus present = K,(1) Fy (1) Eq. (11.37)

The number of U235 nuclei destroyed is determined by multiplying the number fissioned

by (1 + aZS) where
-]
[ 2® sEaE
&2 a =2 Eq. (11.38)

f e25(E) o(E)dE
0

In this definition ¢(E) is the neutron flux in the interval dE at E. The cross sections vis and
U'fa 3 are the U235 cross sections for capture and fission, respectively, as a function of energy.
Thus:
No. of U235 nuclei destroyed per U235 nucleus present = Kz[t) Fb(t} (1 + a25}
Eq. (11.39)
If Eq. (11.36) is multiplied by the number density n28 of U238 puclei in the actual reactor
fuel and Eq. (l1.39) by NZS, the number density of U235 nuclei in the fuel, their quotient is

the conversion ratio in the fuel.

28
N Kllt) Pb(t}

Conversion Ratio = Eq. (11.40)

NZPK,(t) Fy (01 + a”)
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It is now necessary to determine the functions K.l(t} and Kztt) to obtain a value for the con-
version ratio. Suppose a set of foils, one natural and one containing enriched uranium, are
irradiated in a neutron flux with a large ratio of thermal to epithermal neutrons, so that the
epicadmium activation of the foils may be neglected. In particular, a neutron spectrum
similar to that found in a thermal column is desirable, since it is then possible to describe the
neutron energy distribution quite precisely.

The activation per atom of the natural uranium foil due to p radiative captures in the
thermal column may be written as

(u_aZE ¢) m = K (0 P, (1) Eq. (11.41)

and the neutron absorption in the foil containing enriched uranium is

(0'25 ¢) i = Ko(t) Fy (0 (14 a2 Eq. (11.42)

where the subscript (tc) indicates that the values of P (t), F (t) and a25 refer to the thermal

column measurement. In Eqgs. (11.41) and (11.42) ¢ is the thermal neutron flux at the irrad-
iation position, and the cross sections T and v, are the absorption cross sections of U235
and U238 averaged over the Maxwellian diatribution of neutrons in the thermal column.

Solving Eqs. (11.41) and (11. 4.2) for Kltt) and Kz(t]. respectively, and substituting in

Eq. (11.40)
P, (1)
b -
c ion Rati (Nza) [P“ t)] (Ua ) (H f‘?) Eq. (11.43)
onversion 0 = |- — —_F q. .
Nos/ [Fp( 5 1 ¥
Ftc{t} a th

It is evident that the irradiations in the blanket and the thermal column must have the same
duration in order to obtain meaningful values of K]_(t) and Kzlt). In addition, Pb(t) and Pt c(t]
must be measured at the same time after the end of the irradiation. A similar requirement
is made on the experimental values of Fb{t) and Ftc(t), but the quantities F(t) and P(t) need not
be measured at the same time. In Eq. (11.43) the only quantity which is not readily obtained
is the value of azs. However, since the epithermal neutron flux magnitude 1& much lower than
the thermal flux, the wmghted value of o 15 not very much different that « For practical
purposes, the ratio (1+::zt & jl+a ) is set equal to unity. The conversion ratm may then be

written
P
28 ‘—h"—m
= P tc{ t)

Conversion Ratio =( —25— TF O Eq. (11.44)
z iR
a ‘th [Ftc(t]]

In Eq. (11, 44) Eis is the product sto‘Eg and similarly }:25 is equal to sttris. The number
density applies to the fuel; the cross section is averaged over a Maxwellian spectrum in the

thermal column.
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11.14 CONVERSION RATIO MEASUREMENT - EXPERIMENTAL METHOD

As developed in the preceding section, a determination of the conversion ratio by this
e39 production and 0235
fission rates in the reactor are compared with the same quantities after irradiatiuh of a
similar set of foils in a thermal column. Knowledge of the neutron spectrum in the thermal
column makes possible an absolute normalization to obtain a value of the reactor conversion

technique involves measurement of two relative quantities. The Pu

ratio.

The experimental arrangement of the foils for critical assembly irradiations is shown in
Fig. 11.16. The aluminum foil separators are used to insure that the foils do not contaminate
each other. The foils are all 0. 005 inch thick. Natural foils 1 and 4 are used to measure
P(t). Natural foils 2 and 3 are used to buffer foils 1 and 4 from flux depression effects of the
enriched foils. If a foil loading is made in the sequence natural No. 1, enriched No. 1,
natural No. 2, enriched No. 2; then it is consistently observed that the ratio

P (1

?}:ﬁ= 1.02 £ 0.01,

which indicates some shielding of the natural foil surrounded by the enriched foils. For this
reason, the scheme shown in Fig. 11.16 was adopted.
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Fig. 11.16 - Exploded View of Foil Arrangement in Fuel Rod.
The foils are sandwiched between two uranium oxide pellets and held together by 0.001-

inch-thick Mylar tape. The foil package is then inserted into an aluminum fuel rod. An
O-ring gasket seal and end cap are used to seal the open end of the fuel rod.
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The chemical separation technique described in Sec. 11.6 is used to measure the ‘E’l.i‘%9

production. The foils are dissolved, N'pZB7 tracer is added and a radiochemical separation of
the neptunium performed. The separated material is electroplated on a platinum foil for the
necessary o and B counting.

In practice, quantities proportional to Pu239

are obtained at different times. The thermal column irradiations, assuming continued stability

production in the reactor and thermal column

of electronic equipment, need only be done once and can be applied to all subsequent reactor
irradiations. Thermal column irradiations were performed at the BNL thermal column, where
the cadmium ratio for gold detectors is ~4000. Six irradiations of one hour duration were
made. To ensure that each irradiation and subsequent chemical separation form a consistent
sel, two natural uranium foils were irradiated together. If subscripts (1) and (2) designate
these foils, the ratios

(i

Pz tc

of normalized Np239

count rates should be unity at any time (t) after the end of each irradiation.
The foils were irradiated in the center of the 8-inch square thermal column, and the four foils
used (two natural and two enriched) were placed in an aluminum holder in a cloverleaf pattern
with 1/2 inch between foil centers. Other investigators have shown the thermal column flux to
be essentially flat across the span of the holder.

In the reactor irradiations, two natural uranium foils are also irradiated simultaneously
for one hour as in the resonance escape probability measurement. After data reduction it is
required that the normalized ratio Pb]_/Pb4 for a given position be 1. 00 + 0. 02 to be acceptable.
If the ratio is not within these limits, then neither value of Pb is used, since the technique
usually does not permit identification of the incorrect chemical separation. Sometimes it is
possible to confirm which separation is poor by examining the y-ray spectrum from each
neptunium deposit. It has been observed several times that ngs has passed through the
separation process. Although a step of the chemical process is designed to remove zirconium,
it appears that this particular technique is not always successful. The cause and remedy for
this occasional failure is not known at this time.

239

A normalization similar to that described for the Pu production measurements is made

to determine the number of U235 fissions. The foils used to detect the U235 fissions are
0. 005 inch thick, 10 w/o enriched U233

is no large flux depression caused by the foil when it is placed in the reactor. Calculations

in aluminum. These foils are used to ensure that there

employing Bothe's expressions for flux depression indicate a flux depression of ~1. 5 per cent
with the 10 w/o uranium in aluminum foils in an isotropic thermal neutron flux. The fission
product y-rays are detected using a 1-3/4-inch-diameter by 2-inch-thick NaI(Tl) crystal and
electronic counting equipment of the type discussed for the thermal utilization measurement
by the integral method (cf. Sec. 1l. 3).

An estimate of the errors associated with this technique has been made by combining the
uncertainties of the various procedures. The over-all uncertainty is estimated to be between
+0. 02 and 0. 03 in a value of the conversion ratio of approximately one.
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Part IV

ANALYSIS OF SELECTED REACTOR
EXPERIMENT DATA

Reactor experiments are performed to increase the confidence of the nuclear designer in
his methods. Unavoidably, a single measured reactor parameter, for example the critical
buckling, is the result of the interplay of many factors. The experiment is an integral result
which does not indicate to the nuclear designer whether good agreement with experiment is
coincidental or which of the many constituent factors is responsible for a serious disagreement.
A single reactor experiment result, or even several, is frequently inconclusive and can only
serve to indicate to the nuclear designer that he is in difficulty. It cannot generally assure
him that there is no serious uncertainty.

To provide the necessary degree of confidence, an entire field of experimental results is
required. Futhermore, it is well to provide redundant data so that the discrepancies can be
isolated. Thie portion of the handbook reports on the results of reactor experiments intended

to provide such a field of data both for high U238 content reactors and for highly enriched re-

actors.

The various complexities which enter into reactor experiments must be considered in
terms of the model used to analyze the experiments. In the few-group diffusion theory model,
which forms the basis for the design of pressurized water reactors discussed in this volume,
the various factors which enter the model are as follows:

1. The nuclear cross section data

2. The group-averaged diffusion constants and macroscopic cross sections

3. The small scale heterogeneity - on the scale of the fuel elements

4, The large scale heterogeneity - on the scale of subassemblies and clusters

5. The over-all geometry

8. The control surfaces and localized absorbers
The program of experiments described in this section was planned to minimize the number of
these factors entering the analysis. The experiments were, in fact, designed basically to
limit the factors to the first three. Large scale heterogeneity effects, item 4, and localized
absorbers, item 6, were introduced only under controlled conditions. In all cases the geome-
try was such as to permit one-dimensional analysis. These experiments are frequently re-

ferred to as "clean' , critical experiments.
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In this portion of the handbook the emphasis is primarily placed on the comparison of
calculation with the experimental results. The facilities, techniques and procedures used to
obtain the data are discussed in the preceding chapters which make up Part III,

Three chapters are included in this part. Chapter 12 deals with the high-uranium-content
reactors. Chapter 13 treats the highly enriched reactors, with and without water channel
heterogeneity present. Chapter 14 covers localized absorber and control surface experiments
in highly enriched reactors.



Chapter 12

THE ANALYSIS OF HIGH U?3® CONTENT
REACTOR EXPERIMENTS

12,1 INTRODUCTION

This chapter deals with the results of reactor experiments and parameter measurements
aimed primarily at understanding the problems associated with high U238 content reactors.
For convenience in making the assemblies critical at a convenient size, the uranium used was
slightly enriched. The principal aim, however, was to measure those properties associated
with the high U238 content in the reactor, The experiments were conducted in simple lattices
of fuel rods and moderating water with a minimum of structural material and fuel element
cladding.

The bulk of the experimental measurements were performed with metallic uranium fuel
in a joint Brookhaven-Bettis program. In 1952, prior to the establishment of the joint pro-
gram, measurements had been undertaken at Brookhaven on water-uranium lattices using
uranium metal rods about 0. 75 inch in diameter and enriched to 1.0 per cent. These meas-
urements were conducted in an exponential assembly using the Brookhaven reactor as the
source.

The joint Brookhaven-Bettis program was started in 1953 and used three lots of slightly
enriched uranium metal rods. The enrichments were nominally 1.0 per cent, 1.15 per cent,
and 1.3 per cent. The rods were initially 0. 600 inch in diameter and, as the program pro-
gressed, each lot was reduced in diameter to 0. 387 inch and finally to 0. 250 inch. The over-
all joint program with metal rods thus involved nine lots of material. Due to mechanical
difficulties in fabricating the 0. 250-inch-diameter rods, however, the dimensional and
straightness tolerances could not be met. The results obtained with this group of rods are
considered inferior to the remainder of the data and the program was terminated without
complete measurements on this group.

The program consisted initially of buckling measurements as a function of water-to-
uranium ratio. The measurements were conducted in an exponential facility at Brookhaven
and in a critical facility (TRX) at Bettis. As techniques were developed, other measurements
were made on the lattice. These included fast fission factor, thermal utilization, resonance
escape probability, reflector savings, epithermal fission in U235, temperature coefficient
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of reactivity, and differential water height measurements for migration area. The Brookhaven
facilities were modified later to include critical experimentation. The joint program was
completed in 1957.

Starting in 1955 and continuing through 1957, an additional program of measurements on
uranium-oxide lattices was undertaken at Bettis, This was stimulated primarily by the inter-
est in UO2 fuel elements for the PWR. In this program, the same measurements were made
as with the metal fuel. While only one enrichment was used, namely 1.3 per cent, two oxide
densities (69 and 96 per cent of theoretical density) and two fuel rod diameters (0. 600 inch
and 0. 388 inch) were included in the program.

The material in this chapter is based on the results of these programs. While Bettis
results are reported completely, Brookhaven data are also reported, where significant, as a
basis for comparison or to extend the range of information. The description of the lattices
used is given in Chap. 9, Secs. 9.7 through 9,11, The parameter measurement techniques
are described in Chap. 11,

RESULTS OBTAINED WITH REACTOR EXPERIMENTS

by J.R. Brown

12.2 LATTICE GEOMETRY

The fuel rod used in the experiments discussed in this portion of the chapter is shown in
Fig. 9. 14 of Chap. 9. The cylindrical-rod fuel element, 48 inches long, is clad in an alumi-
num tube 0. 028-inch thick with a 0. 005-inch radial gap between the fuel and the aluminum
cladding. The fuel rods are arranged in a hexagonal lattice as shown in the photograph of
Fig. 9.13. The basic unit of this lattice is an equilateral triangle; this is shown in Fig, 12. 1.

The equivalent cell radius, Lo is also shown in Fig. 12. 1. This is the radius of a cy-
lindrical cell whose volume is the same as two of the triangular cells of the lattice. The ex-
pression for ro is given in Fig. 12.1 in terms of the distance, x, between adjacent rod cen-
ters. The volume assigned to the over-all reactor is taken as the number of rods times the
volume of the unit cell. In analysis of the reactor, this total volume is considered to be a
right circular cylinder because of the good approximation of the periphery to such a cylinder,

In describing the lattice parameters the most frequently used variable is the water-to-
uranium volume ratio, W/U, For the metal lattices this is simply the volume of moderator
in a unit cell to the volume occupied by uranium fuel in a unit cell. For the oxide lattices
the uranium volume is taken to be the volume of uranium metal corresponding to the weight of
uranium in the uranium oxide fuel rod. Thus, for either the metal or oxide lattices, a given
W/U ratio implies a specific hydrogen-to-uranium atomic ratio.

The geometries and nuclear densities of all of the lattices which were made critical at
Bettis are given in Table 12. 1. In the oxide-fueled lattices, a slight hydrocarbon contamina-
tion, about 0. 5 per cent, as well as a slight admixture of UO3, about 2.5 per cent, have been
taken into account in computing the number densities. The number densities given take into
account the actual enrichments and volume ratios.
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Table 12. 1--LATTICE GEOMETRY AND NUCLEAR DENSITIES OF BETTIS CRITICAL LATTICES (at 20°C) 2
— 2
Nominal Measured .3 20 =
Lattice Designation Ratio  Enrichment Dimensions Volumetric Ratios Homogenized Nuclear Densities (em” ™ x 1077) =
5 . g
Fuel w/U Weight% x(cm) r (cm) W/U Al/U W/UO, Nya3s5 Nyazg Ny No N,, Ng =
==
U Metal 1.5 2.404 1.263 1.515 0.1988 2.276 171.8 368.2 184.1 43.43 2
1.3%, 0.600 in. 2 1.294 2.616 1.374 2.017 0,198 1.929 145.3 414.5 207.2 36.80 A
3 2.990 1.570 3.011 0.198 1.477 111.3 473.8 236.9 28.18 g
=
U Metal 2 1. 145 2.616 1.374 2.017 0.198 1.707 145.5 414.5 207.2 36.80 =
1,15%, 0.8600 in. 3 ' 2.990 1.570 3.011 0.198 1. 307 111.4 473.8 236.9 28.18 2
A
U Metal 2 1.296 1.725 0.906 2.024 0.318 1,843 138.8 397.4 198.7 56.41 =
1,3%, 0.387 in. 3 2 1.961 1.030 3.018 0.318 1,426 107.4 458.3 229.1 43.64 m
¥ w
GON. 7.53 mB\an 3 2.205 1,158 3.048 0.198 1.071 0.9644 T71.68 312.7 302.3 51.88 6.41
1.3%, 0.601 in 4 1,311 2.359 1.239 4,000 0,198 1,405 0.8420 62.59 357.8 306.3 45.28 5.60
T : 5 2.512 1.319 5.000 0.198 1.756 0.7423 55.22 394.2 309.6 39,97 4.94
Uo,, 7.52 mH\oEw 4 1.558 0.818 3.953 0.317 1.386 0.8053 59.85 338.2 291.0 69.28 5.35
1.3%, 0.388 in. 5 1311 | 652 0.868  4.947 0.317 1.734  0.7148 53,13 375.2 295.8 61.50 4.75
CON. 10. 53 wg\nau 3 1.558 0.818 2.904 0.324 1.426 1.102 81.92 338.4 334.9 69.14 0.19
1.3%, 0.383 in 3.6 1.311 1,652 0,868 3.622 0.324 1.779 0.9797 72.82 375.0 334.8 61.46 0.17
e ; 5 1.806 0,948 4,878 0,324 2.396 0.8203 60,97 422,6 334,7 51,46 0.15
x Distance between adjacent fuel U Total uranium (density 18.9 gm/cm3)
rod centers (see Fig, 12.1)
r, Radius of a circle of area equal to O Oxygen
the unit cell area (see Fig. 12.1)
Al Aluminum C Carbon (from residue of hydrocarbon
W  Water agglomerating agent)
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Fig. 12.1 - Cross Section of Unit Lattice Cell.

12.3 CRITICAL BUCKLING AND REFLECTOR SAVINGS

The dimensions of the equivalent bare reactor were obtained, in the Bettis procedure,
from flux traverses. The assembly was made critical by adjustment of the total number of
fuel rods, N, with no control rods in the reactor and with water completely covering the re-
actor. The periphery of the reactor was made as nearly cylindrical as possible. Figure12.2
shows the loading pattern of a typical lattice. The solid circles are the fuel rod locations
used; the open circles are the adjacent empty positions in the matrix plate,

The critical reactor was operated at a low power level sufficient to provide a measurable
fission product activity in the fuel rods, after which radial and axial scans of the gamma
activity of selected fuel rods were taken. The resulting distribution of activity was fitted by
a least squares procedure to obtain the radial and axial bucklings. 1

In the central region of a lattice whose dimensicns are large compared with the charac-
teristic neutron lengths, the neutron flux is separable into radial and axial functions independ-
ent of neutron energy. For a cylindrical reactor the flux, ¢, in ihe asymplotic region may be

written as

¢ = AJ, (B.r)cos (B,z) Eq. (12.1)

where A is a constant, Theradial buckling, Bf, , and the axial buckling, Bi, are given as
follows:
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Fig. 12.2 - Critical Loading Pattern for an Oxide Rod Lattice.
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p? . [2.405\%
T ‘—ﬁ;— Eq. (12, 2a)
2
2 w
B & (Fe) Eq. (12.2b)

where R‘3 and He/z are the values of r and z, respectively, at which the radial and axial
asymptotic fluxes extrapolate to zero. 3 If R and H are the physical dimensions of the reactor

Re = R +hr Eq, (12, 3a)

H

e = H4dy Eq. (12.3b)

where A, is the radial reflector savings and J\.h is the total axial reflector savings. The total
geometrical buckling is given by

B: » Bf +B: Eq. (12.4)

A typical least squares fit of a radial distribution to obtain the radial buckling is shown
in Fig. 12.3. The corresponding axial fit is shown in Fig. 12.4. The technique of point
selection near the core boundary and the method of making the fit are discussed in Reference
1. From these fits, the values of R and H are obtained du-ectly

With R and H known, the radlal and axial buckling 32 and B may be calculated using
Eqs. (12, 2a) and {12 2b); with B2 and Bi known, the total bucklmg Bz may be calculated by
Eq. (12.4). The reflector savings A, and )‘h are obtained by Eqs. (12, 3a) and (12, 3b). H is
taken equal to the height of the fuel. The quantity R is determined from the effective cell
radius, Tos and the total number of fuel rods, N, by the equation

R =r, JN Eq. (12.5)

which results from equating the total active radial area of the core to N times the cell area.

The results for the lattices measured at Bettis are given in Table 12,2. At the time of
the measurements on some of the earlier metal lattices, the reflector savings measurements
technique described above had not been developed. For these cases the Brookhaven values of
the reflector savings are used. These were determined from a series of exponential experi-
ments using successively larger core radii. 8

In general, the Bettis and Brookhaven results for buckling agreed well as did the reflect-
or savings results. Figure 12.5 shows a plot of some of the data on critical bucklings. For
comparison, the Brookhaven data for the 1.3 per cent, 0. 387-inch-diameter metal rods are
also shown, Because the Brookhaven results were obtained from exponential experiments, a
much wider range of lattices could be studied with the limited amount of material.

The results of Brookhaven buckling measurements on the 0, 387-inch-diameter and 0. 6§00~
inch-diameter metal rods are presented graphically in Figs. 12.6 and 12.7. The Bettis re-
sults on metal fuel are shown for comparison. The terms BNL-I and BNL-II refer to an
early and a later set of measurements, respectively.

The Brookhaven values for the radial reflector savings for the metal lattices are given in
Fig. 12.8. Smooth curves have been drawn to give a reasonable fit to the experimental data.
Within the precision of the experimental data there seems to be no dependence of the reflector
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AXIAL ACTIVITY DISTRIBUTION AT FULL WATER HEIGHT 8
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Fig. 12,4 - Least Squares Fit of Activity to Obtain Axial Buckling.



Table 12.2--BUCKLING AND REFLECTOR SAVINGS RESULTS

%

i ¥0LOVIA HLIM QANIV.LEO SLI053d

Mﬂwﬁhmmw Critical Buckling Radial Reflector Savings A E..wH_H_ m.o»uﬂ svtor
Lattice Designation Fuel Rods  Bettis (20°C) BNL# Bettis BNL # Savings
Fuel W/U  at 20°C (cm-2) x 104 (cm) (cm) (cm)
U Metal 2 335 + 1 61. 12% 61.08 % 0.32 7.04 % 0. 06
1. 3%, 0. 600 in. 3 264 & 1 61. 09% 60.99 = 0. 26 6.70 + 0. 05
U Metal 2 464 £ 1 48. 31% 48.22 0. 31 7.10 % 0. 25 =
1. 15%, 0. 600 in. 3 377 + 1 47, 26% 47.12 % 0.33 6.68 0. 10 °
U Metal 2 004 +2  53.5540.48 52.5620.39 7.40(2)7£0.17 7.4620.09 14.07(1) 20.71 z
1. 3%, 0. 387 in. 3 6302  58.2 £1.00 59.25+0.33 7.22(1) £0.31 6.94 +0.07 14.23(1)+0.82 =
UO,, 7.53 gm/cm® 3 1269 3  28.37 £ 0.06 8.55(5)  0.08 17.82(5) 4 0. 23 @
1 3%.0.601 in 4 1027 £43  30.17 4 0.08 8.36(4) = 0.06 16.72(4) & 0. 19
TR ’ 5 987 % 3 29.06 = 0.07 7.92(4) £0.07 15. 80(5) + 0. 22
Uo,, 17.52 gm/cm® 4 3045+ 3  25.28 £ 0.10 8.41(4) £0.12 17. 06(6) & 0. 51
1. 3%, 0. 388 in. 5 2784+ 3  25.21 20,10 8.08(4) £0.12 15.37(3) = 0. 26
UO,, 10.53 gm/em® 3 2173 +3  32.59 £0.15 7.86(6) = 0.12 15.27(11)% 0. 41
1. 3%, 0. 385 10 3.6 1755+3  35.47 +0.18 7.41(5) =0.13 14.69(8) = 0. 43
v W . 5 1575 + 3 34.22 £0.13 7.10(7) 0. 10 14, 52(8) % 0. 17

% Calculated from number of fuel rods using BNL values of radial reflector
savings and assuming the axial reflector savings is twice the radial value

3 FromReference 3 and information received from R. Sher, July 1956
+ Number of separate determinations indicated in parentheses
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savings on enrichment., The principal parameter is the water-to-uranium ratio and, to some

extent, the rod size.

12.4 TEMPERATURE COEFFICIENT OF REACTIVITY

The temperature coefficient of reactivity of all the TRX lattices was determined by
measuring the reactivity change associated with a given temperature rise (from 20°C to about
50°C). The reactivity is measured by a period change associated with a given temperature
change. In the results reported here, Keepin’s data for delayed neutron periods and yields
have been 1.13(3:.:14 in the inhour equation to calculate reactivity from period measurements.
Reference 1, Appendix B, gives the explicit form of the inhour equation used to calculate the
reactivity.

From the experimental data a plot of temperature coefficient versus temperature is de-
veloped. An example is shown in Fig. 12.9. The data are fitted by least squares to a
straight line with each point weighted inversely by the square of the estimated error at that
point.

The data for all of thea TRX lattices when treated in this way are tabulated in Table 12. 3.
The results of the fit are given in terms of the value of the coefficient at 20°C and 40°C. The
quoted error is determined from the standard deviation of the residuals in the least squares
procedure. The numbers in parentheses indicate the number of points used in the least
squares fit.

In all but two cases the temperature coefficient is negative at 20°C. In every case the

temperature coefficient is more negative at 40°C than at 20°C,

Table 12, 3--TRX TEMPERATURE COEFFICIENT DATA

—

Lattice Designation a p/a @ (°C "l) x 104

Fuel W/ U 20°C 40°C
U Metal 2 -0.36(2)* £ 0.02 -0.76 & 0.02
1.3%, 0.600 in. 3 +0.10(6) = 0.02 -0.19 2 0.02
U Metal 2 -0.40(12) +0.02 -0.74 & 0. 02
1.15%, 0. 600 in, 3 +0.11(4) 20.02 -0.14 0,02
U Metal 2 -0.46(8) £0.04 -0.82 20.04
1. 3%, 0.387 in. 3 -0.47(6) +0.02 -0.78 % 0.02
UO,, 7.53 gm/cm3 3 -0.71(10) £ 0.02 -0.93 = 0.02
: 4 -0.66(6) +0.02 -0.87 & 0.02
1.3%, 0.601 ia. 5 -0.55(6) +0.02 -0.83 0,02
Uo,, 7.52 gm/cm3 4 -0.85(5) £0.02 -1.02 x0.02
1.3%, 0.388 in. 5 -0.90(4) 20.03 -1.01 &0.03
Uo,, 10.53 gm/cm3 3 -0.57(27) £ 0.07 -0.89 £ 0. 07
; 3.6 -0.69(38) £ 0.05 -0.87 £ 0.05
1.8%, 0383 In; 5 -0.72(10) £ 0.02 -0.87 = 0. 02

* Number of points for making least squares fit

m— —
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LATTICE CELL PARAMETER DATA

by D. Klein and G.G. Smith

12.5 INTRODUCTION

The techniques by which the lattice cell parameters, thermal utilization, resonance
escape probability, and fast fission factor are measured have been discussed in detail in
Chap. 11. The results obtained are compiled in this Section. Both Bettis and Brookhaven
measurements are reported. In the reactor measurements the techniques used at the two
laboratories were, in some cases, substantially different. In the cell measurements, how-
ever, very similar techniques were used. Because of the similarity of techniques and the
frequent intercomparison of results, the reported results from the two laboratories for a
paramete; i;: a given lattice generally agree within the experimental uncertainty of the meas-
urement. ~’

12.6 THERMAL UTILIZATION

The values obtained for the thermal utilization for all the Bettis measured lattices are
given in Table 12. 4. The uncertainties quoted in the table for the thermal utilization combine
the following separate uncertainties:

1. A 2 per cent uncertainty in the measured flux ratios (water-to-fuel) including the
uncertainty in the foil calibration

2. A 2 per cent uncertainty in the cross section values

The flux ratios for all the metal lattices measured are shown in Fig. 12. 10. The values
of thermal utilization calculated from these flux ratios are presented in Figs.12. 11 and 12. 12,

12.7 RESONANCE ESCAPE PROBABILITY

The results obtained at Bettis for the resonance escape probability measurements are
given in Table 12.5. As discussed in Chap. 11, such measurements are dependent upon a
primary experimental quantity p , defined as follows:

238

- Radiative Capture in U above the Cadmium Cutoff Energy

Radiative Capture in U_Z:;E below the Cadmium Cutoff Energy

The uncertainty indicated for p in Table 12.5 is the result of the following separate uncertain-
ties:

1. A 3 per cent unceriainty in the value of p
2. A 2 per cent uncertainty in cross section data required to calculate p fromp

3. An uncertainty of 0.5 per cent in f, the thermal utilization, which enters the calcula -
tion of p from p
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Table 12. 4--THERMAL UTILIZATION

Rod Volume Volume Flux Ratio Thermal
Diameter Enrichment Ratio Ratio - - Utilization
(in.) Fuel (% U235) w/u) (W/Uo, Yw / %y ®
0.600 Metal 1.3 1.5 § 1.39£0.04 0.91820.004
0. 600 Metal 1.3 2.0 , 1.4540.04 0.89040. 004
0. 600 Metal 1.3 3.0 - 1.49£0.04 0.843:0.003
0. 600 Metal 1. 15 2.0 g 1.4540.04 0.8810. 004
0. 600 Metal 1.15 3.0 2 1.45+0.04 0.83520.005
0.387 Metal 1.3 2.0 - 1.210.04 0.9040.003
0. 387 Metal 1.3 2.4 - 1.23£0.01 0.89020. 003
0. 387 Metal 1.3 3.0 . 1.31£0.04 0.8570.004
0.800 Oxide (7.53 gm/cm’) 1.3 3.0 1.07 1.09£0.03 0.8730.004
0.600 Oxide (7.53 gm/em?) 1.3 4.0 1.40 1.140.03 0.83740.005
0.600 Oxide (7.53 gm/cm®) 1.3 5.0 1.76 1.1640.03 0.80520.005
0.388 Oxide (7.53 gm/cm>) 1.3 4.0 1.39 1.10£0.01 0.8360.004
0.388 Oxide (7.53 gm/cm3) 1.3 4.9 1.73 1.10£0.01 0.80740.004
0.383 Oxide (10.53 gm/cm®) 1.3 2.9 1.42 1.10£0.01 0.8740.004
0.383 Oxide (10.53 gm/cm°) 1.3 3.6 1.78 1.13£0.01 0.8480.004
0.383 Oxide (10.53 gm/cm%) 1.3 4.9 2.40 1.1340.01 0.8090.004
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Table 12. 5--MEASURED VALUES OF RESONANCE ESCAPE PROBABILITY

Ratio Resonance
Rod Volume Volume Epithermal to Escape
Diameter Enrichment Ratio Ratio Thermal Capture Probability

(in.) Fuel (% U235)  (W/U) (W/UO,) (p 2%
0.600 U Metal 1: 8 1.5 - 1.80 + 0.18 0.720+0.014
0.600 U Metal 1.8 2.0 - 1.24 +0.12 0.7940.016
0.600 U Metal 1.3 3.0 “ 0.89 + 0.09 0.850£0,017
0. 800 U Metal 1.15 2.0 - 1.20 £ 0.03 0.78510.005
0. 600 U Metal 1.15 3.0 - 0.93 + 0.04 0.8330.007
0. 387 U Metal 1.3 2.0 - 1.59 + 0.03 0.747 £0. 005
0. 387 U Metal 1.3 2. 4 - 1.41 + 0. 06 0.772x0.008
0. 387 U Metal 1.3 3.0 - 1.18 + 0.03 0.808 +0. 005
0.600 UO,( 7.53 gmz,/cm 1.3 3.0 1.07 1.19£0.04 0. 805 + 0.006
0.600 UO ( 7.53 gm?/cm’) 1.3 4.0 1.40  0.994x0.013  0.838x0.003
0. 600 UO ( 7.53 gm?/em®) 1.3 5,0 1.76  0.807+0.014  0.86940.003
0. 388 Uo ( 7.53 gm?/cmd) 1.8 4,0 1.39 1.04 £0.05 0.83210.007
0.388 UO ( 7.53 gmz/cm ) 1.3 4.9 173  0.9010.02  0.853%0.004
0.383 UO (10.53 gm /cm ) 1,3 2.9 1. 42 1.43 20.01 0.775+0.004
0.383 UO (10.53 gm /cm3) 1.3 3.6 1.78 1,15 £0.01 0.815+0. 004
0.383 Uo (10.53 gm, /em®) 3.8 4.9 2.40 0.934+0.010  0.850x0.004

12.8 FAST FISSION EFFECT
The fast fission effect can be described in terms of the fast fission factor € or in terms

of the related quantity 628. The quantity 628 is simply the ratio of the fission rate in U238 to
the fission rate in U235. It is related to € by the expression
28
€-1 = 1’—25'—1 e Eq. (12.6)

where v is the number of neutrons emitted per fission.

The experimental results are compiled in Table 12. 6. The indicated uncertainties in

28 5

arise from uncertainties in the experimental procedure.
In the lattices studied the fast fission effect arises in large part from neighboring rod
335 fissions in adjacent

6

effects, i.e., the fission in u238ina given rod arises largely from U
rods. Such a conclusion is supported by mean free path arguments and by direct experimental
measurements. One of the lattices measured showed that only 10 per cent of the 0238 fissions
in a rod arise from neutrons produced in that rod. Thus, the fast fission factor should behave
as if the lattices were homogeneous, i.e., it should depend only upon the water -to-uranium
ratio and not on rod size, fuel composition or enrichment. Figure 12.13 shows the measured
values of 628 plotted as a function of water-to-uranium volume ratio. To correlate the results,
a solid curve deduced from a multigroup calculation is shown on the figure. The results shown
on Fig. 12, 13 indicate that, within experimental error, the fast effect on these lattices is a

homogeneous effect.
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Table 12.6--FAST EFFECT DATA

U238Fission

F'(.od Fuel Volu:me Volu_me 23p er- ) Fast Fission
Diam. Enrichment Fuel Density Ratio Ratio u Fission Factor
(in.) (% U235)  Composition (gm/cmd) (W/U) (W/UO,) (628 (€28)

0. 600 1,15 Metal - 2.0 - 0.104 £ 0,010 1,062 + 0,006
0.600 1.15 Metal - 3.0 - 0.081 + 0. 008 1.048 x 0.004
0. 387 1.3 Metal - 2.0 - 0.099 x0.010 1,059 + 0,005
0. 387 1.3 Metal - 3.0 - 0.078 = 0. 008 1,046 + 0,004
0. 600 1.3 U02 7.53 3.0 1.07 0.071 + 0, 007 1,042 x 0,004
0. 600 1.3 U(IJ2 7.53 4.0 1,40 0.059 0,006 1,035 +0.003
0. 600 1.3 U02 7.53 5.0 1,76 0.051 +0.004 1,030 x0,.002
0. 388 1.3 U02 7.53 4,0 1.39 0.063 +0.003 1.037 +0.002
0. 388 1.3 002 7.563 4.9 1.73 0.054 £0.003 1,032 0,002
0. 383 1.3 UO2 10. 53 2.9 1.42 0.078 +0.004 1,046 x 0.002
0. 383 1.3 III'O2 10, 53 3.6 1.78 0.070 £ 0.004 1.042 = 0.002
0. 383 1.3 UO2 10, 53 4.9 2,40 0.057 £0.003 1.034 x0.002
0. 387 1,3 Metal - 2.4 - 0.089 £ 0,005 1.059 £0.003

—
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EXPERIMENTAL DETERMINATION OF THE MIGRATION AREA

by D.R. Harris and J. R. Brown

12.9 THEORETICAL BASIS OF MEASUREMENT

The relatively large size of the TRX lattices permits them to be analyzed as equivalent
bare reactors. A bare reactor may be treated by the method of slowing down kernels and, if
it is large, the leakage of neutrons may be represented by a term ( 1 ¢ B2 Mz) where M2 is
the migration area and B: is the geometric buckling of the equivalent bare reactor. Thus,

k
o0
k = — Eq.(12.7)
eff i & B2M?
g
and the reactivity, p, is given by the expression
2 3.2
k_..-1 1+4B_M
off .1 -T-g—— Eq. (12.8)
eff oo

If the derivative of p witk respect to Bé is formed from Eq. (12.8), then an expression for
M2 in terms of this derivative is

= 2 2
B
1+B, a.o/a}sg

The fact that keff is unity at criticality is used in order to obtain this expression. Thus, the

Eq. (12.9)

derivative 9p/ aBg is to be measured at criticality.

12. 10 EXPERIMENTAL PROCEDURE

The required derivative can be obtained by measuring the period associated with a small
change in the geometric buckling. The period is converted to a reactivity by use of the inhour
relation. In determining the reactivity values in this experiment, Keccpin’s values for the
delayed neutron yields and periods were used.

The geometric buckling was changed experimentally by either modifying the radius at
constant reactor height or changing the reactor height at constant radius. The latter experi-
ment is the differential water height experiment discussed in Chap. 8. To change the effective
radius, a few peripheral fuel rods were removed from the reactor by a remotely controlled
mechanical system. 1 To calculate the change in buckling associated with these changes in the
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reactor, it is necessary to assume the reflector savings do not change significantly with the
small change in size. This assumption seems well confirmed by the experimental data. Be-
cause of the small reactivity changes associated with the measurement, some care must be
exercised to eliminate temperature effects and reactivity drifts.

12.11 ANISOTROPY OF THE MIGRATION AREA

Before the results of the measurements are presented, one further point must be devel-
oped. In analyzing the experimental data, it has been found that the results obtained from
axial and radial buckling measurements could not be completly reconciled. Further study
indicated that this was the result of a small but significant anisotropy of the migration area.
The modification to Eq. (12. 9) to treat this point required that the migration area be specified
as either that in the axial or the radial direction. Davison has treated this topic with respect
to thermal diffusion lengths. s

Let Mf designate the migration area radially and M; represent the axial migration area.
The notation indicates that the direction is either parallel to the fuel rods or perpendicular to
them. The expression for keff is now written

K
[+ «]

L Eq. (12.10)

eff =~ +Mf B +Mﬁ, B:

Define the ratio of the two migration areas as A, i.e.,

My
A = Eq. (12.11)
M2
1
This in effect permits either migration area to be used if the buckling is suitably modified.

For example, Eq. (12. 8) can be written with Mf for M2 provided

2 _ p2 2 12.1
Bg = Bl +A B, Eq. (12.12)
If the derivation given for Eq. (12.9) is now reproduced, the following expressions are
obtained:
2
-9p/ @B
Mi ” _pﬁ-.—-’-'u—z- Eq. (12.13)
1+B, ap/eB
and
2
- ap/ 8B
M2 = g r Eq. (12.14)
1 A+B, 9p/ 3B,

with B§ given by Eq. (12.12).

The existence of lattice anisotropy can be demonstrated and the value of A calculated from
a series of partial water height measurements on a given lattice. In the static partial water
height experiments,the radius of the lattice is adjusted to give criticality at a given water
height. From a pair of such experiments on a given lattice, the change in axial buckling,
ABi, required to compensate a given change in radial buckling, ABi, gives the value of A.
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aB?
A = —3 Eq. (12.15)
AB:

The results obtained in this way are summarized in Table 12.7. The errors quoted in the
table are estimated from errors in the reflector savings only. Other uncertainties in the
experiment, for example random reactivity shifts, will contribute significant errors but these
have not been estimated. For three lattices, however, the dispersions of the individual values
of A were too large to be accounted for by the errors in the reflector savings. The individual
values of A were averaged for each lattice to give a composite. Within experimental error,
the anisotropy appears to be the same for all lattices measured. A reasonable average
anisotropy for all lattices is 1. 05 + 0. 03,

12, 12 MIGRATION AREA RESULTS

The values determined for the migration area of the lattices, taking anisotropy into ac-
count, are summarized in Table 12.8. The values tabulated are the perpendicular migraticn
area. The total data available which are considered to be adequate in quality to permit in-
clusion in the table are limited. In particular, some of the axial derivatives have been ex-
cluded since it has been found recently that if the dry lattice above the water level is less
than about 30 cm, the change in axial reflector savings contributes a significant error. : The
error in the tabulated values is hard to assign because of the involved considerations; an
estimate of this error is + 4 per cent. It is gratifying to note that the agreement between
axial and radial data is quite good where both have been properly measured.
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Table 12. 7--ANISOTROPY OF MIGRATION AREA

2

2 ”
Pair of Water Brl - Br2 K'M#/M.L
+t1i i = ————
Lattice Designation Heights psed In A=— 3 (Weighted
Determination B® -B A )
Fuel W/U e T VRCEER
U Metal 2 Full, 100.2 cm 1.07 £ 0.05% 1,07 & 0.05
1.3%, 0.387 in.
Uo,, 7.53 gm/cm® 3 Full, 106.7 cm 0.99 £ 0.02
Full, 87.1 cm 1,09 £ 0,01 1,08 £ 0.05
1.8%, 0,80% 10, 106.7 cm, 87.1 cm 1,15 4 0. 02
4  Full, 100.0 cm 1.02 % 0. 02
Full, 73.3 cm 1.04 £0.01  1.04 40.01
100.0 cm, 73.3 cm 1,05 2 0. 01
5  Full, 97.3 cm 1,00 £0.01  1.00 £ 0.03
UO,, 7.52 gm/em® 4  Full, 99.3 cm 1.04£0.02 1,04 £0.03
1.3%, 0.388 in. 5  Full, 92.4 cm 1.06 % 0. 01 1.06 % 0. 03
UO,, 10.53 gm/em® 3 Full, 103.2 cm .01 2 0.04

1

Full, 94.5cm 1.01 £ 0,02
Full, 84.3 cm 1.06 £ 0.01
103.2 cm, 94.5 cm 1.00 x 0,07
103.2 cm, 84.3 cm 1,09 0,03
94,5 cm, 84.3 cm 1.16 £ 0,04

1.3%, 0.383 in.
1.06 + 0.03

3.6 Full, 105.3 cm 0.97 £ 0.04

Full, 67.3 cm 1,04 + 0.02 1,04 £ 0.03
105.3 cm, 67.3 cm 1.05 £ 0,02
1
1
1

5 Full, 103.1 cm .05 x+£0,02
Full, 68,6 cm .04 0,01 1,04 £ 0,01
W 103.1 cm, 68.6 cm .04 £0,01

* Errors calculated from errors of measured reflector savings only

Table 12.8 MIGRATION AREA (PERPENDICULAR TO FUEL)

2 2 2
Lattice Designation ap/eB,  (1/A) 8p/eB, M)
Fuel W/U (cm?2) (cm?2) (cm2)
U Metal 2 - 28.2 ot 34.1
1.3%, 0.600 in.
U Metal 2 - 26.9 - 30.9
1. 15%, 0.600 in.
U Metal 2 -29.0 -- 34.2
1.3%, 0.387 in. 3 -29.9 - 36. 2
UOg, 7.53 gm/cm3 3 - 46.1 - 46.6 53.4
1. 3%, 0.600 in, 4 - 44,9 - 45.7 52.5
5 - 41.1 e 46.7
U0y, 7.52 gm/cm®> 4 - 47.3 - 53.7
1. 3%, 0.388 in. 5 - 48.2 -- 54.9
U0y, 10.53 gm/cm® 3 - 39.1 - 40.5 45.8
1.3%, 0,383 in, 3.6 - 38.6 - 37.9 44,3
" . 5 - 35.4 - 35.8 40.8
— e —
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ANALYSIS OF URANIUM-WATER LATTICE DATA
by 8. Stein and S.J. Lukasik

12,13 METHOD OF ANALYSIS

So far as the experimental data are concerned, they fall into two classes, namely, cell-
parameters and over-all reactor measurements. From the theoretical point of view there is
a somewhat different division. This is best discussed in terms of the calculational procedures.

The steps in the theoretical analysis are as follows:

1. Calculation of the cell parameters, thermal utilization and resonance escape prob-
ability. The fast fission factor is calculated on a homogeneous basis

2. Calculation of the neutron energy spectrum and appropriate group constants

3. Calculation of the over-all reactor properties by group diffusion theory
The cell parameters are determined from specific calculations for this purpose. The over-
all reactor properties are calculated by treating the reactor as a homogeneous mixture, at
least in each reactor region. The cell propertics are introduced in this treatment through
self-shielding factors. The group constants are calculated by first calculating the neutron
spectrum. The neutron spectrum in the slowing-down energy region is calculated by the
MUFT code (see Appendix E). This code computes the neutron spectrum from fission energy
to thermal energy, taking neutron leakage into account through introduction of a single buck-
ling, Bil This buckling value is used to characterize a leakage corresponding to a funda-
mental mode, With this leakage, the spectrum is calculated by a transform method in P1
approximation dividing the energy interval into 54 groups of approximately equal lethargy
intervals. Microscopic cross section data and specified number densities are used in the
spectrum calculation. From the calculated spectrum, the code proceeds to edit group con-
stants for specified energy groups. The effect of finite fuel rod size is accounted for by in-
troducing self-shielding factors which limit the resonance capture. The self-sghielding factors
are introduced in each calculation from prior knowledge of the resonance escape probability.

The thermal neutron energy spectrum is calculated by means of the SOFOCATE code (see
Appendix D). This is a Wigner-Wilkins, free proton scattering calculation assuming the
medium is homogeneous, Thermal-group constants are obtained through averaging of the
nuclear cross sections over the calculated spectrum, The fine structure due to fuel rods is
introduced by weighting the number densities of fuel and moderator according to a cell cal-
culation of the thermal utilization.

Since the experimental data were taken in a number of different ways, it is possible to
compare calculation and experiment in each of these categories. These are listed below:
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1. Cell Parameters - Values of thermal utilization and resonance escape probability
may be compared.

2. Spectrum Average Parameters - The fast fission factors in both U235 and U238 ang
the migration area may be compared.

3. The critical size, reflector savings and critical buckling may be compared.
Each of these is discussed in detail in the following sections.

12.14 RESONANCE ESCAPE PROBABILITY

The resonance capture in Uz?'8 in the fuel rods was calculated by means of a Monte Carlo
code. There are at present three codes of this type in existence which calculate this quantity
in the same manner. The first is the UNIVAC REP code by Richtmyer7; the second is the
NORC WREP code created by Crane; the most recent is the 704-REP code created by Van
Norton and Richtmyer at New York University.

While the successive codes have added refinements and new features, basically, all are
designed to calculate the resonance capture in a unit cell of the TRX type lattice. The
neutron is assumed to enter the resonance region at about 450 ev energy and its history is
followed through to the lowest energy resonance in U23B_ The explicit resonance properties
of the first 18 resonances in U238 are used with Doppler broadening taken into account. Cap-
ture is considered only in the resonances.

It is necessary in computing the resonance capture to take into account two other
mechanisms. The first is capture in the smooth 1/v background of the cross section. The
second is the capture in the unresolved resonance structure above 450 ev. This latter is
accounted for by calculation based on a simple nuclear model. 8 Both of the latter mechan-
isms of capture are introduced explicitly in the MUFT calculation by the use of energy de-

pendent capture cross sections.
The Monte Carlo results are used to calculate self-shielding (L factors) for use in MUFT

to reduce the effective resonance integral. 9 The actual numerical value of p due to all these
sources of capture is edited by MUFT. The probable error in p due to statistics in the Monte
Carlo calculation is estimated to be + 0.002. This does not include uncertainties associated
with the smooth capture cross section or that due to the unresolved resonances.

The theoretical and experimental datal? are presented in Figs. 12. 14 through 12, 18,

In these figures the subscript 0. 45 assigned to p indicates that the smooth capture was cut
off at a lower energy limit of 0. 45 ev in order to correspond to the cadmium thickness used in
the experiment.

While the comparison between calculation and experiment is generally quite good, both
with respect to trend with water-to-uranium volume ratio and absolute value, there are a few
deviations which are well outside the expected errors. This is especially true in the case of
the high density oxide fuel of 0. 387-inchdiameter. In this case the measurements are the
most recent and represent the highest accuracy achieved in a resonance capture measurement,

12.15 THERMAL UTILIZATION

The calculation of the thermal flux distribution in a lattice cell is probably the least sat-
isfactory of all of the analytical procedures. There is not presently available a calculation
of the thermal spectral distribution as a function of position in the cell. In the absence of
such a calculation it is necessary to calculate the flux distribution in the cell as a mono-
energetic case using some form of average cross sections. Even though the spatial calcula-
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tion may be made relatively sophisticated in terms of transport theory approximation, the
lack of a combined spatial-energy calculation represents a basic weakness.

The initial analysis of cell thermal flux distributions calculated by diffusion theory showed
relatively poor agreement with experiment. An improved version is a one-group blackness
theory in which diffusion theory is used in the moderator and a rigorous transport treatment
is used in the fuel. The results calculated in this way are compared with experiment in
Table 12. 9, 10 For simplicity, the quantity compared, ﬂ»w/ E'U ., is the ratio of the thermal
flux in the moderator to that in the fuel.

In general, the calculated result is 5 to 8 per cent below the measured value, with
agreement best in the relatively tight lattices.

In the SOFOCATE calculations of the thermal energy spectrum, the flux depression in the

fuel was neglected.

12.16 FAST FISSION FACTORS

It was noted in Sec. 12. 8 in the presentation of the experimental data on the fast-fission
effect that a homogeneous calculation gives essentially the entire effect. The fast fission in
IJ238 and U235 is calculated in MUFT and may be compared directly with the experimental
results.

The fast fission ratio, 628, for U has been computed and compared with experiment
for a number of the lattices. 10 The results are shown in Fig, 12.13. The solid curve is
the calculated value, a function only of metal-to-water ratio.

Figures 12. 19 and 12. 20 present a comparison of calculated and experimentally deter-
mined fast-fission ratio for the metal fuel rods. The data presented are principally from
Brookhaven with some Bettis data included for comparison. Both sets of experimental data
are in excellent agreement and in reasonably good agreement with calculation.

The fraction of the fissions in U235 which are due to neutrons above the cadmium cutoff
energy has been measured experimentally. These can be compared with the MUFT calculated
values. The calculation has been extended from 0,45 ev, the calculated cutoff for the cadmium
thickness used in the experiment, to fission energy. For a given enrichment, the calculated
values are dependent chiefly on metal-to-water ratio and can be represented within 3 per cent
by a single curve, independent of rod size or material. The data for all of the lattices can be
placed approximately on a single curve by plotting the data against hydrogen-to—Uz3satom
ratio. For a given ratio, however, the differences in U238 capture and in thermal self-
shielding introduce weak trends with enrichment with opposing sign . The rather poor agree-
ment with experiment, shown in Figs. 12,21 through 12. 24, is believed largely due to errors
in the earlier measurements. At present only the high density oxide data are believed to be
reliable. On these few lattices the agreement is surprisingly good, in the light of the uncer-

tainties in the epithermal cross sections of U235.

238
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Table 12, 9--COMPARISON OF EXPERIMENTAL AND CALCULATED
THERMAL FLUX RATIOS

ﬁw/ 7¢U Flux Ratio

Rod Volume
Diam Enricl;rar;ent Ratio Experimental Flux Ratio
(in.) Fuel (% U°Y) (W/U) ~Bettis BNL Calculated
0. 600 Metal 1.3 1.0 —=== 1.29 1.26
0. 600 Metal 1.3 1.5 1.39+£0.04 1.35 1.30
0.600 Metal 1.3 2.0 1.45 £ 0. 04 1. 44 1. 34
0.600 Metal 1.3 3.0 1,49 £ 0.04 1,48 1.41
0.600 Metal 1.3 4,0 ——— 1,58 1.46
0.600 Metal 1.15 2.0 1,45+ 0,04 ---- 1,31
0.600 Metal 1.15 3.0 1.45 = 0. 04 ———— 1,43
0.600 Metal 1.0 1.0 ——— 1,28 1,22
0.600 Metal 1.0 1.5 -—-- 1,32 1.25
0.600 Metal 1.0 2.0 ———— 1. 36 1,29
0.600 Metal 1.0 3.0 ———- 1.45 1.34
0.600 Metal 1.0 4.0 ———— 1.52 1,39
0, 387 Metal 1.3 2.0 1,21 £0.04 ---- 1.16
0. 387 Metal 1.3 3.0 1,31 £0.04 ---- 1,19
0.387 Metal 1. 15 1.0 ———— 1.14 1.11
0. 387 Metal 1.15 1.5 ———— 1.18 1.13
0. 387 Metal 1.15 2,0 -———- 1.19 1,15
0. 387 Metal 1,15 3.0 ———— 1. 25 1. 1%
0.387 Metal 1.15 4.0 ———— 1.30 1.18
0.387 Metal 1.0 2.0 ———- 1.18 1.13
0.387 Metal .0 3.0 ---- 1.25 1.16
0.600 Low Density Oxide 1.3 3.0 1,0920.03 ---- 1.09
0.600 Low Density Oxide 1.3 4.0 1.14 20,03 —— 1.10
0.600 Low Density Oxide 1.3 5.0 1,16 £ 0,03  ---- 1,11
0.388 Low Density Oxide 1.3 4.0 1,10 £ 0.01  =-=-=- 1.05
0.388 Low Density Oxide 1.3 5.0 1,10 £0.01  ---- 1.05
0.383 High Density Oxide 1.3 3.0 1,102 0.01  =---- 1.07
0.383 High Density Oxide .3 3.5 1.13 £0.01  =---- 1.07
0.383 High Density Oxide .3 4.8 1.13 = 0.01 —-———— 1.08
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12. 17 MIGRATION AREA

The MUFT calculation provides a value of 7, while L2 may be obtained from the thermal-
group calculation of Ds and the macroscopic absorption cross section, Ea. Writing M2 = L2-+ 7
a set of values of the migration area may be calculated to be compared with the experimental
results given in Table 12.8. The comparison is shown in Table 12. 10.

The agreement between the calculated and experimental values is fair. Of the eleven
values, seven agree within the estimated + 4 per cent uncertainty of the experimental values.
Two values differ by about 10 per cent, and the remaining two between 5 and 10 per cent.
Considering the basic disagreement between theory and experiment for the age in pure water,
the agreement is, in some respects, surprising.

12.18 OVER-ALL REACTOR CALCULATIONS
The kg Was computed fpr each of the lattices using the WANDA code (see Appendix A).
The two-group form was generally used since studies on a number of lattices showed that the
two- and four-group values of keff for these large lattices differed by less than 0. 1 per cent,
The calculation was made using the constants calculated by MUFT and SOFOCATE and the
experimental value of the critical core radius, R, Where the lattice had not been made critical
but had been measured in an exponential experiment, the critical radius was obtained from
the measured buckling Bz , and the measured radial and axial reflector savings, ‘kr and Ah'
Thus R is calculated using Eqgs. (12.2), (12. 3) and (12. 4).

Bz _ [2.405 4 m Eq. (12.186)
H+ ‘\h

Table 12, 10--COMPARISON OF EXPERIMENTAL AND
CALCULATED MIGRATION AREAS

2
Volume My M2 - 1.2 +T
Ratio (Exp) (Theor)
Fuel w/u (cm2) (cm2)
U Metal 2 34,1 31.8
1.3%, 0. 600 in.
U Metal 2 30.9 31.4
1.15%, 0. 600 in.
U Metal 2 34.2 33. 4
1.3%, 0.387 in. 3 36, 2 32. 1
Uo,, 7.53 gm/emd 3 53. 4 54.3
4 52. 5 49.5
1.3%, 0. 600 in. : gx.0 g
UO,, 7.53 gm/cm® 4 53. 7 53. 6
1.3%, 0.388 in. 5 54.9 49. 6
UO,, 10. 53 gm/cm® 3 4.:. 8 :;.;
3.6 44, 3 .
1.3%, 0. 383 in. . e -
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In general, the calculated ke!f is different from unity., In all cases calculated, the keff
was greater than one, i.e., the reactor is calculated to be supercritical. Table 12. 11 gives
the calculated results for the oxide lattices. In every case the calculated reactor is approxi-
mately 2 per cent supercritical. The results for the metal lattices are plotted in Figs. 12,25
and 12, 26. Again, the calculated values of keff are high but somewhat less than those for the

oxide lattices.

Table 12, 11--CALCULATED VALUES OF keff
FOR OXIDE CRITICAL LATTICES

Volume Ratio K
Fuel WwW/U eff

Low Density 3 1,016
1.3%, 0.600 in, 4 1.022

5 1.024
Low Density 4 1.014
1.3%, 0.388 in. 5 1,021
High Density 3 1.019
1.3%, 0,383 in, 3.6 1.019

The calculated reflector savings may be compared with the experimental values. The
results are shown in Figs. 12. 27 and 12. 28 for the metal lattices. The calculated reflector
savings are consistently about 0.5 cm less than the measured values. Because of the relative-
ly large size of the reactor, this error in reflector savings has a relatively small effect on
the criticality calculation.

Finally, the discrepancy in the calculated value of kﬂff can be shown in another way. The
WANDA code can provide a keff of unity by varying the buckling. This buckling may then be
compared with the measured bucklings. The comparison is shown in Figs, 12,29 and 12. 30
for the metal lattices. The notation "experimental flux ratios'' refers to the use of Euw/ aU

as measured for computzstion of the thermal utilization rather than the theoretical value.
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Fig. 12.27 - Comparison of Calculated and Experimental Reflector
Savings for 0. 600-Inch-Diameter Metal Rod Lattices.
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Chapter 13

THE ANALYSIS OF HIGHLY ENRICHED
SLAB CRITICAL EXPERIMENTS

13.1 INTRODUCTION
This chapter presents the data obtained on an extensive series of highly enriched critical

slab experiments and the analyses of these data by the standard methods used in the design
of pressurized water reactors. These experiments and calculations are intended to provide
a basis for assessing the validity of some of the methods used in the nuclear design of highly
enriched reactors.

The slab experiment was carefully designed in two imporiant respects in order to facili-
tate this assessment. First, the composition of the reactor was made homogeneous in a
macroscopic sense; second, the geometry was made relatively simple. The intent of these
design features was to test the analysis in as fundamental a manner as possible,

Two different pieces of information are obtained from each experiment, namely, the
critical size and the flux distribution (thermal and epithermal). Since the comparison of the
experiments and the calculations is made on an integral basis, agreement might be due to
compensating errors. Therefore, a series of experiments was performed to broaden the base
over which the validity of the calculations was examined. While the composition of the core
itself was kept substantially unchanged throughout the series, varieties of reflectors and re-
flector compositions were used. In addition, water channels were introduced into the core it-
self in certain experiments.

The results of this work have shown good agreement between calculation and experiment
with respect to criticality. In general, the calculated keff agreed with experiment within 1 per
cent., In a few cases the deviation was as much as 2 per cent. On the other hand, systematic
differences were found in thermal flux distributions, particularly in water reflectors and in

thick water channels within the reactor.

645 .
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DESCRIPTION OF THE EXPERIMENTS

by C.E. McFarland

13.2 DESCRIPTION OF THE REACTOR

The experiments were performed in the SFR critical facility which is described in some
detail in Chap. 9. A few of the pertinent features of the reactor will be reviewed briefly here.
The critical assemblies were constructed from close-packed, vertical fuel bundles. Figure
13.1 is a sketch of a fuel bundle,

Each of the bundles contained five zirconium metal plates; 45 inches long, 0,910 inch wide
and 0.110 inch thick. The fuel (USOB enriched to over 90 per cent in U235) was dispersed in
polyethylene tapes. Four plastic-uranium fuel tapes, each 40,25 inches in length, were folded
double in width and sandwiched between the five zirconium metal plates. A handling tab was
attached to the top of the center ( the third) zirconium plate while a tapered positioning pin was
secured to the bottom of the same plate, The bundle, 45 inches in length with a cross-sectional
area of 0,910 inch, was formed by fastening the zirconium metal plates and tapes together
with aluminum rivets.

The slab cores were made up of an array of these fuel bundles. Each bundle within an
array was positioned with its long axis vertical. The bundles were so arranged that the edges
of the zirconium plates within any one bundle were perpendicular to the flat surface of the zir-
conium plates of the bundle immediately adjacent. The bottom of each bundle was secured in
place by setting its tapered positioning pin into a tapered hole in an aluminum base plate. The
base plate positioning holes were arranged in a square array with a 1-inch separation between
holes. The bundles were supported laterally at the top by an egg-crate structure.

The entire core region was made up of these fuel bundles. When a metal-water reflector
was provided for the slab, the reflector assembly was made up of metal strips arranged in
bundles, as described above, but without fuel. The assembly, slab core and reflector, was
mounted in a tank so that the assembly could be flooded with water. The slab was located in
the tank in such a way that the water reflecting region between the tank walls and the assembly
was a minimum of 20 inches. Figure 13.2 is a sketch of the slab arrangement.

Two control rods were used in each assembly. Each control rod was in the form of a long
hollow cadmium tube with a square cross section equal in area to that of a group of four fuel
bundles. Four fuel bundles, identical to those used to make up the reactor core, were attached
to the bottom end of each of the control rods, Thus, as the control rods were withdrawn, the
space previously occupied by the cadmium was filled by the four fuel bundles, This prevented
the formation of a large, water-filled hole in the core and maintained the homogeneity of the
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Fig. 13.1 - Fuel Bundle for Slab Critical Experiments.
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Fig. 13.2 - Sketch of Slab Assembly.
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structure. The dimensions of each assembly were adjusted experimentally to make it critical
with both control rods very nearly completely withdrawn. When the control rods were fully
withdrawn, the tops of the movable fuel assemblies were at the same plane as the tops of the

fixed bundles.

13.3 FLUX MAPPING TECHNIQUES
The flux traverses were taken, as described in Chap. 10, by activating bare and cad-

mium-covered manganese wires. Some details of the method will be reviewed briefly here.

The irradiated samples were in the form of small lengths of 14 per cent manganese-iron
wire 1/2 inch long and 0. 030 inch in diameter. The weights of the wires of any one given
group were selected to be within * 1/2 per cent of the group average to reduce errors due to
non-uniform sample size. The wires were supported in place within the critical assemblies
in Lucite or Plexiglas wands 1/18 inch thick and 1-1/2 inches wide. The wires were mounted
in slots milled perpendicular to the long dimension of the wand, one wire to a slot. The wires
were held in place within their respective slots by a strip of adhesive Mylar tape which covered
the filled slots.

A previous investigation had shown that there was no significant disturbance of the flux
shape due to interaction of the manganese wires when spaced 0.1 inch apart. It had also been
determined that cadmium-covered wires spaced 0.5 inch apart did not interact seriously.
These were the minimum spacings used in the traverse for the respective measurements, It
had been found, however, that the presence of the cadmium-covered wires did affect the ther-
mal flux locally, For this reason the cadmium-covered and bare wire traverses were taken
with the wands separated but still located symmetrically about the axes of the core., The lo-
cation of the traverses is shown on the diagrams of the various experiments.

The activity of the samples was measured by counting the beta decay. One-millimeter-
thick anthracene crystals with photomultipliers were used for this purpose. Decay corrections
were applied automatically using the techniques described in Chap. 10, The percentage of
error in the measured activation at a given point on the flux traverse is estimated to be 5 per
cent. This is due to the combination of uncertainties in counting, wire size, wire position,
and non-uniform flux peaking in the vicinity of the wire samples.

13. 4 METHOD OF PERFORMING EXPERIMENTS

The experiments were performed by adj usting the size of each lattice so that the control
rods were essentially withdrawn completely with the core in a rectangular array. In general,
one control rod had to be inserted slightly, of the order of 5 inches, to provide sufficient excess
reactivity to reach a suitable power level. The control rod was calibrated to correct for this
residual insertion,

Over the distance involved, the calibration of the control rod was essentially the same for
all of the slabs. Figure 13,3 shows the calibration curve obtained for a control rod. This
calibration was taken by the rod-bump period technique described in Chap. 8. For a rod in-
sertion of the order of 5 inches, the reactivity involved is about 0.1 per cent. This residual
reactivity, expressed fractionally, was added to unity for each of the critical slabs. Thus, the
experimental values of k off given represent the neutron multiplication which would occur if
the control rod were completely withdrawn.

At the higher flux levels used in taking flux traverses, some of the critical assemblies
exhibited a reactivity drift. The reason for this drift is not known but is generally attributed
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to gas bubbles on the reactor surfaces. Because of it, however, the experimental values of

keff quoted are estimated to be uncertain to about 0.1 per cent.

13.5 SUMMARY OF EXPERIMENTS

A total of seven different assemblies were constructed using the same reactor core
bundles. Table 13.1 gives the material inventory for each core bundle based on a loaded
length of 40. 25 inches. The calculated number densities for the core are also given in this
table. If the density of hydrogen in polyethylene is taken as 1.2 times that in water, the metal-
to-equivalent water volume ratio in the core is very close to unity.

Of the seven assemblies, three were bisected by water gaps. The others employed re-
flectors of varying composition. In three of the cases, different reflectors were used on the
two sides of the slab. The experimental data obtained are presented in the subsequent sections

of this chapter together with the calculated results.

Table 13.1--CORE COMPOSITION DATA

Nuclear Number Densities
Used in Analysis

Material Inventory per Core Bundle in units of 1024 per cm

Bitective volume of bundle = 40,25 in> N235_ 0.0001717
Mass of UzOq - 56.08 gm NZT - 0.02132
Mass of polyethylene = 76.97 gm nH . 0.03368
Volume of zirconium = 20.11 £0.20 in? No = 0.01233
Volume of water - 14.28 £0.53 in® NC = 0.00502
Volume of aluminum - 0.057 in° N238_ 0, 000012

Uranium was enriched to 93.37%
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ANALYSIS OF ZIRCONIUM CORE SLAB EXPERIMENTS

by A.D. Voorhis

13.6 GENERAL METHOD OF CALCULATION

Figure 13.2 shows a representative critical assembly. The core has a width W, which
is comparatively small, and a length L and a height H which are comparatively large. The
principal neutron leakage from the core occurs across the narrow dimension W, Therefore,
the behavior of the assembly can be well described by a one-dimensional calculation along the
X-axis (Fig. 13.2) treating the leakages along the Y and Z axes as corrections.

The criticality analysis was carried out as a one-dimensional diffusion type calculation
along the X-axis assuming the core, reflectors, and surrounding water to be separate diffusing
media. The diffusion calculation was made on an IBM-704 using the WANDA code (see Ap-
pendix A) for both two- and four-energy groups. The WANDA code has provision for incorpo-
rating a transverse buckling, B,zr, to take account of neutron leakage along axes other than
that being calculated, i.e., Y and Z axis leakage in this case. The method of determining
B,% will be discussed later.

The group constants used in the fast energy groups of the WANDA code were calculated by
means of the MUFT-3 code (see Appendix E). The calculation was made in 54 energy groups.
The MUFT codes have provision for insertion of a buckling, Bz, to describe the effect of leak-
age on the fast group constants. The buckling is chosen to simulate as closely as possible the
average fast neutron leakage of the core.

The thermal group constants were calculated separately for each region. Because of the
high thermal absorption in the core, it was decided to calculate the core constants by averag-
ing over a hardened speci:rum of the Wigner-Wilkins type. This calculation was made with the
DONATE code (see Appendix D). The thermal hardening in regions other than the core was
negligible due to the low absorption. The thermal constants for the reflector regions were
calcultated by taking Maxwellian averages at 20°C.

13.7 DETAILS OF THE PROCEDURE FOR CALCULATION

The first step in the numerical procedure was to homogenize each of the regions and to
calculate the mean nuclear number densities for each region at a temperature of 20°C. These
number densities are listed in Table 13. 1 for the reactor core. Taking the number densities
for the core, the MUFT-3 code was used to calculate the fast group constants. Table 13,2
tabulates the results for both a four-group scheme and a two-group scheme. The energy range
of each group is shown under the group designation for each scheme. The B2 used in the MUFT-

3 core calculation was 1!‘.3'2 cm-z. This corresponds to a multiplication constant of about 1.6



Table 13.2--CALCULATED GROUP DIFFUSION CONSTANTS FOR REACTOR CORE

——

UO ATE Oo e

MUFT-3 Code (B2 = 10°2 cm™?) = 0em™?
Group 1 Group 2 Group 3
(10 Mev-821 kev) (821 kev-5.53 kev)  (5.53 kev- 0.625 ev) (0,625 ev-0.0 ev)
D (cm) 2.756 1.070 0.6586 0.3180
4-Group I_ (cm” -k 0.05842 0. 07442 0.07201 —
Scheme uw RE-HU 0.000751 0. 000460 0.006074 0. 09231
VI, (cm” ) 0. 000630 0. 000808 0.01063 0.1694
X 0.7517 0. 2483 0.0000 0. 0000
Group 1 Group 2
(10 Mev-0. 825 ev) (0. 625 ev-0.0 ev)
D noutu. 1.526 0.3180
Z.(em ) 0. 02212 -e-
2-Group -1
Sctiame m ?a&, 0. 002284 0.09231
cun {em™%) 0. 003764 0.1694
X 1. 000 0. 0000

Legend for Constants:
D - Group Diffusion Constant

Z, - Group Removal Cross Section (for transfer to next lower group)
¥ - Group Absorption Cross Section

a
MH - Group Fission Cross Section

% ——

SINININAdXA EVIS 20D WNINODAIZ H0 SISATVNY

€59




654 THE ANALYSIS OF HIGHLY ENRICHED SLAB CRITICAL EXPERIMENTS

for the core material and an age for the core material of around 60 cm?.

The last column in Table 13.2 lists the thermal group constants as obtained from the
DONATE code. In this case, the B2 was taken to be zero since there was no thermal leakage
out of the reactor (the effect of leakage on the thermal group constants is quite small in any
event).

The constants shown in Table 13. 2 will of course depend on the cross sections used for
the individual nuclei. These cross sections are tabulated on a library of punched cards or a
magnetic tape which forms an integral part of the scheme of calculations. 1.2

The constant X in Table 13. 2 represents the fraction of fission energy neutrons which are
assumed to originate within the particular energy group. The constant y is the number of
neutrons emitted in fission of U235. This was taken as 2. 46.

In the calculations of the constants no self-shielding was assumed for any of the nuclei.

In all cases, when averaging the thermal diffusion constant D over the thermal spectrum
(either Wigner-Wilkins or Maxwellian), the binding of the hydrogen in the water molecule was
accounted for by using the Radkowsky prescription for the effective mass .3 In the case of
the core region, it was assumed, for purposes of calculating D, that all of the hydrogen was
bound to oxygen even though one-third of it was actually bound to carbon in polyethylene.

The transverse buckling (used in the WANDA calculation) which accounted for neutron

leakage along the Y and Z axes (Fig. 13.2) was computed for each assembly using the relation

2 2 1 1
Bo.=T7 + Eq. (13.1)
& [{M 4260 @®= +zo){]

where M and H are the two long dimensions of the core shown in Fig. 13.2 and § is an ef-

fective reflector savings at the core-water interface, The relation (Eq. (13. 1)) implies that
the neutron flux is almost a cosine in shape and is separable along the Y and Z axes of the
assembly. In making this correction & is taken to be constant as will be discussed in the next
paragraph.

From typical epicadmium flux plots taken along the Z axis of the assembly it was apparent
that this cosine~like behavior was approximated quite well by the fast neutrons which contribute
over 90 per cent of the eflective leakage from the critical assembly. Values of § were obtained
from the experimental plots of the epicadmium activation along the Z axis by fitting cosine
curves to these plots and determining the distance beyond the core-water interface at which the
cosine curves extrapolated to zero. In this way it was determined from a series of assemblies
that

6 = 3.2 0.2 inches.

The value§ = 3.20 inches was used in calculating B.Iz. for both the Y and Z axes. While
the reflector savings along the Y axis is not precisely the same as that along the Z axis, a
simple theoretical calculation shows that they differ by less than 5 per cent for the core sizes
considered here. This error is less than the uncertainty with which 6 is known.

In making the WANDA calculation it was necessary to set an outer boundary condition a-
long the X axis. It was assumed that the neutron flux in all groups became zero at a large
but finite distance from the central core. This point was 10 to 15 inches out in the outer water
reflector.
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The solution of the few-group diffusion equations by the WANDA code provides both a
value of keff and the fluxes as a function of position in each energy group. The calculated
assembly would be just critical if the calculated keff were unity. In the analyses of the ex-
perimental slabs, the calculated keff is compared directly with the corrected kefr of the ex-
perimental assembly (with the rods fully withdrawn).

The number densities and calculated group constants for the various reflector compo-
gitions are given in Table 13.3 for pure water; in Table 13.4 for a zirconium-water reflector
in a 1:1 metal-to-water volume ratio; in Table 13.5 for a zirconium-water reflector in a 7:3
metal-to-water volume ratio; in Table 13.6 for an aluminum-water reflector in a 1:1 metal-
to-water volume ratio. These were calculated using the MUFT-3 code for the fast group
constants and a Maxwellian average for the thermal group constants. The notation used is the

same as that of Table 13.2.

13.8 EXPERIMENT NO. 1--WATER REFLECTED SLAB

This experiment employed a rectangular slab 6 inches by 31 inches by 40-1/4 inches.
The slab was water reflected on all sides. The core dimensions are shown in the sketch of
Fig. 13.4. The letters C and R in the plan view show the location of the two control rods.
The letters A and B indicate the locations at which the transverse flux traverses (bare and
cadmium-covered) were taken.

The criticality results are as follows:

Experimental ke (rod free) 1.001
Calculated k¢ (2-group) 1.026
Calculated k¢ (4-group) 1.005

These calculations were made using the constants tabulated in Table 13. 2 for the core and the
constants tabulated in Table 13.3 for the reflector.

The calculated thermal group flux and the epithermal flux (group-3) are plotted as the
solid lines in Fig. 13.5. These fluxes are plotted to scale in their calculated ratios. The
circles represent the measured thermal activation distribution and the triangular points, the
epicadmium activation distribution. It should be noted that fluxes are being compared to acti-
vation data.

The measured activation curve was fitted to the calculated curves in a fairly arbitrary
fashion. Generally, this was done by matching the points and the curves just outside the core
boundary. The thermal and epithermal activations were normalized independently to the cal-
culated curves.

The two-group results are shown in Fig. 13.6. Only the calculated thermal flux is plotted.

As normalized on the plot, the four-group calculation agrees with the measured thermal
activation distribution within 10 per cent over most of the core and in the outer region of the
reflector. If the normalization were adjusted to fit in the core, the calculated flux peak in the
reflector would be too low and would be displaced too far out in the reflector. The experimental
activation plot clearly shows the inhomogeneity of the core structure with a ripple of 1-inch
wavelength.

The two-group eigenvalue is not only inferior to the four-group result but the thermal
flux distribution represents a noticeably poorer fit to the activation data.
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Table 13, 3--DATA FOR PURE WATER REFLECTOR

Nuclear Number Densities Used In Analysis
0

H

NH - 0.06692 x 1024/ cm? N° - 0. 03346 x 1024/em?

Calculated Group Diffusion Constants
2 -2 Maxwellian
MUFT-3 Code (B” =0.005 cm °) (20°C) Average
Group 1 Group 2 Group 3 Group 4
(10 Mcv 821 kev) (821 kev-5. 53 kev) (5.53 kev-0, 625 ev) (0. 625 ev-0. 0 ev)

D (cm) 2.230 1. 094 0. 5899 0.1511
'
4-Group  Zr nnBL_ 0.1087 0. 1499 0. 1515 --
Scheme Z, (em™) 0.001356 0. 0000 0. 0000 0.01915
Group 1 Group 2
(10 Mev-0. 625 ev) (0. 625 ev-0.0 ev)

D (cm) 1.331 0. 1511

Z, (em” ) 0. 04846 -
2-Group  Z_ (em™}) 0. 000475 0.1915
Scheme

SLNINWIIAAXE TVOLLI¥D EVTS Q3HDIAMNA ATHOIH 40 SISATVNV FHL



Table 13. 4--DATA FOR ZIRCONIUM-WATER REFLECTOR (VOL. ZR/VOL.

WATER =1:1)

NZT 20.02113 x 1024/cm3

Nuclear Number Densities Used in Analysis

NE - 0.03346 x 1024/em® NC - 0.01673 x 1024/cm®

Calculated Group Diffusion Constants

D (em)
i
4-Group Z, Aoalpv
Scheme z, (em™ 7)
D (cm)
-1
2-Group Zy An_.uluu_
Scheme Z, (em )

10 Mev-821 kev)

P 29 5 Maxwellian
MUEFT-3 Code (B =10 “cm”) (20°C) Average
Group 1 Group 2 Group 3 Group 4

(821 kev-5.53 kev) (5. 53 kev-0. g25ev) (0.625 ev-0.0 ev)

SINIWINEdXE av11S FH0D WNINODAIZ 40 SISATVNY

2.787 1.083 0.6778 0.2522

0.05804 0.07384 0. 07415 ---

0.000584 0.0000 0.000159 0,01317
Group 1 Group 2

(10 Mev-0.625 ev) (0. 625 ev-0.0 ev)

1.532 0. 2522
0.02338 s
0.000248 0.01317

———————————————
e ———
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Table 13.5--DATA FOR ZIRCONIUM-WATER REFLECTOR (VOL. ZR/VOL. WATER = 7.3)

Nuclear Number Densities Used In Analysis

NZT _0.02980 x 1024/cm3

N3 - 0.01004 x 102%4/cm3

N° - 0.009970 x 102%/cm3

4-Group
Scheme

2-Group
Scheme

Calculated Group Diffusion Constants

2 P Maxwellian
MUFT-3 Code (B” =0. 0025 cm”) (20°C) Average
Group 1 Group 2 Group 3 Group 4
(10 Mev-821 kev) (821 kev-5.53 kev) (5. 53 kev-0. 625 ev) (0. 625 ev-0. 0 ev)
D (cm) 3.234 1. 060 0.7256 0. 3581
z, (em 1)  0.03514 0.04537 0. 04579 —
E, (em™ 1) 0. 000387 0. 0000 0.0001 0.01062
Group 1 Group 2
(10 Mev-0. 625 ev) (0. 625 ev-0. 0 ev)
D (cm) 1. 672 0. 3581
Z, (em™}) 0.01492 -
Z, (em™) 0.000144 0. 01062
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Table 13. 6--DATA FOR ALUMINUM-WATER REFLECTOR (VOL. AL /VOL. WATER 1:1)

I

Nuclear Number Densities Used in Analysis

~A1 - 003012 x 1024/cm? NE . 0.03346 x 102%/cm® N© - 0.01673 x 1024/em
Calculated Group Diffusion Constants

Maxwellian

MUFT-3 Code (B2 =0. 0025 cm™2) (20°C) Average
Group 1 Group 2 Group 3 Group 4
(10 Mev-821 kev) (821 kev-5.53 kev) (5. 53 kev-0.625 ev)  (0.625 ev-0.0 ev)
D (cm) 2.656 1.539 1.039 0.2785
-1
4-Group Z. ?BLH 0.05630 0.0760 0.05553 ---
Scheme Mw (cm ) 0.000865 0. 0000 0.0003863 0.01585
Group 1 Group 2
( 10 Mev-0. 625 ev) (0. 625 ev-0.0 ev)
D (cm) 1.620 0.21785
-1
2-Group MH. ﬁnupu HV 0.02263 -
Scheme Mm (ecm™ ) 0. 000370 0.01595

———————————— e — — — —— e
—— — m—— — ———
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Fig. 13.4 - Sketch Showing Dimensions of Slab Experiment No. 1.
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13.9 EXPERIMENT NO. 2--SLAB WITH 5/8-INCH WATER GAP AND THIN
ASYMMETRIC ALUMINUM-WATER REFLECTOR

This experiment utilized a core 6-5/8 inches by 26 inches by 40-1/4 inches. Of the 6-5/8
inch core thickness, 6 inches was core material and 5/8 inch was an internal water gap which
bisected the core. The core dimensions are shown on the sketch of Fig. 13.7. Because of
experimental problems the geometry of this experiment was somewhat more complicated than
that of the other experiment. An aluminum-water reflector was built up along one side of the
core. This reflector was 1-5/8 inches thick over part of the slab length and 2-5/8 inches
thick over the remainder. The core fuel material had a corresponding offset as is shown in
Fig. 13.7. A water reflector surrounded the entire assembly.

The criticality results are as follows:

Experimental K g (rod free) 1.003

Calculated keff (4-group) 0,9987
These calculations were made using the constants tabulated in Table 13,2 for the core; the
constants of Table 13. 3 for the water reflector and control water gap; and the constants of
Table 13.6 for the aluminum-water reflector region. Because of the two-dimensional nature
of this problem, the PDQ code (see Appendix B) was used for the calculation. This code is
the two-dimensional analogue of the one-dimensional WANDA code. By using the two-di-
mensional code, the offset in the core could be represented explicitly in the calculation.

The calculated thermal flux (group-4) and the epithermal flux (group-3) are plotted as the
solid lines in Fig. 13.8. The calculated traverses are plotted for the same region of the core
for which the experimental traverses were taken. The normalization to the experimental acti-
vation is again matched near the core-water reflector interface. The fit is generally poorer
than in Experiment No. 1. If the calculated curve were dropped to fit the experimental data
better in the fueled core region, the fit would be poorer in the water channel. The fit in the
water reflector is quite poor with the calculated peak being too low and displaced too far out
in the reflector. In the aluminum-water reflector region the fit is somewhat better than in the

water reflector.

1310 EXPERIMENT NO. 3--SLAB WITH 7/8-INCH WATER GAP AND WATER REFLECTOR
This experiment employed a core approximately 6-7/8 inches by 22 inches by 40-1/4
inches, completely water reflected. The core was bisected by a 7/8-inch water channel. The
core dimensions are shown in the sketch of Fig. 13.9.

The criticality results are as follows:

Experimental kg (rod free) 1. 000
Calculated k _¢¢ (2-group) 1.030
Calculated keff (4-group) 1.014

These calculations were made using the constants.n Table 13.2 for the core and the constants
in Table 13.3 for the water reflector and the water gap.

Figure 13.10 shows the four-group thermal flux and resonance flux (group-3) calculations
and the experimental activation results. The failure of the thermal flux to fit the activation
distribution is quite marked. If the solid curve for the thermal flux were dropped to fit the
minima in the core region, the flux peaks in the reflector and in the central water channel
would be underestimated by the order of 10 per cent or possibly more. While it is not so
conclusive, it again appears that the calculated thermal flux peak is shifted too far out in the
reflector.
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Figure 13.11 shows the two-group thermal flux calculation compared with the activation
distribution. The manner in which this distribution fails to meet the measured distribution
is similar to the behavior of the four-group result but its failure is even more marked in the
reflector. In the central water gap the two-group fit is about the same as the four-group fit.

13.11 EXPERIMENT NO. 4--SLAB WITH ONE-INCH GAP AND WATER REFLECTOR
This experiment utilized a core approximately 7 inches by 24 inches by 40-1/4 inches,
completely water reflected. It was bisected by a water gap slightly over 1 inch thick. The
core dimensions are shown on the sketch of Fig. 13.12.
The criticality results are as follows:

Experimental keff (rod free) 1.006
Calculated keff (2-group) 1.041
Calculated Koge (4-group) 1. 025

These calculations were made using the constants in Table 13. 2 for the core and the constants
in Table 13.3 for the water reflector and water gap. '

Figure 13. 13 shows the four-group thermal and resonance flux calculation and the experi-
mental activation results. Curiously enough, the fit of the thermal flux from the four-group
calculation to the experimental distribution within the core (including the water gap) seems
better than in Experimert No. 3. The fit in the water reflector seems to be off about the usual
amount including the tendency for an outward displacen.ent. It is now also evident that the fit
of the resonance flux to the measured distribution becomes markedly poorer with increasing
water channel thickness. Not only is the distribution higher in the reflector than that given by
the calculation, as was the case in all the previous experiments, but the peak near the water
channel is not well described by the calculation.

The two-group calculation shown in Fig. 13. 14, when compared to the four-group result,
shows a behavior consistent with the previous results.

13,12 EXPERIMENT NO. 5--SLAB WITH THICK ZIRCONIUM-WATER REFLECTOR
ON ONE SIDE

Experiment No. 5 reverted to the use of a core without a water gap. The core dimensions
were 6 inches by 25 inches by 40-1/4 inches. A zirconium-water reflector with a 1:1 metal-
to-water volume ratio was located on one side of the core. The reflector was 11 inches thick.
The core was otherwise water reflected. The core dimensions of this experiment are shown
on Fig, 13.15.

The criticality results are as follows:

Experimental keff (rod free) 1. 005
Calculated kg (2-group) 1.027
Calculated k_g. (4-group) 1.009

These were calculated using the data ot Table 13, 2 for the core, the data of Table 13. 4 for the
zirconium-water reflector, and the data of Table 13. 3 for the water reflector.

The four-group thermal (group-4) and epithermal (group-3) fluxes are shown on Fig. 13. 16.
The general fit of the thermal flux to the measured thermal activation seems about normal for
the core and water reflector region. In the zirconium-water reflector region the lack of fit is
similar to that with water reflectors with the possible exception that the location of the peak
does not appear to be displaced.
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13.13 EXPERIMENT NO, 6--SLAB WITH SYMMETRIC ZIRCONIUM-WATER REFLECTOR
This experiment used the same core width employed in Experiment No. 5, but the zir-
conium-water reflector was symmetric in this experiment. The core dimensions were 68 inches
by 21 inches by 40-1/4 inches. The reflector was 1:1 in metal-to-water volume ratio and was

6 inches thick on each side of the core. Figure 13.17 shows the core dimensions of the ex-

periment.

The criticality results were as follows:
Experimental keff (rod 4ree) 1.001
Calculated k¢ (2-group) 1.018
Calculated ket‘f (4-group) 1. 005

These were calculated using the data of Table 13.2 for the core, the data of Table 13.4 for the
zirconium-water reflector, and the data of Table 13. 3 for the water reflector.

The four-group thermal (group-4) and epithermal (group-3) flux distributions are given
in Fig. 13. 18 together with the activation distribution. The two-group calculation is shown
in Fig. 13.19. The results obtained in both cases are very similar to those obtained with
water reflectors. The calculated peak within the reflector is too low and too far out in the
reflector. It is interesting to note that the four-group thermal flux seems to have the right
shape at the interface between the water and zirconium-water reflector. The resonance flux,
on the other hand, seems to be underestimated throughout the reflector. There seems to be
a tendency for a slight reflector peak to show in the experimental data which the calculation
fails to exhibit. This is similar to the peak that appeared in the central water channel in Ex-
periments Nos. 3 and 4.

Figure 13.20 shows the results of a calculation along the length of the core and the cor-
responding activation distributions. These were taken along the traverses C and D of Fig.
13.17.

13.14 EXPERIMENT NO. 7--SLAB WITH ASYMMETRIC ZIRCONIUM-WATER REFLECTOR

This experiment is similar to Experiment No. 5 in that an asymmetric zirconium-water
reflector was used. However, the zirconium-to-water volume ratio was considerably higher
in this case, 7:3. The core dimensions were 6 inches by 23 inches by 40-1/4 inches. The
zirconium-water reflector thickness was 10 inches. The remainder of the core was water
reflected. Figure 13.21 shows the core dimensions of the experiment,

The criticality results are as follows:

Experimental keff (rod-free) 1.002
Calculated K¢ (2-group) 1.022
Calculated k¢ (4-group) 1.0086

These were calculated using the data of Table 13.2 for the core, the data of Table 13. 3 for the
water, and the data of Table 13.5 for the zirconium-water reflector.

The calculated four-group thermal flux (group-4) distribution and resonance flux (group-3)
distribution are shown on Fig. 13.22 together with the experimental activation results. The
thermal flux distribution fits about as well as in the previous cases,to about 10 per cent. The
reflector peak behavior is also about the same as in previous cases. The calculated resonance
flux again fails to show the slight reflector peak observed in the experiment. In general, the
ability of the calculation to show the difference in thermal flux between the two reflectors is

‘quite good.
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13.15 EXPERIMENT NO. 8--SLAB WITH SYMMETRIC ALUMINUM-WATER REFLECTOR
In this experiment the core was provided with an aluminum-water reflector in a 1 :1 volume
ratio. The reflector on each side of the slab was 6 inches thick. The core dimensions of the
experiment are shown in Fig, 13.23. The core size is 6 inches by 29 inches by 40-1/4 inches.
~ The criticality results are as follows:

Experimental k off (rod-free) 1,000
Calculated k off (2-group) 1.031
Calculated keff (4-group) 1,000

These were calculated using the data of Table 13. 2 for the core, the data of Table 13. 3 for
the outer water region, and the data of Table 13, 6 for the aluminum-water reflector.

The four-group calculated thermal flux (group-4) and resonance flux (group-3) are plotted
on Fig. 13.24 along with the measured activation distributions. If the thermal flux were nor-
malized in the reactor core, the reflector peak as calculated would be too low by somewhat
over 10 per cent. In general, the fit with this reflector is somewhat poorer than with the
other reflectors.

The two-group thermal flux calculation is shown on Fig. 13.25. The fit to the activation
distribution is about equivalent to the four-group result.

13. 18 SUMMARY OF RESULTS--CRITICALITY CALCULATIONS

The calculated two-group and four-group eigenvalues are compiled in Table 13. 7 for
comparison with the experimental results. If the cores with water channels are excluded, the
four-group calculated values agree with the experimental values to within 0. 005 in reactivity.
The results with water channels are considerably poorer. The differences between calculation
and experiment are 0.004, 0,014 and 0, 019 in reactivity for the three cores. The two-group
calculated eigenvalues are higher by about 0. 02 in reactivity although in Experiment No. 8 the
difference is 0. 031,

To see to what extent the agreement is real, the uncertainties in the calculations will be
examined. There are two sources of difficulty in the reactivity calculation; one relates to the
input information, the other to the process by which the calculation is carried out. The first
three items listed below refer to input uncertainties while the last two refer to the calculation
procedure,

(a) Inaccuracy of the Microscopic Cross Section Used to Calculate the Group Constants.

The uncertainty due to this factor is not known. It is believed, however, that the inaccuracies

of the fast microscopic cross sections of the core nuclei will cause the greatest uncertainty
since they affect the slowing down process and therefore the fast neutron leakage. The computed

2. No direct experi-

age to 0. 625 ev for the core material used in these experiments is 62.5 cm
mental results are available to compare with this value. As to sensitivity, it should be noted
that a 3 per cent change in the core fast neutron leakage would result in a 1. 2.per cent change
in the calculated k off"

(b) Uncertainties in the Reactor Geometry. This uncertainty includes the difficulty of speci-
fying the exact position of the core-reflector boundary, i, e., the region over which the core

material is homogenized for the calculation. It also includes the uncertainty in the reflector

saving used for the Y and Z axes together with the possible errors which arise when a three-
dimensional problem is assumed separable and calculated one-dimensionally. It has been esti-
mated that an unfavorable combination of these uncertainties could lead to an error of as much
as 1.5 per cent in kgfy.



m ‘g oN Juswrixedxy jo suorsUSWIQ 3I0D Supmouyg yoleNg - €2 "e1 g

- 9 .9 9

S3qIS H108 NO
HOL93143¥ OH-1V 1:| 40,9

300 Yorxezx,9

S -
Gl s

T
?

401237434 HILVM

.mllrr.|||ill

1 %— wy3aivw 1304

§- \&\\\ / u\ N\\ [~ ¥4OL23143Y 0%H-W

401231434 ¥3LVM

ANALYSIS OF ZIRCONIUM CORE SLAB EXPERIMENTS

|



‘uonjenore) dnoan-anoy - g "oN jyuswrradxy JI0J suomNqrIISY(] XNl 4 - ¥ "€1 814

(y2ul auQ s) uoisiaig yao3) IINVLSIQ

w
|
=
£
[v4
&
o | I E— T I T B T e T |
= z 2
5 0°H A 0°H A
< R . | =
m Iv A VA
& ¥OLI3143M Lane * A2LE ¥0173143Y4 v
v g M-y 34809 Y3LVM- IV
m
m \i
a v
=
3]
[+ = o
= O D
& o.mz_aye%o&o.!o@i.&a
o - [o}7
H A/
G ()
< —80 3
& >
2 I 41 =
g £$ XNd WNYIHLIGI Q3LNNOD =
u - —40°1 =
z *$ XN1d IWNEIHL 031NaW0d 1
e il 71 =
-
— ~z =<
hd 0% e
o u__.&‘mm_oo.o = 38
= g $l
_- 0007 = A
< .9 >t .9 - 9 » NOILYINDIVYI dNOYO-+
= —9°1
i H01031434 MH3IVM - |V ]
NOLLVAILOV TWWMIHLIJI YN TVINIWINIIXT — @ JIML13WANAS HLIM 8V1S
— NOLLVAILOVY TWNU3HL YN TVINIWIN3dXI — © -8
[ == =i |l [ (e g o e e ) | L 11 1 1 N SN S G el R [ | o

684



w ‘uorjeInoTe) dnoan-oMm I, —- § "ON jusUI2dXE JOJ SUOINGIIISYT Xn[q - G €1 ‘Brq

(42u] 2uQ s| voising Y203) 3INVLSIO

1 — T T T 1T b
— HO1931434 —
- —z0
& {5200 X 62% .9) =
" 3802 ) P
= o ) 9°0
P’ B T 5
- =
ﬁ 2
—eo [
b -
=
— -1 <
m
>
— —0'l O
|
@ <
E [ 1 =<
g | X4 TVNN3HL G3LNGWOD dz
[
B 4
e (o]
[£3]
@ W o g ok —#
m . 9 K 9 = 9 o 2 Xumm_g ] 28 |
W IE0°1 = t.Ov._
(=]
o — —9°1
= NOILYINDIVD dNOH9-2
=
m NOLIVAILOVY IVAH3HL UN TVINIWIHILAXI - © HO1237143y H3ILYM -1V
i — 8
N JIH13WWAS HILIM 8Y7S
& -
vy
2 N (N I [N S N S [ AN I IS [N AN N N S SN S S S N S E— S— — —— — o'z
=
=
hd



THE ANALYSIS OF HIGHLY ENRICHED SLAB CRITICAL EXPERIMENTS

!l

‘UOTJRINOTED TRUOTSUSWIYT-OM], x

0°1= 0%} 1V
0001 180T 000°T suoNy o%H-TV 'urg
9001 2201 2001 swoN  O°H uroz
0°1 = O’Hiaz
€00 1 8101 100 °1 swoy QPg-a7'urg
800 °T L20°T 00T suoN Q% ur oz
$20°T 150 T 900 °1 ‘urt  O°H-ur oz
$10°0 0£0 T 000 °1 ‘ur8/L  OFH "I 0Z
#1866 '0 --- €00°'T  ‘urg/e OFH "urog
$00°'1 920 T 100 °1 suoN O%H ur oz
dnorp-y dnoun-g ¥y Puueyd gz apIs
3135 parernored saag-poy J9je)  JOATFRY
Tejuawrsadxy TeJua))

SUOTSUAWIT 3100 TEITITID

0°1= O%H:1V
O%H-1v "ur g »/1-0V X 62X 9 8
§/L= O°H:az
O%H-47Z "ur 01 ¥/1-0V XEZX g L
0°1= Ofmiaz
o%H-az "urg v/1-00 X 12X g 9
0°'1= o%m:az
oH-17 “ur 11 ¥/1-0v X GZ X g g
o%H "ur 02 ¥/1-00 X ¥Z X L ¥
O°H w02 %/1-0¥ X 22 X 8/L-9 ¢
0°T= O%HIY
O°H-1V "ut 8/5-1 ¥/1-0% X 92 X 8/G-9 z
0%H ‘ur 0z $/1-08 X 1§ X g 1
1 2p18 Bl x YSuaT X YIPITM ‘oN
I0}09739Y ("uy) dxg

SLTINSEY LNEWIHEdXE TVOLLIYD JO AUVWINNS--L €1 21qe],
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(c) Errors in the Material Inventory. The most important of these uncertainties is the hy-
drogen and uranium density in the core. The hydrogen density is uncertain because the water
and tape volumes are uncertain. It is estimated that the water volume is uncertain to 4 per
cent and the tape volume to 5 per cent. Because of the close match between the hydrogen den-
gities in the tape and water, however, the two effects practically cancel, making the over-all
uncertainty in the hydrogen density only about 1 per cent. The effect of this on the fast leakage
results in an uncertainty in the computed keff of about 0. 4 per cent. The uncertainty in the
uranium density is estimated to be 1.5 per cent,but due to the high value of the thermal utili-
zation the effect on k . is only about 0.1 per cent.

(d) Incorrect Calculation of the Core Spectrum. The difference in the values of kefi be-
tween the two- and four-group schemes is believed due in large part to the fact that the fast
diffusion constants of the core for one scheme are not consistent with those of the other. This

inconsistency is due to the approximate manner in which the interaction with the reflector is
taken into account by the MUFT-3 code in calculating the core fast neutron spectrum. As noted
previously, the entire effect of the reflector in the MUFT system is described by assigning a
fast buckling which is the same throughout the entire energy spectrum, A more detailed de-
scription of the interaction of the core and reflector as a function of energy is required to
make it possible to compute consistent two- and four-group fast constants. This is particular-
ly true of the thin, leaky cores treated here. It is estimated that use of the simple geometrical
buckling approximation to calculate the core spectrum makes the k .. of the two-group scheme
uncertain to 2 per cent and that of the four-group scheme uncertain to 1 per cent. The higher
values of keff obtained in the four-group scheme in experiments 3 and 4, where the core was
bisected by a water channel, arise from this same sort of error. In this calculation no de-
tailed description was used to determine the effect of the water gap on the fast neutron spec-
trum in the surrounding core.

Insofar as the thermal spectrum is concerned, the uncertainties in keﬂ' due to errors in
calculating the thermal spectrum in the core appear to be small because of the high thermal
utilization of the core around 0.9, and the small interaction with the reflector. Thus the value
of 1 f calculated for the thermal group was 1. 835 when averaged over the hardened Wigner -
Wilkins spectrum calculated from the DONATE code. A Maxwellian average at 20°C, had it
been used, would give a value of 7 f of 1.841. This represents an increase in keff of only
about 0.3 per cent. Because of the larger uncertainties in keﬂ' due to other factors, it appears
that the calculations of criticality for the cores used in this series are not sufficiently precise
to cast any light on the details of the thermal spectrum hardening.

(e) Thermal Self -Shielding in the Core. No self-shielding was taken into account in com-
puting the thermal and fission cross sections of the core. An estimate of the self-shielding
within the fuel tape (0.021 inch thick) was made by using a simple one-dimensional transport
calculation. The result showed that the rate of neutron absorption by the uranium on the tape
was about 3 per cent less than the rate at infinite dilution. Because of the high thermal utiliza-
tion, however, this would decrease the keff value by only about 0. 3 per cent,

There is, in addition, further self-shielding due to the flux ripple through the structure of
the fuel. This is due mainly to the small water gaps, of the order of 0.1 inch, between
adjacent bundles. This effect can be observed on the thermal activation distributions. A cell
calculation showed that this effect would decrease the keﬁ by less than 0.1 per cent.
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Taking all of these effects into consideration, it is perhaps remarkable that the agreement
between experiment and the four-group calculation is as good as it appears to be. If the error
and uncertainty estimates made here are reasonable, the agreement is in part due to offsetting
of some of the errors and uncertainties.

13.17 SUMMARY OF RESULTS--FLUX DISTRIBUTIONS

As noted previously, the shape of the computedthermal flux (0-0. 625 ev) fits the sub-
cadmium manganese activation fairly well. It was noted that the fits were poorest at the re-
flector peaks and at the central water gap peaks. There seems to be little doubt that a cor-
rection for high leakage should be made in calculating the thermal spectrum in the vicinity of
these peaks. This correction was not made in the calculations.

It will be noted in most of the cases that the ratio of the subcadmium activation at some
point in the reflector to some point inside the core is generally greater than the computed
thermal flux ratio for these same two points. This is the case because the thermal spectrum
in the core is considerably harder than in the reflector. The measured subcadmium activa-
tion, because of the 1/v thermal absorption cross section of manganese, is proportional to
the thermal neutron number density instead of the neutron flux. At a point in the core, the
ratio of the thermal flux ¢ c to the thermal activation A a is given by

¢c —
A: = CMI‘I VC Eq. (13, 2)
where
0.625 0.625
[ em e [ v @
= _Jo i i
Ve = 50825 = 10,625 Eq. (13.3)
f $.(E) (Yv)dE f n_(E)dE
o o
and n, is the number density of neutrons in the energy interval dE at E
1 .
n (E) = = ¢c{E) Eq. (13.4)

The neutron velocity is v, a function of E. The constant CMn has a value characteristic of
the manganese detecting wire. Vc is the average thermal neutron velocity in the core.

The integrals in Eq. (13. 3)have an upper limit of 0. 625 ev., For the subcadmium acti-
vation, however, the integration should extend only to about 0.4 ev. Such a distinction be-
tween the limits of integration is not important, however, because the manganese activation
between 0.4 and 0. 625 ev is only about 1 per cent of the total activation below 0.4 ev.

A set of equations similar to Eqs.(13.2) and(13. 3}holds for the ratio of flux to activation
at some point in the reflector. Thus,

i stn Vo Eq. (13.5)
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where \_?"r is the average neutron velocity in the reflector determined by averaging over the
thermal spectrum of the reflector. Dividing Eq. (13.5) by Eq. (13.2) gives

A v
:&L =(§9-) -?5- Eq. (13.6)
¢ r/ %

The thermal spectrum in the reflector has practically a Maxwellian distribution at room
temperature (20°C). Using such an assumption, the calculated value for \_Ir turns out to be
1,128 Vs where v is the most probable velocity corresfondtng to kT of 0,025 ev. A harden-
ed spectrum calculation in pure water gives a value for V of 1,161 Vor

The DONATE code was used to calculate Vc in the core, It was found to be 1. 409 Vs
where Y is the same value as in the preceding paragraph. As a result the ratio of thermal
activation at a point in the reflector to a point in the core would be estimated to be roughly
20 per cent higher than the ratio of the calculated thermal fluxes for the two points. This
would be the ratio for points lying well within their respective regions since the thermal
neutron spectrum is continuous across the core-reflector interface.

The 20 per cent estimate, while it probably represents an overcorrection, is in the right
direction to account for the difference between the calculated fluxes and the measured activa-
tions.

The epicadmium manganese activation (0. 4 ev-10 Mev) was compared in the graphs with
the third-group calculated flux (0. 625 ev-5. 53 kev) from the four-group calculations. By
assuming a 1/v manganese cross section and 1/E neutron spectrum, it is easy to show that
about 80 per cent of the total epicadmium activation is due to neutrons with energies lying
within the limits of the third-group flux. It was for this reason that the epicadmium activa-
tion was compared with the third-group flux. Little can be added to the discussion of the fit
other than the general remark that it seems reasonably satisfactory. Reasons for the small

but consistent departures are not known,
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Chapter 14

THE ANALYSIS OF HIGHLY ENRICHED
SLAB REACTOR CONTROL EXPERIMENTS

14,1 INTRODUCTION
In the preceding chapter the results of a series of carefully designed slab reactor experi-

ments were analyzed by group diffusion theory techniques. The method of derivation of the
group constants and their use in the calculations were, by intent, identical to the procedures
used in the nuclear design of reactors, The comparison of the calculated with experimental
results provided a measure of the reliability and accuracy of the design techniques.

This chapter describes an extension of this approach into the area of control rod worth
studies. As before, the experiments were designed to involve a minimum of complication due
to geometry and heterogeneity. While there is not, in the case of control rod worth, an estab-
lished design procedure, the experiments were again analyzed within the framework of group
diffusion theory. The intent was to examine the degree of confidence with which the nuclear
design procedures could be extended to control rod worth calculations.

The results obtained so far are encouraging but not conclusive. It does appear in the
cases examined that the control rod worth may be calculated reasonably well. The studies,
however, are not sufficiently broad in scope to provide a thorough test. Further experimental
data are required as well as an improvement in the precision of the analysis before a high
degree of reliance can be placed on analytical methods of calculating control rod worths.

691
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DESCRIPTION OF THE EXPERIMENTS
by T.M. Ryan

14.2 DESCRIPTION OF THE REACTOR

The critical assembly used for these experiments was the same highly enriched assembly
used to conduct the experiments reported in Chap. 13. The core was again arranged in slab
geometry with one dimension much smaller than the other two to permit a one-dimensional
analysis. The reactor was completely water reflected for the control experiments with a
water reflecting region about 20 inches thick.

The control experiments were conducted by locating a sheet of control material in the
reactor core so that it bisected the narrow dimension of the slab. Figure 14.1 is a schematic
diagram of the reactor. As indicated on this figure the reactor core had a narrow dimension
W, alength L, and a height H. The absorbing membrane was made so as to extend at least
2 inches beyond the core dimensions into the water reflector.

The contruction and composition of the core material was the same as described in Chap,
13. As described there, the core was made up of an array of vertical bundles, 0.910-inch-
square, and closely packed on a l-inch-square base. A bundle was made up of five zirconium
strips, each 0.110 inch by 0.910 inch by 45 inches in dimension, and eight polyethylene fuel
tapes, each 0.021 inch by 0.850 inch by 40-1/4 inches in dimension. The material inventory
of the core material is given in Table 13.1. This table also gives the nuclear number den-
sities which apply to the core region. The metal-to-effective water volume ratio was close
to unity in the core, based on the assumption that the hydrogen density in polyethylene is
about 1.2 times that of water.

The reactor was again controlled with two cadmium control rods, each having a cross-
sectional area of 2 square inches, with fuel bundles attached to the ends of the cadmium tube.
As the rods were pulled out of the reactor, fuel bundles were pulled in. The letters C and R
in Fig. 14.1 indicate the location of the control rods.

14.3 DESCRIPTION OF THE CONTROL MEMBRANES

The experiments were designed to illustrate the effect of a black thermal absagrber, a
gray thermal absorber with strong resonance absorption, and a 1/v absorber. Cadmium was
used for the first type of absorber. Various thicknesses of gold were used for the second type
of absorber. Boron was used for the third type of absorber,

In the cadmium experiment, commercially pure cadmium sheet material 0. 020 inch thick

was used. To obtain a control membrane of adequate size, two sheets were fastened side by
side.
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Fig. 14.1 - Sketch Showing the Geometry of the Control Sheet Experiments.

The gold experiment was performed using gold ribbons 4 inches wide and 36 inches long.
The ribbons were fastened together,side by side, to obtain the necessary sheet width. The
first gold experiment was performed using a single layer of gold sheet 0. 010 inch thick. The
second was performed using two gold sheets whose composite thickness was 0.030 inch (a gold
sheet 0. 020 inch thick was placed on a gold sheet 0.010 inch thick). The third experiment with
gold used two sheets, each 0,020 inch thick, plus a sheet 0.010 inch thick to obtain a total
thickness of 0.050 inch. The gold content of the sheets was analyzed to be 99. 88 per cent gold

with traces of silver present.
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The boron sheet was constructed by sandwiching two layers of polyethylene tape, each
having a thickness of 0. 019 inch and containing a dispersion of natural boron, between two
sheets of aluminum, each 0. 025 inch thick. The average boron loading was 0.0012 gram,’cm2
of membrane surface. The average loading of polyethylene was 0. 0878 gram{cmz.

In placing the control sheet between the fuel bundles, the water gap was kept smaller than
the 0. 1-inch water gap normally present between adjacent fuel bundles. Thus there was no

need to consider the water between the control sheet and the fuel zone explicitly,

14.4 ACTIVATION TRAVERSES

Neutron activation profiles were measured along various traverses through the critical
core in each experiment. In general, the technique used was the same as that described in
Chap. 13, except that other foil materials were included. Bare wire activation and epicadmium
activation were measured with small wire detectors made of two materials, manganese
and a highly enriched uranium alloy. Gold foils were also used. The wires were spaced
0.2 inch and 0.5 inch (for bare and cadmium-covered measurements, respectively)
along 1/16-inch-thick Plexiglas wands which were inserted between the fuel bundles of
the core. The gold foils were spaced 0.5 inch and 1.0 inch apart. The manganese de-
tectors, 0.030-inch diameter by 0.5-inch length, were composed of 12 w/o manganese
and 88 w/o iron. The gold foils, 0.001-inch thick by 3/16-inch diameter, were pure gold
except for traces of silver as an impurity. The uranium detectors, 0.030-inch diameter
by 0.5-inch length, were composed of approximately 6 w/o uranium and 94 w/o zirconium.
The cadmium covers used to measure the epicadmium activation were 0.020 inch thick.
Subcadmium activation profiles were obtained by subtraction of the epicadmium activation
from the activation of the bare wires.

14.5 METHOD OF PERFORMING THE EXPERIMENT

In the performance of these experiments the membrane was installed in the reactor tank
and the fuel bundles were loaded about the membrane until a critical slab configuration was
reached. In the critical configuration the membrane either bisected the thin dimension of the
slab or was displaced 1/2 inch from this position as the critical width and the size of the fuel
bundles required. The control rods were usually inserted to a depth of 3 or 4 inches at criti-
cality in order to attain a practical power level for activation measurements. As with the
slab experiments described in Chap. 13, the residual reactivity due to the rod insertion was
determined by calibration of the control rods. This reactivity was then added to unity in order
to obtain the experimental rod-free keff'

The experimental data obtained are presented in the next section together with the ana-

lytical results.
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THEORETICAL ANALYSIS OF CONTROL EXPERIMENTS

by M. Goldsmith

14.6 GENERAL ANALYTICAL PROCEDURE

The method used to analyze each critical assembly is the same, aside from the effect of
the membrane, as that described in detail in Chap. 13. This procedure will be reviewed
briefly. The highly enriched slab core has a small width W, large length L, and height H.

The principal neutron leakage into the water from the core occurs along its narrow dimension
W. As before, therefore, the neutron balance of the entire assembly was calculated by a

one -dimensional diffusion calculation along the narrow dimension perpendicular to the absorb-
ing membrane. The small neutron leakage along the other two axes of the core was account-
ed for by buckling corrections.

In this calculation, the core and water reflector regions are treated as separate homo-
geneous diffusion media. The average nuclear number densities of these two regions are
given in Tables 13.1 and 13. 3.

The one-dimensional diffusion problem is solved on a digital computer by using the
WANDA code (see Appendix A), This is a one-dimensional, multiregion, few-group diffusion
code. The calculation has been carried out using both two and four groups.

The fast group constants for the core and water regions were computed, as in Chap. 13,
by using the MUFT-3 multigroup diffusion code (see Appendix E). The thermal group con-
stants for the core were computed by using the DONATE code (see Appendix D) to take account
of hardening in the thermal spectrum. The thermal group constants for the water reflector
are Maxwellian averages. The constants for the core are given in Table 13. 2 and for the
water reflector in Table 13,3. Both the four-group and two-group constants are given in these
tables. The details of the derivation of these constants are discussed in Chap, 13.

As before, the small neutron leakage along the two long axes of the core has been incor-
porated in the diffusion calculation by a transverse buckling B.%‘. This buckling is calculated
in the usual manner, assuming cosine flux distributions along the two long axes of the core
with a measured reflector savings of 3.2 inch at the core-water boundary.

The region occupied by the absorbing membrane is treated as a fictitious diffusion region
whose net effect on the reactor is the same as the actual absorbing membrane. Thus, the
absorption is treated within the framework of the WANDA diffusion calculation. The method of
deriving the appropriate constants for this fictitious medium will be discussed in the following

sections.
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14.7 GENERAL TREATMENT OF ABSORBING MEMBRANE

The principal reason for replacing the actual absorbing region by a fictitious diffusion
region is to fit it into the framework of the multiregion diffusion type codes. It is recognized
that diffusion theory does not hold within the cadmium or gold sheet at those neutron energies
where the material has an appreciable absorption effect, The aim is not to use diffusion theory
for the actual region but to replace the actual region by a fictitious diffusion region whose net
effect on the reactor, toa P1 order of approximation in the neutron angular distribution at the
surface of the absorber, is the same as the actual absorber. Once the group diffusion con-
stants for this fictitious region are determined, it is a simple matter to make a one-dimension-
al calculation perpendicular to the absorbing membrane where core, water reflector, and the
thin fictitious region are treated as separate diffusion media.

In the following discussion it is assumed that neither neutron fission nor neutron modera-
tion is occurring inside the membrane,i. e. , there is no internal source of neutrons in the
membrane, The first restriction is completely valid for all the experimental membranes used.
For the cadmium and gold membranes the second restriction is a good approximation because
of the high scattering masses and thinness of the membranes. For the boron-polyethylene
membrane, however, the second restriction is probably poor. This is discussed in a follow-
ing section,

14.8 DETAILED TREATMENT OF ABSORBING MEMBRANE--DERIVATION OF BOUNDARY
PARAMETERS

The first step in the analysis by which the absorbing membrane is replaced by a fictitious
diffusion region is to obtain appropriate boundary conditions at the absorber face. In particu-
lar, the ratios of currents to fluxes are the significant quantities. Let j HE) represent the
net neutron current into one face of the absorber (e.g., the side in the positive x-direction) at
an energy E. Let ¢*(E) represent the scalar flux at the same surface. Let j (E) and ¢  (E)
represent the current into the other face and the scalar flux value at the other face, respec-
tively. Two quantities a(E) and B(E) are defined as follows :

a(E) = 1'E) 4§ E@) Eq. (14.1)
oHE) + ¢ (E) S

i YE) - j7(B)
pE)= L 2 -] ) Eq. (14.2)
¢ t®) - ¢"(® :

It can be seen from these definitions that a(E) is a measure of the total current into the
absorbing membrane while B(E) is essentially a measure of the net current through the mem-
brane.

Energy averages of a(E) and 8(E) will be taken to obtain appropriate group values. Before
doing this, however, consideration will be given to how these quantities can be calculated.

The quantities a(E) and B(E) are functions of the absorption and scattering within the mem-
brane. If the scattering cross section is assumed to be zero, they can be computed approxi-

1,2

mately using simple optical penetration theory , which gives

F (E)

a®) - 2|:2—F1(Eﬂ

Eq. (14.3)
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2—F0(E)
BE) = Eq. (14.4)
2F1 (E)

In these equations

1 ZtZa (E)
F(E) =1- Zf du p exp |- Eq. (14.5)
o ©
and
1 2 2tZ_(E)
F(E) = 1-3[ dup”exp|- Eq. (14.6)
B
o

In the definitions of FO(E) and FI(E), 2t is the thickness of the membrane, and Z}aLE) is the
macroscopic absorption cross section of the membrane at energy E.

Physically, the quantity F & is the fraction of the isotropic component (Po term) of the
incident flux absorbed in the membrane, and Fl is the fraction of the entering anisotropic
component (P, term) which is absorbed. The integrals in Eqs. (14.5) and (14, 6) are the well-
known E-functions and are tabulated 3 as a function of the argument 2t Z_(E).

The values of @ (E) and B(E) for two limiting cases of absorption in the membrane are

important.

Case 1. Small absorption (transparent membrane) tZa(E) << 1.

alE) = tBa{E) <<1 Eq. (14.7)
B(E) Wiantas B § Eq. (14.8)
3tZ_(E)

Case 2. Large absorption (black membrane) tBa(E) ot i

a(E) = B(E) = % Eq. (14.9)

The computation of a(E) and B(E) is, in general, more difficult when scattering is present.
The case where the membrane is situated in a symmetric flux ¢*(E) = ¢”(E) is discussed in
Reference 4 which also contains tables for finding F | and F,. Other methods for finding @ and
B when scattering is important are described in Reference 2.

The next step will be the definition of the appropriate group averages. First, ¢*(E) is
defined as the mean of the scalar fluxes on each side of the membrane, and j*(E) is defined as

the net neutron current through the membrane.

(k) = % [¢+(El +¢ (EEl

j*(E) = E+(E) . j'(EE|

It is convenient at this point to introduce certain group averages. For the ith energy group
the group averages of a(E) and B(E) can be defined as follows:
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fa(E) ¢*(E) dE

<a>i = i
f $*(E) dE
i

ﬁ* (E) dE
i
<B>, = Eq. (14.11)
o E ﬁﬁ) j*(E) dE

If ¢;’, q'fi 5 j; 5 andj-i are defined as the total fluxes and currents over the ith group ;

Eq. (14.10)

for example
+ - +
¢i —/¢ (E) dE, etc.,
i

the followling relations hold:

j‘;.,.j; =<a >, (ﬂ’ +97) Eq. (14.12)
it-iT =<p>; W]-9¢7) Eq. (14.13)
or
Y oie M
jI =<a>; it + B> i‘—‘h— , Eq. (14.14)
2
’ o + 6] ¢ - )
ji z<a>1 T —<ﬂ>1 ——2-—-—- . Eq. (14. 15)

The parameters <a >; and <B> j are related to logarithmic flux boundary conditions on each
side of the membrane. If the membrane is located in a symmetrical flux (center of core),
then ¢I = ¢'i and j'; = j'i and the second term on the right of Eqs. (14.14) and (14, 15) van-
ishes. In this case the logarithmic extrapolation distance for the flux(into the membrane) is
the same on each side and is given by D‘i:/«ﬂa >i ; where Df is the core group diffusion con-
stant., From Eq. (14, 12) the total current into both sides of the membrane depends primarily

on<a > From Eq. (14. 13) the total current through the membrane depends primarily on

<B > . j.In determining the reactivity effect of a membrane, it is usually more important to
know < a > correctly than < 8 >, because the former determines the total rate of absorption
in the membrane, whereas the latter determines only the current through the membrane due to
a flux mismatch on either side. When the membrane is located in a symmetric flux, it is not
necessary to know <f > If, however, the membrane is located in a very strong flux
gradient, it may be necessary to know <f >; as accurately as <a >, . The flux asymmetry
about the membranes considered in this chapter was small, so that <a >; was more impor-
tant than < B >

The averages defined by Eqs. (14. 10) and (14, 11) are to be taken over the neutron spec-
trum existing at the absorbing membrane surface. As a first approximation, these spectra,
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¢*(E) and j*(E), can be taken equal to the scalar flux spectrum %(E) in the surrounding core
away from the membrane. Higher order approximations, however, should take account of the
local flux depression in the core at the membrane as a function of energy. This heterogeneous
problem has not been solved for neutrons in the thermal range because of the mathematical
difficulties presented by neutron up-scattering. An approximate solution to this problem,
however, is knownl for the fast neutron energy groups (down-scattering only) which can be
used to calculate the flux depression at the membrane due to resonance absorption. With this
effect taken into account, the group averages over the fast neutron spectrum can be expressed

to the second order of approximation by

fa(E) %E) o
i

Ji 1443 a®E) Eq. (14.16
<a>; _f %(E) q. (14.16)
—  _GE
A 1 43 a(E)
/‘ﬁ(E) 9,(E)
1 +y3 B(E)
<B> =- ikl Eq. (14.17)

i

/- 0, (®)
L 1+3 BE)

where qbo(E) is the scalar fast flux spectrum in the surrounding core away from the membrane.
These expressions are to be used for the fast neutron groups only, not for the thermal group.
They are derived assuming a hydrogenous moderator with the fast scattering cross section of
the moderator much larger than its fast absorption cross section.

14,9 DETAILED TREATMENT OF ABSORBING MEMBRANE--DERIVATION OF EQUIVA-
LENT DIFFUSION THEORY CONSTANTS

Consider an infinite slab region of width 2t. In this region neutrons are being supplied
through the sides, but there is no internal source. Let it first be assumed that diffusion
theory does hold within the slab so that the scalar neutron flux ¢ and net current j obey the
following equations in the slab,

2

pfe.z4 =0 Eq. (14.18)
dxz

j=-p g Eq. (14.19)

In these equations, D is the diffusion constant and Za is the macroscopic absorption cross
section of the medium. TheX-axis is taken perpendicular to the face of the slab,
The general solutions to Egs. (14. 18) and (14. 19) may be written

¢ x) = Acosh ¥ +Bsinh T Eq. (14.20)
ixy = - JDEE |} sinh % + B cosh %] Eq. (14.21)

where L2= D/Ea, and A, B are arbitrary constants.
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If ¢ * and ¢~ are again used to designate the fluxes at the two surfaces of the slab (right
and left, respectively) and j *and j ~ are used to designate the currents into the two faces of
the slab, the surface currents may be expressed in terms of the fluxes.

+ = + -
j* = DT, (‘P_.;:_'P) tanh tI + VDT, (Lz—i) ctnh t: Eq. (14.22)
i = PZ, (ﬁj_@__) tanhl - JDET_ (3*_-?:) ctnh tf Eq. (14.23)
2 L 2

By identifying Eqs. (14.22) and (14. 23) with Eqs. (14.14) and (14. 15) it is seen that

<a> = YDZ, tanh r Eq. (14.24)
L

<B> = VDT ctnh & Eq. (14.25)
L

Thus the derivation leads to the following conclusion: If diffusion theory holds in the
absorbing slab, the parameters <a > and <> may be calculated from the diffusion constants
of the medium by using Eqs. (14.24) and (14. 25).

Suppose, however, diffusion theory does not hold within the slab but the parameters <a >
and <B> are known from some other source of information. This slab medium then can be
replaced by a fictitious diffusion medium having effective constants D and Ea which satisfy
Egs. (14.24) and (14. 25). Such a fictitious diffusion medium would preserve the relation be-
tween fluxes and currents that existed at the surface of the original medium. The constants
D and Ea can be solved in terms of <a> and < f > as follows: Multiply and divide Eqgs. (14. 24)
and (14. 25) and apply the relation

2 tanh "1 x =1n(%%) Eq. (14.26)

The results are

<a>
1+.J—-*
3 ="<“2><3> tn £p” Eq. (14.27)
t [<a>
e <B>
DI = <a><p> Eq. (14.28)

The procedure then is to calculate <a 3 < B > for each of the energy groups. From these
the equivalent Di and Eai are calculated by Eqs. (14.27) and (14, 28).
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14.10 DETAILED TREATMENT OF ABSORBING MEMBRANES--CALCULATION OF NUMERI-
CAL VALUES FOR BOUNDARY PARAMETERS

By assuming no gcattering in the membrane, it can be shown from Egs. (14, 3) through
(14. 6) that, in general,

_.l.— < < .._1.—

where the upper bound occurs in the limit of no absorptions, Eqgs. (14.7) and (14. 8), and the
lower in the limit of infinite absorption, Eq. (14.8). From the definitions of the averages,
Eqs. (14, 10) and (14. 11) or (14.16) and (14.17), a corresponding relation holds to a good

approximation for the group averages; that is,
Ll _ < <p> sz Eq. (14.30)
4<a> = i T3<a>; * .
Since an accurate calculation of < B >, is not important when the membrane is situated in
an almost symmetric flux, < >, can be estimated rapidly from <a >; by using Eq. (14.30).
The upper bound of this inequality can be used for <8 >4 if over an energy group most of the
absorption in the membrane is small (resonance absorption) so that <a >i < < 1. In that case,
the effective group diffusion constants can be approximated from Eqs. (14.27) and (14. 28) by

<a>; 2 7]

By B 14<a>; +... Eq. (14,30
t L —

B o o _1 <a>? ] E

;= -<a>; ... q. (14,32)
3<¢..'¢>i | |

when<a>1<<1and<ﬂ>i=1/3<a>i.

The lower bound of Eq. (14.30) must be used for < > if the membrane is black over
most of the energy group so that <a > = 1/2. In that case from Eqs.(14. 27) and (14. 28)

Iy
D;Z; =7 Eq. (14.33)
for
T
t ﬁgi— >>1 Eq. (14.34)

i

when < a > = 1/2 and <8 > = 1/ (4 <a >i) = 1/2. It should be noted for this case that it does
not matter what values are chosen for D, and Eai as long as they satisfy both condiflons above.
The mesh spacing in the membrane usually determines the choice.

Equations (14. 3) and (14. 4), which assume no scattering in the membrane. were used in
computing @ (E) and B(E) for the cadmium and gold. The actual probability of scattering within
these thin membranes is very low, and the probability of absorption far outweighs that of
scattering at those energies where there is an apprecialle absorption effect on the core. Table
14. 1 gives the values of <a >4 and values of the effective Di and Eai computed for each mem-
brane. Because the membranes were located in either a symmetric flux or one of slight
asymmetry, only the<a >, values were calculated accurately by averaging over the spectrum,
The values of < >, were estimated from the values of <a>, by using Eq. (14.30).
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Table 14, 1--SUMMARY OF CALCULATIONS FOR CONSTANTS OF
CADMIUM AND GOLD MEMBRANES

Absorbing Membrane
20-mil _ 10-mil 30-mil 50-mil
Cd Au Au Au
Four-Group Scheme
1) Group One (10 Mev-821 kev)
<a > 0.0000 0.000064 0.000192 0.000320
z, (em™1) 0.0000 0.005018 0.005018 0.005018
D (cm) 2.765% 2. 765% 2. 765% 2. 765%
2) Group Two (821 kev-5. 53 kev)
<a> 0.0000 0.00050  0.00150  0.00250
Z, (em™ 1) 0.0000 0.03934  0,03934 0.03934
D (cm) 1.070% 1.070% 1. 070% 1. 070%
3) Group Three (5.53 kev-0. 625 ev)
<a> 0.003284 0.01676 0.03391 0. 04537
z, (em™ 1 0.1293  1.320 0.8911 0.7159
D (cm) 0.6586% 0.2525 0. 3741 0. 4656
4) Group Four (0. 625 ev-0 ev)
<a> 0.5000 0.04428 0.1165 0.1776
Z, (em™h) 82. 49 3, 494 3. 100 2. 885
D (cm) 0.003031 0.09540  0.1075  0.1155
Two-Group Scheme
1) Group One (10 Mev-0. 625 ev)
<a> 0. 001008 0. 005274 0.01044 0. 01407
Z, (em™) 0.03972 0. 4153 0.2740  0.2216
D (cm) 1.526%  0.8026 1.217 1.504
2) Group Two (0. 625 ev-0 ev)
<a> 0.5000 0.04428 0.1165  0.1776
Z, (em™) 82. 49 3. 494 3. 100 2.885
D (cm) 0.003031 0. 09540  0.1075  0.1155

* The absorption was so small that the diffusion constant was arbitrarily made equal
to that in the core (see discussion in text, Sec. 14. 10),

— — e ——
— — - —
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The method of calculating the <a >; was as follows. The macroscopic absorption cross
section of each membrane as a function of energy was taken from cross-section tables. 5
From this and the thickness 2t, the capture probabilities Fo and 15‘1 were computed as functions
of energy from Eqgs. (14.5) and (14. 6) by using the E-functions in Reference 3. The a(E) could
then be calculated as a function of energy from Eqgs. (14. 3) and (14, 4) and group averages

<a >, made over the energy intervals indicated in Table 14.1, For the thermal group, the
average was made over the hardened thermal spectrum calculated by the DONATE code (see
Appendix D) with no correction for flux depression at the membrane. The spectrum used for
this average was that computed for the reactor core (see Chap. 13). For the fast groups the
averages were made using Eqgs. (14. 16) and (14.17). This procedure corrects for the re-
sonance dipping. The spectrum used in this calculation for ¢ (E) wae that calculated by MUFT-
3 for the reactor core (see Chap. 13, Sec. 13. 6). This spectrum is essentially a 1/E spectrum
with a broad peak in the Mev region due to the fission spectrum of U235.

In calculating <a >; for the fast neutrons at the gold membranes, the average of Eq, (14, 16)
over a(E) could be divided into two parts. At the lower energies near the large gold resonance
at 4. 9 ev the contribution to a(E) from the 1/v absorption could not be separated from that due
to the resonance because the membrane was quite black in the region of this resonance. For
these energies Eq. (14.16) had to be numerically integrated. At higher energies the absorp-
tion was small, and @(E) = tZ‘.a(E). In this case the 1/v absorption could be separated from
small resonances. The average over these small resonances was obtained from their Breit-
Wigner parameters, as indicated in Reference 1.

Aside from <& >th for the 20-mil cadmium membrane, all the resulting <a >i were
small enough so that the upper limit of inequality (Eq. (14.30)) could be used for calculating
<B> and Eqgs. (14.31) and (14. 32) could be used for calculating the effective diffusion con-
stants. For the two fastest groups in the four-group scheme the absorption in all the mem-
branes was so small that <a }i practically vanished. As a result, the Di from Eq. (14.32)
became unrealistically large for these groups because no scattering in the membrane had been
taken into account. For the purposes of the calculation, the Di for these groups was arbitrar-
ily given the same value as in the core. The 20-mil cadmium membrane was practically

black over the entire thermal range. Consequently,
<ad>y = 1/2 =<B >y

for this membrane, and Eq. (14.33) was used to calculate the effective thermal diffusion con-
stants.

The method described above is not applicable for analyzing the boron membrane because
of the neutron moderation by the hydrogen in the boron-loaded polyethylene tapes. The total
boron loading, however, was so small that diffusion theory could be used at all energies as an
approximation for the neutron transport inside the membrane (that is, Escat> > zabs}' Un-
fortunately, because of this small boron loading, the membrane had a relatively small cffect
on the reactivity of the core.

Group diffusion constants were calculated for the boron absorbing membrane as follows.
The total membrane, including the aluminum sheets holding the tapes, was homogenized in
the calculation, Group averages were made of the microscopic absorption cross sections of
the nuclei present (boron, hydrogen, carbon, aluminum) over the flux spectrum of the sur-
rounding core. Group macroscopic absorption cross sections Z S for the membrane were
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calculated by linearly combining these averages according to the nuclear mixture. Group
diffusion coefficients Di and fast removal cross sections Eri were calculated for the membrane
by multiplying the corresponding constants calculated for the core (Tables 13.1 and 13. 2) by
the ratio of hydrogen density in the core to the hydrogen density in the membrane. The group
diffusion constants calculated for this membrane appear in Table 14. 2.

Table 14.2--SUMMARY OF GROUP CONSTANTS USED FOR BORON-
POLYETHYLENE ABSORBING MEMBRANE

Four-Group Scheme
(See Table 14. 1 for energy ranges)

Group One Group Two Group Three Group Four

D (em) 2. 762 1. 069 0.6578 0.3176

Z, (em” } 0. 0000 0. 0000 0.01009 0.1770
i

% emoval €@ 0.05849 0. 07451 0.07210 o

Two-Group Scheme
(See Table 14. 1 for energy ranges)

Group One Group Two

D (cm) 1.524 0.3176

Z, (em™) 0. 003160 0.1770
-1

Eremoval (cm ) 0.02215 e

14.11 DETAILED TREATMENT OF ABSORBING MEMBRANES--CORRECTION TO FAST
CORE CONSTANTS DUE TO ABSORBER

The group removal cross sections of the core given in Table 13, 2 were calculated with
no account taken of the membrane. A small second order correction should be made to the
cross section of the group lying just above thermal when there is a membrane in the core with
appreciable fast (resonance) absorption. The reason for this correction is as follows. The
fast resonance absorption in the membrane occurs at energies not too far above the thermal
range. Consider now a two-group scheme with all fast neutrons in one group. The removal
cross section of Table 13, 2 operates equally on all neutrons in this fast group, Actually,
however, the neutrons slowing out of this group come predominantly from energies near the
bottom of the group, and this is just where the fast resonances in the membrane are most
effective in absorbing neutrons. The group removal cross section calculated without the
membrane, Egi , should be decreased, therefore, to give a corrected smaller cross section,
z An approximate formula for calculating this correction has been developed,

For the gold membranes in the core considered here this correction can be calculated

ri*

approximately from the relation

wg
f z(u) exp (u - ug) du Eq (14. 35)
_<z>Jw,

— =1

ri BSHw-cz>
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where z=, . \/3
<a?>

<z>=7 73 o> /3 m—
and the epithermal group, indicated by i, extends from lethargy u, to ug. The epithermal
scattering cross-section of hydrogen is represented by Zgy: <@ is the average of e(E)
of the membrane for this group, and 2w is the width of the core. The above correction
was made to the group removal cross section of the core as given in Table 13.2 for each
calculation with the gold membranes. The correction was negligible for the other mem-
brane and was not made.

14. 12 CADMIUM SHEET EXPERIMENT--DATA AND ANALYSIS

Figure 14. 2 shows the dimensions of the critical slab with the cadmium sheet. The core
dimensions are 9 inches by 26 inches by 40-1/4 inches. The cadmium sheet divided the core
into two segments; one 4 inches thick, the other 5 inches thick. The letters A and B designate
the location of the wands at which the activation traverses were taken.

The experimental rod-ifree kef:t of this core was 1.002. The calculated value of keff was
1.013 for the four-group calculation and 1. 022 for the two-group calculation.

The keff of the core was also calculated with the absorbing membrane removed to obtain
a measure of the effectiveness of the absorber. The value obtained was 1. 157 with the four-
group calculation. The decrease in keff due to the sheet, i.e., the difference in four-group
k .. with and without the sheet, is 0. 144.

Figure 14. 3 gives the calculated fluxes for the thermal group(group-4) and for the reson-
ance group(group-3) obtained from the one-dimensional four-group calculation. The calculated
fluxes are plotted to the same relative scale. The experimental subcadmium and epicadmium
manganese activation traverses have each been normalized independently to the calculated flux
plots. As in Chap.13, the fit was made to points just outside the core in the water reflector.

The fit of the activation data to the thermal flux is as good as that shown in Chap. 13 for
simple slabs. Moreover, the nature of the deviation is very similar to that in the simpler
cases. For this reason the calculated thermal flux distribution may be considered as quite

eff

satisfactory.

The epithermal activation data give a somewhat poorer fit to the calculated flux but by
comparison with the simple slab results this fit may also be considered satisfactory.

Thus, it may be concluded that the calculation for the cadmium sheet is in quite good
agreement with the experimental data both from the point of view of criticality and flux dis-

tribution.

14,13 GOLD SHEET EXPERIMENTS--DATA AND ANALYSIS

The gold experiments were intended to demonstrate the effect of substantial resonance
capture. It is estimated that 25 per cent of the worth of the gold sheet is due to resonance
capture. Three thicknesses of gold were used.

The 0. 010-inch gold sheet experiment resulted in a reactor size of 7 inches by 32 inches
by 39-5/8 inches (the plastic fuel tape shrank slightly over the several month period between
the cadmium experiment and the gold experiment, but the net effect of this change was
negligible). The gold sheet divided the slab into a three-inch and a four-inch segment.

The experimental rod-free keff was 1,000 for this experiment. The calculated four-group
keff was 1, 008 and the two-group keff’ 1. 024 with the membrane present. The calculated four-
group k¢ with the membrane removed was 1,073, Thus, the four-group calculated loss in
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k due to the membrane was 0, 065.

Figure 14, 4 shows the calculated resonance flux and thermal flux from the four-group
calculation. The thermal and epithermal experimental activation data have been arbitrarily
normalized to these plots,each independently. In this experiment both manganese and gold
activations were taken. There appears to be relatively little difference in the two sets of
experimental data. The fit of the calculated thermal flux to the activation data is somewhat
poorer than with the cadmium experiment although it is fairly satisfactory. The experimental
data show a peculiar assymmetry which is difficult to interpret.

The 0.030-inch gold sheet experiment resulted in a reactor size of 8 inches by 32-5/8
inches by 39-5/8 inches. Only five bundles were located on the end of the core instead of the
eight necessary to complete the row. For this reason, the length of the core is taken as
32-5/8 inches. The gold sheet divided this core symmetrically.

The experimental rod-free k_, was 1.001 for this core. The calculated four-group k .,
was 1. 011 and the two-group keff' 1,023, The four-group calculated keff with the sheet re-
moved was 1.132, Thus the four-group calculated drop in k off due to this membrane was
0.121.

Figure 14, 5 shows the calculated resonance flux and the thermal flux from a four-group
calculation, The experimental activation traverses have been arbitrarily normalized to these
plots. In this case manganese was used to plot one-half of the slab and gold in the other half.
The experimental activation data look quite similar for the two foil materials. The fit to the
calculation is fairly satisfactory. It can be noted, in fact, that the general fit of the activation
traverses to the calculated plots is within the limits of the fits obtained in the simpler slabs
of Chap. 13.

The 0.050-inch gold sheet experiment resulted in a reactor size of 9 inches by 26-7/9
inches by 39-5/8 inches with the gold sheet dividing the reactor into a four-inch and a five-
inch segment. As before, the 26-7/9-inch length indicates that seven of the nine holes on the
end row of the slab were filled with core material.

The experimental rod-free k ¢y was 1.000 for this core. The calculated four-group k.¢p
was 1.018 and the two-group kegp, 1.025. The calculated kegp with the membrane removed was
1. 160, Thus, a four-group calculated value for the drop in keff due to the gold sheet was 0.142.

Figure 14.6 shows the calculated resonance flux and the thermal flux from a four-group
calculation. Experimental activation traverses are also shown on this figure, The fit is

eff

quite good for this case.

14, 14 BORON EXPERIMENTS--DATA AND ANALYSIS

The boron-polyethylene-aluminum sandwich resulted in a reactor whose critical dimen-
sions were 7 inches by 23 inches by 39-5/8 inches. The absorbing sheet divided the reactor
into a 4-inch and a 3-inch segment.

The experimental rod-free keff was 1.001. The four-group calculated keff was 1.016 and
the two-group value wes 1.031. With the absorbing sheet removed, the calculated four-group
k oft Was 1,043, Thus, the four-group calculation gives the loss of keff of the reactor due to
the absorber as 0. 027.

The calculated thermal and resonance flux plots for this case are shown in Fig. 14.7 to-

gether with the arbitrarily normalized experimental activation traverses. The weak absorption
of the boron results in a traverse having little or no dip at the sheet surface. The {fit of the
activation data to the calculated flux plots is fairly good.
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Table 14. 3--COMPARISON OF EXPERIMENTAL AND THEORETICAL
CRITICALITY DATA FOR CONTROL SHEET EXPERIMENTS

il

—

Calculated Calculated Loss

SLNIWIYAdX3 TOYLNOD J0 SISATVNY IVIILIE0FHL

Critical Core Dimensions Experimental Calculated keff keff Without  in keff Due to

Exp  Membrane (in.) Absorbing Rod-Free with Membrane Membrane Membrane
No. Composition Width x Length x Height Membrane kest 4-Group 2-Group (4-Group) {4-Group)
1 20-mil cadmium 9 x 26 x 40-1/4 20-mil Cd 1. 002 1.013 1,022 1.157 0. 144

2 10-mil gold 7 x 32 x 39-5/8 10-mil Au 1. 000 1, 008 1.024 1.073 0. 065

3 30-mil gold 8 x 32-5/8 x 39-5/8 30-mil Au 1.001 1.011 1,023 1.132 0.121

4 50-mil gold 9 x 26-7/9 x 39-5/8 50-mil Au 1. 000 1.018 1.025 1.180 0. 142

5 Boron sandwich 7 x 23 x 39-5/8 Boron 1.001 1. 016 1,031 1.043 0,027

6 None 6 x 31 x 40-1/4 None 1.001 1. 005 1.026 —e ---

(Experiment 1
of Chap. 13)

€1l
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14, 15 SUMMARY OF DATA

All of the criticality data, both experimental and calculated, are summarized in Table
14, 3. One of the cases of Chap, 13, a simple water reflected slab with no absorber, is in-
cluded for comparison, In general, it appears that the diffusion calculation describes the
absorption of the membranes fairly well although not as satisfactorily as might be desired,
The deviation of the four-group calculated k off from the experimental value is consistently
greater than the cases compared in Chap. 13. The cause of this difference must await further
experimental and theoretical study of the problem.
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Part V
REACTOR AND PLANT KINETICS

In this section the problems of reactor plant stability are examined and methods for
analyzing these problems are presented. A pressurized water reactor is inherently coupled
to the remainder of the plant through its temperature coefficient of reactivity and its pressure
coefficient of reactivity. Thus any change in the plant condition, for example a change in
load, will cause a reactivity change in the reactor which will affect the manner in which the
over-all plant responds to the load change. In the language of the systems engineer, this
coupling represents feedback; futhermore, the presence of feedback can, under certain cir-
cumstances, result in instability of the system.,

There are & number of feedback effects in a pressurized water reactor plant in addition to
the two mentioned above. The recirculation of the primary coolant introduces feedback which
affects the plant dynamics, Xenon poisoning is another feedback effect of importance. Finally,
the external control system which is imposed on the system represents one or more feedback
loops.

There are basically two methods for analyzing the stability of feedback systems. One of
these is the frequency response method in which the system is presumed to be oscillating with
small amplitude at an arbitrary frequency. This oscillation is induced by imposing an oscil-
lating component on one of the parameters of the system, for example, the reactivity; the aim
of this method is to analyze the response of the system to the oscillation. In particular, if the
effect of feedback enhances the amplitude of oscillation of the chosen parameter, the system
is unstable. Conditions can be formulated in mathematical terms which represent stability
criteria. These are given in standard texts on feedback theory. 1

The other method of stability analysis which may be used is the transient response method.
In this scheme of analysis, the response of the system to a sudden change in a parameter is
calculated. The chief advantage of this method of analysis is that the actual change in plant
parameters during the transient is determined.

In the study of reactor plant dynamics both methods are used. The frequency response
analysis is used to define the regions of questionable stability. The transient analysis is used
to study the actual plant response in those regions.

Reactor plant kinetic equations are not only complicated but the equations are non-linear
as well. The frequency response analysis can only be carried through by linearizing the
equations. The general procedure is to study the problems analytically by the frequency
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response method and to test the stability analysis by transient response computation, While
the transient response is invariably calculated by making use of analog computing equipment,
the steady-state analysis may be calculated directly or, if the equations are not linearized,
calculated by analog computers.

The material in this section of the handbook will be limited to derivation of the reactor
plant equations and consideration of the frequency response analysis of these equations. A
discussion of analog computation techniques is beyond the scope of this handbook. For such
techniques, the reader isreferred to standard texts on the subject, 2 10 illustrate certain
problems, the results obtained by analog computation of transient conditions are given in the
text.

In the steady state analysis of systems the terms degenerative and regenerative feedback
are important concepts. In a feedback loop, if a small change or displacement of a parameter
(such as reactivity) is fed back in such fashion as to reduce the magnitude of the change, the
loop is called degenerative. A loop may be stable in a time-independent condition, i.e., at
zero frequency, but unstable under oscillation at a particular frequency. This can occur if
there is a time delay associated with the feedback effect. With such a time delay, the possi-
bility arises that at some frequency the time delay may represent a half period of the oscil-
lation and thus be fed back in a regenerative fashion.

The quantitative study of feedback systems is carried out by calculation of the loop gain.
In the case of reactivity, for example, the loop gain is the complex ratio of the feedback re-
activity to the input reactivity (assumed sinusoidal and of arbitrary frequency). A stability
criterion which is satisfactory for the reactor plant problems considered in this section is
that the magnitude of the loop gain must be less than unity at all frequencies where the argu-
ment (phase shift) is an integral multiple of 27.

The material of this section is divided into two chapters. The first deals with the
stability analysis of certain feedback loops in pressurized water reactor plants. The second
chapter deals with the analysis of the over-all plant, in particular the external control system.

References are given at the end of Chap. 15.



Chapter 15

ANALYSIS OF THE INHERENT STABILITY OF
PRESSURIZED WATER REACTOR PLANTS

by J.N. Grace and N.J. Curlee

15.1 INTRODUCTION

(a) The Transfer Function. A basic technique used in the frequency response method of
reactor analysis is linearization of equations by means of the small signal assumption. This
assumption will be used in the development of the concept of a transfer function.

Let P and Q represent two parameters of an assumed physical system and assume that P
and Q are functionally related within the system. The frequency response method of analysis
is carried out by assuming that one of the parameters, for example P, is subjected to a sinus-
oidal variation of small, arbitrary amplitudelGPl and of frequency w. Thus, if P 5 is the

steady-state value of P,
P=P, +0P =P+ |oPl Jut Eq. (15.1)

where it is understood that only the real part of P is interpreted to have physical significance.

Now since Q is functionally related to P by the physical system, the assumed small
oscillation of P will result in a small oscillation in Q, of the same frequency w, and of ampli-
tude 16Q|. Thus, if Q_ is the steady-state value of Q,

Q=Q +6Q =Q, + loql @+ Eq. (15.2)

where a is a phase shift which, in general, is a function of w.

The quantity 6P is called the input ; it is the independent variable or the so-called driving
function. The quantity 5Q is the output and is the dependent variable. The ratio of output to
input, as a function of frequency, is called the transfer function. Generally speaking, a trans-
fer function is defined for a component of a system or for a coupled system of components.

In terms of this definition the transfer function, FQP' is defined by the equation

oQ = FQP 6P Eq. (15.3)

It is important to note that the transfer function gives the output 56Q resulting from an arbitrary
input 6P. The transfer function is frequently designated by the notation

n7
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Fou ™ (g%)

Clearly, FQp is a complex function of w. Thus,

FQP=|lg-§-|lcja

In general, FQP is also a function of Po and Qo.

The transfer function FQP can only be determined from the equations of the physical
system. In solving these equations to obtain FQP’ the assumption is made that IGP' << Po
and |6 Ql << Qo and that only the first order terms in the differentials 6P and 6Q need be re—
tained, This linearization process is referred to as the small-signal approximation.

The definition of transfer functions may be continued and other functions defined relating
the input §P to other system output parameters. If R is another such parameter, a transfer
function may be written relating R and P just as was done with P and Q. If §Q represents an
input to §R, it is also possible to write a transfer function relating R and Q. Thus,

6R = FRQ 6Q = FRQ FQP 6P

and

Frp =Frq Fgr

Thus, the over -all transfer function for an in-line coupled system of components is the pro-
duct of the transfer functions of the individual components.
(b) Feedback and Stability. In the frequency response analysis of a system with feedback

it is important to define the transfer functions carefully. Since the system with feedback forms
a closed loap, it is not simple to make a clear distinection between the input and output variables.

A frequently used technique is to open the loop at some appropriate point in order to define the
transfer functions. In a reactor plant the reactor itself provides a natural point for opening
the loop.

Consider a reactor coupled to a plant and assume the reactor has a negative temperature
coefficient of reactivity. Assume further that the reactor is provided with means for varying
the reactivity in an oscillatory way, for example through control rod motion.

The two principal variables to be considered, so far as the reactor is concerned, are the
reactivity, p, and the power level of the reactor. The power level of the reactor is proportion-
al to the average neutron flux in the reactor ¢, and this parameter will be used as representa-
tive of the reactor power level. Because of the form of the equations, however, a more con-
venient parameter is

y = log.¢
Then the oscillatory differential 5y is

Oy = ¢1—ﬁ¢
(+]

where ¢  is the steady-state value of ¢. Since the steady-state value of the reactor, p, is zero,
the symbol p itself will be used to represent the oscillatory differential of reactivity.
Making use of the loop-opening technique, the reactor is first considered independent of
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the plant, It is assumed that an oscillatory differential reactivity is induced in the reactor,
by a small amplitude oscillation of the control rods. The differential reactivity p is the input
or driving variable. The first transfer function defined is G, the reactor transfer function.
This transfer function is defined to give the reactor oscillatory power response for an arbi-

trary oscillatory reactivity input,
52 =Gp Eq. (15.4)
(]

As defined, G is a function dependent only on the kinetic properties of the reactor. It may be
calculated using only the reactor kinetics equations.

Next the feedback will be considered. If the reactor power level has an oscillatory com -
ponent 6¢/¢0, all of the temperatures throughout the reactor plant will have an oscillatory
component of this frequency. Since the reactor temperature itgelf will have an oscillatory
component, there will be a reactivity fed back into the reactor as a consequence of the chang-
ing reactor temperature. Let F represent the reactivity transfer function which gives the re-
activity feedback into the reactor as a consequence of the reactor power level variation,

p=F 3@ Eq. (15.5)
Q

As defined, F depends on the plant parameters, namely, specific heats, flowrates, plant tem-
peratures, etc, It is calculated by assuming the reactor power level has an oscillating com-
ponent of the reactor mean temperature. Note that Eq. (15. 5) gives the reactivity as a function
of reactor power while Eq. (15. 4) gives reactor power as a function of reactivity.

The next step is to close the feedback loop. This is accomplished by adding the reactivities
at the reactor. Let PrMP represent the arbitrary impressed reactivity on the reactor due to
the oscillating control rod motion. In the abscnce of feedback, Eq. (15. 4) gives the resulting
reactor response.

%9 = Gppp Eq. (15. 4a)
Due to the reactor response in power level a reactivity feedback will occur given by Eq. (15.5).
Designate the reactivity feedback as pgpp.

)
ppg = F —g: Eq. (15.5a)

The net reactivity available to the reactor, pypr, is the sum of the reactivities

PNET = PiMP * PFB Eq. (15.6)
and the resulting reactor response will correspond to the net reactivity
69\. 2
(7;;-)" Gpygr = G (Prvp +PrB)
o
Substitution of Eq. (15.5a) for ppg gives
Eq. (15.7)

2 . (Se) e
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Comparison of Eq. (15.7) with Eq. (15. 4a) shows that as a consequence of feedback the
reactor response is increased by the factor

-
1-FG
The factor FG is frequently called the loop gain. If the loop gain is unity with a phase angle of

360 degrees, the reactor response is infinite for an arbitrarily small amplitude of excitation.
The stability criterion, namely the system is stable if

|Fa| <1
for phase angles which are a multiple of 360 degrees, is derived from the form of Eq. (15.7).
If the loop gain is less than unity, but in a given frequency range approaches unity and has
a phase shift which is a multiple of 360 degrees, the factor
)
1-FG
becomes large in this frequency range. The system is then said to have a resonance at the
frequency wR where the phase shift is a multiple of 360 degrees.
(c) Multiple Feedback Loops. There are, in general, a number of feedback loops in a

reactor plant. The temperature feedback has been discussed. There is also a feedback effect
associated with primary loop pressure. Another feedback effect is associated with xenon

poisoning of the reactor. A transfer function F can be defined for each of these parameters
just as Eq. (15.5) defined the transfer function for reactor temperature. In this way a series
of transfer functions Fy , F,, Fy, etc., may be defined. The reactivity feedback from these is
a set of values p,, p,y, pg,etc. The net reactivity is the sum of the impressed reactivity and
these feedback reactivities.

PNET = PiMpt P+ Pyt P3 Eq. (15.8)

This leads to the reactor response equation

59 G P
9, [1-GF, +F, +¥y)] Prmp q. (15.9)

The total loop gain is now the sum of the individual feedback loop gains.

Total Loop Gain = FIG +F2G +F3G

A useful result for the application of transfer function methods can be derived by assum-
ing for the moment that only two feedback loops are present. From Eq. (15. 8) the reactor
response is given by

5 G E
= q. (15.9a)
%, [1-GF + E)] PimpP
By simple algebraic manipulation this can be put in the form
G
1-F,G
%‘ o e Eq. (15.9b)
o LR Y
1-F.G
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Thus, if the over-all reactor response has been calculated for one feedback loop, the effect

of an additional feedback loop can be readily determined. The reactor response with feedback
is considered to be the reactor transfer function for addition of the second loop. In this
formulation the loop gain is

R
T-Fa) "2

Clearly, this can be extended to a series of feedback loops by calculating the response for

addition of one feedback loop at a time.

(d) Reactivity Coefficients. It is frequently convenient to calculate transfer functions for
a plant for parameters other than the reactivity. By so doing it is sometimes possible to
generalize results by calculating dimensionless quantities or variables which might apply to a
range of conditions. For example, instead of calculating the reactivity feedback due to tem-
perature, it may be more general to calculate the reactor temperature change. If TR is the

reactor mean temperature,

8Tp = Fo %’; Eq. (15.10)
defines the transfer function FT. The reactivity feedback P is obtained by introducing the

temperature coefficient of reactivity ap-

i _ 5
P = @ 0T = dp P ‘Qf Eq. (15.11)

The advantage of calculating F'I‘ is that, once obtained, the response of the plant for a range
of values of aq may be readily computed. Similar remarks may be made concerning other
variables.

(e) Effects of Characteristic Times on the Analysis of Reactor Plant Stability. A straight-
forward method of computing the stability characteristics of the over-all reactor plant would
be the application of Eq. (15.9). This would require the computation of the individual trans-
fer functions F‘1 3 F2 F F3 , etc., for each feedback loop in the system and the combining of
these to obtain the total loop gain. This latter step is an involved procedure algebraically and
is generally unnecessary because of the properties of the reactor plant feedback loops.

The stability analysis of reactor plants is made easier by the wide spread in characteris-
tic frequencies associated with the various feedback loops. These characteristic frequencies
differ by orders of magnitude so that it is possible, in any given frequency range, to limit
consideration to a few feedback loops.

The lowest frequency is that associated with fuel depletion. The characteristic time for
this effect is of the order of hundreds of hours. The next higher frequency of importance is
associated with xenon poisoning. The characteristic time is of the order of ten hours. Be-
tween this frequency range and the next higher characteristic frequencies, there is a large
gap. The next higher characteristic frequencies above xenon are of the order of tenths of a
cycle per second and are associated with primary loop circulation times and the principal de-
layed neutron effects. Above this, the next higher frequencies are of the order of one cycle
per second. These are associated with transit time of the coolant through the reactor, transit
time of the coolant through the boiler and the pressurizer surge line cutoff frequency, Still
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higher frequencies of the order of ten cycles per second are associated with the heat transfer
properties from the reactor fuel elements to the coolant. The highest frequency range, of the
order of 100 to 1000 cycles per second, is associated with the lifetime of the neutrons in the
reactor.

In the treatment of the reactor plant stability, in a particular frequency range those effects
which are of lower characteristic frequency by several orders of magnitude are considered
to be stationary. Those effects which are of higher characteristic frequency are considered to
take place instantaneously. The range between the characteristic times of the xenon effects,
of the order of ten hours, and the loop circulation and delayed neutron characteristic times,
of the order of tens of seconds, is very large. In this range the analysis of the plant
stability may be carried out on a quasi-stationary basis. This represents a considerable
simplification.

(f) Material Presented in This Chapter. In the following section the reactor transfer
function will be derived from the reactor kinetic equations. In the subsequent sections the

next topic treated will be the xenon transfer function.

Derivation of the other transfer functions requires the plant equations. These are present-
ed, and using these the temperature coefficient feedback is treated for slow variations. The
next topic treats the combination of xenon and temperature coefficient feedback for slow varia-
tions. The pressurizer dynamic equations are derived next and the remainder of the chapter
treats the pressurizer and temperature coefficient feedback, first on a slow basis and finally
for high frequencies.

The presentation in this chapter is intended to illustrate the method of analysis used for
various types of problems and typical results.

15.2 THE REACTOR TRANSFER FUNCTION

The reactor transfer function, G, is defined by Eq. (15, 4) and depends only on the kinetic
properties of the reactor. The reactor kinetics equations are written assuming separability of
the spatial and time variables. The equations are derived on the basis of a one-group bare
reactor model. 8 If (n) represents the neutron density in the reactor, Ci the concentration of
delayed neutron emitters, p the reactivity, and JLi the decay constant of the delayed neutron
emitters, then

%tn_ - 7@ n-2% — Eq. (15.12)

Eq. (15.13)

In Eqs. (15,12) and (15.13),

A

A = = where AO is the effective lifetime for neutrons in the reactor
eff

ﬁi = the yield of the ith group of delayed neutrons in fission

B = the total yield of delayed neutrons in fission and is equal to Z Bi

In these equations, (n) can be considered to be the spatial average concentration of neutrons in
the reactor or proportional to the total number ; Ci must be taken in the same sense. If (n) is
considered to be the average density of neutrons in the reactor and ¥ the average velocity of
the neutrons, the neutron flux ¢ is equal ton ¢ . Thus Eqs. (15.12) and (15. 13) could be
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written in terms of the neutron flux.

While Eqs. (15.12) and (15. 13) represent an extremely simple model of a reactor, they
may be extended to more complicated models. For example, the concept of an effective value
for B can be used to take into account the fact that the delayed neutrons are emitted at lower
energy than the mean energy of fission neutrons. Furthermore, the effect of a reflector can
be introduced. 4 For purposes of this discussion, however, the simple equations are adequate.

The reactor transfer function is derived by writing the neutron density as the sum of a
constant n b plus the sinusoidal component of amplitude 6n. That is,

n(t) = n, + 6n vt
The delayed neutron emitter concentration is similarly written

wt
Ci(t) = Ci, + 6C; €J

The expressions for n(t) and Ci(’c) are substituted into the kinetic equations. To linearize the
equations it is necessary to neglect the second order product pdn. The result, substituting
6¢/¢ , for its equal dn/n , is

6¢/¢
R & e 1 Eq. (15. 14)

[ T 1
‘]wI:A+B le jw +AJ

Figure 15. 1 shows the magnitude of the reactor transfer function while Fig. 15.2 shows
the phase of the reactor transfer function as a function of frequency with the neutron lifetime,
A, as a parameter. The effect of the neutron lifetime on the magnitude of the transfer func-
tion is negligible for frequencies below one-half cycle per second. On the other hand, some
phase shift dispersion with neutron lifetime is observed at frequencies as low as 0., 05 cycle
per second, Maximum phase shift occurs for frequencies around one cycle per second. At
very low frequencies the reactor transfer function increases as 1/w and has a fixed phase
shift of 90 degrees.

15.3 THE XENON TRANSFER FUNCTION

The fission product poisons which are explicitly taken into account in reactor kinetics
problems are xenon and samarium. The well know equations for these fission products may be

found in standard texts. 3

L -y D NI o $X A X Eq. (15.15)

g{_ = ?i Ef¢ = 3_11 Eq. (15. 16)

In these equations
Z; is the macroscopic cross section for fission (cm 1)
X is the density of xenon-135 nuclei (number /cm 3
I is the density of iodine-135 nuclei (number /cm®)
7, is the direct fractional yield of xenon-135 in fission
Y is the fractional yield of iodine-135 in fission
A is the decay constant of iodine-135
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Jlx is the decay constant of xenon-135
Y is the microscopic cross section for xenon

and ¢ is the neutron flux density.

These equations can be considered as applying to a one-group model or as applying only to the

thermal group of a multigroup model.
A similar set of equations may be written for the samarium poisons.

where

ds _
T AP -0 s

dP _ )
e 'Yp Ef¢ lpP

Eq. (15.17)

Eq, (15.18)

S is the density of samarium-147 nuclei (number/cma)

P is the density of promethium-147 nuclei (number /cm
- is the microscopic cross section of samarium-147
hp is the decay constant of promethium- 147

3

and ‘yp is the fractional yield of promethium-147 in fission.

In Eqs. (15.15) through (15. 18) the concentrations X, I, S, and P are functions of time ;
X (t) and S (t) may be considered to be, in circuit language, the output variables. The driving
function is the flux ¢ (t).

The reactor model considered in this discussion is the so-called point model in which
spatial variations are not taken into account. The flux ¢ (t) will be considered to be an appro-
priate average which would yield the same reactivity changes with xenon poisoning as does the

actual distribution of flux in the reactor.
For small reactivity changes around criticality in a thermal homogeneous reactor, the

derivative of reactivity with respect to the non-fission macroscopic absorption cross section,

z

aJ

is

zZ
X
R AT

Eq. (15.19)

The feedback effect of xenon on the reactor is independent of the plant and may be calcu-

lated without taking the plant into account.

is

0z, /Z) (o /Z) 6X
Fe = Go/og = ©¢/9)

The xenon transfer function which will be calculated

Eq. (15.20)

The xenon reactivity transfer function is obtained from Fx by use of Eq. (15.19). Thus,

Px EI jm
®9/9y) = Tt I ¢t w o oway

Eyq. (15.21)
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where ais the xenon reactivity coefficient. This definition of Fx provides greater generality
in the sense discussed in Sec. 15.1 (d).

The xenon transfer function can be calculated using Egs. (15, 15) and (15, 16). The xenon
number density is expressed as

X(t) = Xo + 60X «ej“’t

with a similar expression for the iodine number density. It is assumed that the steady state
components, i.e., . Xo, Io’ etc., satisfy Eqs. (15.15) and (15. 16) as do the time-depend-
ent components. Furthermore, it is again necessary to neglect second order terms such as

6X6n. The result of the calculation is

ol M KPR L o

Ef o ¢D yi ‘”‘x * Ri a'x¢ yi
F = o e X ° = Eq. (15.22)
» 6¢

A ; A y
(142 ) (14 £ (14 e 4 )
%o * %% Ai "% | ox%
The stationary values of the xenon number density and the flux density are connected by the

equation

Yi +¥x

X = Z.¢ (—
R Mgt %9

R ) Eq. (15.23)

By substitution of Eq. (15.23) in Eq. (15. 22) and the use of Eq. (15.21) an expression for
the xenon reactivity transfer function is obtained.

A . Y

M (y +Y ) + Jw ( XX . yﬂ

o i X As o i

p =(Ezr = ) 7 l:"% 2 = x%o Eq. (15.24)
) a1t

X _ '
( T TR L — —Jfé—“’ )
%?; |E+“x¢o( "N ( +°x¢o+°x0

The expression in braces is the xenon transfer function, Fx' while the coefficient is a.., the

reactivity coefficient.

Figures 15. 3 and 15. 4 show the magnitude and phase shift of the xenon transfer function
respectively. Since ¢'0 is involved in the expression for the xenon transfer function, it is
shown on the figures as a parameter.

Equation (15. 24) shows that there is a phase shift of 180 degrees in the xenon reactivity
coefficient. Thus, where the phase of the xenon transfer function is 180 degrees, the xenon
reactivity oscillation is in phase with the disturbance causing it and the possibility of instabil-
ity is present. The phase shift necessary for instability occurs at a frequency of about one
cycle per day. The question of instability due to xenon will be discussed after considering
the effect of reactor temperature on reactivity.

One further point of interest deals with the samarium poisoning. It can be shown by use
of Eqs. (15.17) and (15. 18), with substitution of appropriate constants, that samarium has a
negligible effect on the reactor stability compared with xenon. For this reason the effect of
samarium will not be treated explicitly.
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15.4 THE REACTOR PLANT EQUATIONS

In order to derive the transfer functions for the temperature coefficient of reactivity and
the pressure coefficien: of reactivity, the plant equations must be used. These are presented
and discussed briefly in this section to illustrate the considerations which are taken into
account,

A simplified model of the reactor plant is shown in Fig. 15.5.

(a) Reactor Heat Transfer Equations. The simplest description of heat transfer in a re-

actor is based on a one-section model. The use of the simple model leads to a set of ordinary
differential equations which are sufficiently accurate for the majority of problems in reactor
stability and transient analysis. There is a limitation, however, on the maximum speed of
reactor transients which this model can handle. Modification of the equations for application
to the analysis of fast transients is a straightforward extension of the method presented here.
In the one-section model, heat transfer in the reactor is assumed to occur at a single
point; thereby spatial variations are neglected. Two points of energy storage are included,

the reactor metal and the coolant in the core. Two ordinary differential equations are obtained.

dT
Q=Cup _H'tiE +h, (T, - T Eq. (15.25)
and
dTrw
B Pom- Trwd ™ Crw —g5— * K0 (Tro % Tri) Eq. (15.26)
where
- =% (T, +T,) Eq. (15.27)
i (4]

These equations are derived directly from considerations of heat balance. In these equations

- = total thermal capacity of reactor metal (Btu/°F)

Trm(t} = average reactor metal temperature ( °F)

hr(Fw) = total heat transfer coefficient (Btu/sec°F)

Crw = total thermal capacity of reactor water (Btu/°F)

Fw(t) = total coolant flow rate (1b/sec)

c = gpecific thermal capacity of coolant (Btu/lb°F)

T. (t) = reactor outlet average coolant temperature (°F)
o

T, ()} = reactor inlet average coolant temperature (*F)

i
These equations are used to derive T (t) and T rw(t) for given variations of Q(t), Tri(t) and
o

Fw. The variable Tro(t) feeds into the primary loop, and ’I‘rw(t) affects reactivity feedback,

which in turn affects Q.
(b) Primary Piping Equations. In circulating through the primary loop the coolant under-

goes mixing and transport delay effects. For example, a transient in coolant temperature at
the core outlet does not appear at the vessel outlet until some time later, and, furthermore,
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its shape (temperature at a point vs time) is changed. It is necessary to describe these effects
by means of equations so that the filtering of temperature transients can be included in the
representation of the primary loop. It is possible to describe these filtering effects by com-
binations of two types of time delays: A pure transport delay and a simple mixing delay.

A pure transport delay is that which delays a transient by a fixed amount of time without
altering its shape. The outlet coolant temperature T, of a component of the primary loop
causing such a delay is simply equal to the inlet temperature displaced in time by an amount
Ty the transport delay, expressed as

To (t +'rt) = Ti(t) Eq. (15.28)

A mixing delay is derived by assuming complete mixing in the volume concerned. Then
the outlet temperature T is equal to the average temperature in the volume concerned. A
power balance for a particular section or component requires that the net power flowing into
the volume be equal to the rate of increase in stored energy.

Consider a section into which water is flowing at the rate F_ at a temperature 'I’i(t). The
water leaves the section at the rate Fw and at a temperature To(t). To(t) is equal to the mixed
or average temperature Tmr in the volume. If Mws is the mass of water in the section, an



730 INHERENT STABILITY OF THE PRESSURIZER WATER REACTOR PLANTS

energy balance over the time At yields the equation

dT dT
= av - 0
at ¢ F, [T -T 0] = cM —2 At = e M, —° At Eq. (15.29)
where c is the specific aeat.
The resulting equation is
M dT dT
ws 0 _ o _
(-F_w =2 ¢ To) =2 4T, = T Eq. (15.30)

where Ty * Mwa/Fw and is called the mixing delay.

In general, the filtering effect on coolant temperature of a section of the primary loop is
described by a combination of mixing and transport delays:

dTo(t)
T 5 ¢ T, = T, (t-7) Eq. (15.31)
where T is now modified and is given by the equation

Tm +1't = MWEIFW Eq. (15. 32)

The decision as to how to divide the total time delay between mixing and transport is
based on the geometry of the particular section of the coolant loop and the expected flow pattern.
For example, a straight pipe will cause primarily a transport delay with relatively little
mixing delay. A more complicated geometry may cause both. Because greater filtering
effects occur in the heat transfer section of the heat exchanger, the division between transport
and mixing does not have to be accurately predicted. However, it is important that the sum of
the two delays accurately represent the effect of the total volume in which water is trans-
ported and mixed; otherwise, the thermal capacity is not properly represented, and an error
is introduced in the calculation of changes in coolant volume and pressurizer surges.

With the exclusion of the heat transfer sections of the reactor and heat exchanger, mixing
and transport effects are encountered in the primary loop as follows. In the piping between
the reactor vessel ou.let and the heat exchanger inlet and between the heat exchanger outlet
and the reactor vessel inlet, pure transport delays may be assumed, Combined mixing and
transport effects are encountered in the reactor vessel between the vessel inlet and the core
inlet and between the core outlet and the vessel outlet.

In the inlet and outlet plenums of the heat ex-
changer, combined mixing and transport delays may be assumed.

The thermal capacity of the coolant contained in the core is included in the reactor heat
transfer equations given in (a) above. Thus, the delay in the core itself is implicitly contained
in these equations and should not be included again as a transport or mixing delay, Similarly,
the heat transfer equations of the heat exchanger include the thermal capacity of primary water;
consequently, no additional delay should be included.

(c) Heat Exchanger Equations. The derivation of a set of differential equations for the
heat exchanger and the secondary loop is based on the assumptions that the state of the steam
produced is always dry and saturated and that the water on the secondary side is always at the
saturation temperature for the existing pressure. Thus, it becomes possible to use the satura-
tion temperature in the heat transfer equations as the temperature existing on the steam side
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of the heat exchanger.

As in the derivation of reactor heat transfer equations, a one-section model is used for
the heat exchanger. Two points of energy storage are assumed; the primary coolant water
and the water on the secondary side. The thermal capacity of the boiler metal may be in-
cluded with the secondary water, since the thermal resistance on the primary side of the heat
exchanger predominates. Based on this model, the following equations are readily derived:

dT
bw
FW c (Tbi - Tbo} = wa - ¢ h.b (wa - TB) Eq (15.33)
de
by (Tpw = Ty) = Cpg 35— + P, Eq. (15.34)
_ 1
wa =F (Tbj_ -i-Tbo) Eq. (15.35)
where
Tp; (t) = inlet primary water temperature (°F)

Tbo (t) = outlet primary water temperature (°F)

T,y () =average primary water temperature (°F)

T 2 (p) = saturation temperature at secondary pressure ( F)

hb(Fw) = total effective heat transfer coefficient (Btu/sec°®F)
Cpw = total thermal capacity of primary water in heat exchanger tubes (Btu/ °F)
Cbs = total thermal capacity of water on secondary side and boiler metal (Btu/°F)
P = net power delivered by the steam generator (Btu/sec)

Equation (15. 35), which gives the average coolant temperature wa, is valid when the
primary coolant temperature drop from inlet to outlet is small compared with the mean tem-
perature drop from the primary to the secondary side of the heat exchanger. In instances
where this requirement is not satisfied, the equation may still be used if the heat transfer co-
efficient hb is properly modified.

(d) Pressurizer Equations. The determination of coolant surge rate is obtained by in-
tegrating the net power transferred to the coolant, The difference between the heat transfer

rates at the reactor and the heat exchanger is the rate of storage of energy in the coolant. The
surge rate caused by volume expansion, which must be accomodated by the pressurizer, is
directly proportional to this power difference:

o Y 8v| dT _ 1 av
Surge rate = —g—= wa oT § a = ¢ BT pAP Eq. (15.36)
where
V = volume of primary coolant
wa= mass of primary coolant
svi . temperature coefficient of expansion
aT P
AP = rate of energy storage in coolant
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Surge rates accompanying power transients are determined by simultaneous solution of the re-
actor and plant equations, including Eq. (15. 36), under the given transients. The pressurizer
equations are treated in greater detail later in this chapter,

and

(e) Thermal Shield Equations,

The effect
often may be neglected. However, the equations are given below for completeness.
dem
: = h (T, - T i) Ey (15.37)
dew
5 = ch (Tia - Tos) - hs (Tsw - 'I‘sm) Eq. (15.38)

where

08

thermal capacity of shield metal (Btu/°F)
thermal capacity of shield water (Btu/°F)
average temperature of shield metal (°F)
average temperature of shield water (°F)
total heat transfer coefficient (Btu/sec®F)
shield inlet water temperature (°F)

shield outlet water temperature (°F)

and Fw is, as before, the coolant flow rate

(f) Secondary Loop Equations. The derivation of equations for the secondary loop is

based on the assumption that the steam at the outlet of the steam generator is dry and satura-
ted. This assumption is justified because (1) steam separators and recirculation are employ-
ed to obtain high quality steam and (2) superheating is not used in pressurized water reactors
because of the small temperature differences available.

The power delivered by the steam generator is proportional to the product of steam flow
rate and the difference of enthalpy between the steam and the feedwater,

dT
b (Ty, - Tg) = Fg (H - Hy) +Cp, F” Eq. (15.39)
where
F_ = steam flow rate (Ib/hr)
Hs = steam enthalpy
wa = feedwater enthalpy

and the symbols T
The enthalpy of saturated steam is nearly constant® over a wide range of pressur

bw* Ts and h.b have the same significance as in (c) above.

Thus the enthalpy difference may be regarded as a constant, and the power delivered is direct-

ly proportional to the steam flow rate.
The impedance to steam flow caused by the turbine is nearly independent of turbine speed.
By assuming constant back pressure, the steam flow rate is proportional to the throttle
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pressure at a given throttle opening.

= Eq. (15. 40
Fg p A q. (15.40)
where

Py = saturation pressure

A = proportionality factor which is a function of the throttle opening.

(g) Limitations of the One-Section Approximation. The lumping of the distributed para-
meter heat transfer problem in the reactor and in the heat exchanger imposes limitations on
the speed of transients and the frequency of oscillations which may be accurately analyzed by
using the equations derived. The formulation of a rigorous set of criteria for universal
application appears to be impractical because of the non-linear nature of the equations and the

wide variety of problems in transients and frequency response which must be considered.
However, it is possible to obtain analytically some approximations for the limitations by
frequency response methods and by analog simulation of transients. The frequency response
approach leads to a criterion which requires that the angular frequency of periodic variations
should not exceed 1/r for a one-section model where 7 is the coolant transport time through
the heat transfer section. The maximum permissible frequency is directly proportional to
the number of sections used in the model; a one-section model is adequate for the majority of
transients encountered in practice. N
15.5 EFFECT OF REACTOR TEMPERATURE COEFFICIENT AT LOW FREQUENCIES

In this section the effect of the reactor temperature coefficient will be treated as a quasi-
stationary problem. As noted in Sec. 15.1 (e), there is a large frequency range in which such

a treatment is valid.

The recirculation time of the primary coolant is of the order of seconds and the
equilibration times for temperature changes in primary loop components are of the order of
tens of seconds. The reactor kinetic response to a small reactivity change will have reached
a steady-state condition in a matter of minutes. If the highest frequency to be discussed in
this section is limited to the order of cycles per hour, it is clear that a quasi-stationary con-
dition will prevail.

If ar is the temperature coefficient of reactivity of the reactor at operating temperature
and Trw is the average water temperature of the reactor, the reactor is'in equilibrium when

P +Qp 6Trw =0 Eq. (15.41)

where aTrw is the departure of the average reactor water temperature from its steady-state
value. If ar is negative, a positive reactivity increment will be counteracted by a rise in the
average water temperature in the reactor.

In general, a change in reactivity will lead to a change in average loop temperature as

well as a change in the reactor inlet temperature and the outlet water temperature. Let OTr
o

and §T, represent the changes in the reactor outlet water temperature Tro and the reactor

inlet temperature Tri , respectively. As noted in Eq. (15.27)
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Tro i Tri. Tro ) Tl:‘i
Trw = 3 = 3 + Trj Eq, (15.27)

and by definition

_ ] o
OTrw = z = 2 +6Tr Eq. (15.42)

For constant flow of coolant, the reactor output power is proportional to the temperature rise
of the coolant in passing through the reactor. Thus

59 _ To : Eq. (15.43)
%o K. T.o- T,

Substitution of Eq. (15.41) into Eq. (15. 43) gives

p 8¢
—_ = 8T, + T. =T ) Eq. (15. 44)
ag ry b6 rw r;
If, for the moment, the situation without recirculation is considered, there is no change

in the inlet water temperature, Thus,

.._—;.!E_= @y (T, - 'rri) Eq. (15.45)
o

The rise in reactor power required to compensate for an impressed reactivity change p
is given by Eq. (15.45). If recirculation is prescnt, thc rise in net reactor power required to
compensate the impressed reactivity increment is less than that given by Eq. (15, 45). With
recirculation the first stage following an impressed reactivity increment is a power rise such
as is given by Eq. (15.45). When the higher temperature water has cycled through the loop,
however, the reactor inlet temperature has increased. Therefore, it is not necessary that
the coolant temperature rise in the reactor compensate entirely for the reactivity increment.
In fact, after the initial power rise, which raises the mean temperature of the primary loop
and its components, the power level drops back toward its original value. It remains only
slightly higher because the higher primary loop temperature produces a higher steam pressure
in the secondary system, and, for a fixed turbine throttle opening, a higher steam flow to the
turbine,

The increase in reactor inlet temperature can be calculated directly. Equation (15, 34)

for the boiler is

dT

. s

hb thw - TBJ = Cbs 5 + PL Eq. (15. 34)
For a steady-state condition the derivative term is zero. Thus,

hb('rbw - Ts) = P Eq. (15, 46)

where PL' the load power, is proportional to the reactor power. Thus,
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'po wa - TS

which, when transposed, gives

5T,

5
ow = 0Tg * _¢‘E OF+ ) Eq. (15.47)

s
(6]
The value of GTS can be obtained from Eq. (15. 40) for the steam flow rate,
Fs = pSA Eq. (15.40)
If it is assumed thal the steam remains dry and saturated, the change in power is directly

proportional to the change in flow rate.

op
by - 8 Eq. (15.48)
P Pg
Now the temperature change accompanying the pressure change at saturation is given by
6T = _a_T) op. =(-2L S0 Eq. (15.49)
" op sat . op at " ¢o

The increase in reactor inlet water temperature is taken as being equal to the increase in
boiler primary water temperature since transport delays are neglected in this quasi-station-

ary treatment,

8¢ (8'[‘)
8T, =6T, =22 | (T, - T)) +|5¢c P Eq. (15.50)
ry bw 6o [ bw S ap gat s
Substitution of Eq. (15.50) in Eq. (15.44), noting that wa= B i yields
B p - _ aT
B« ag ETW To) 4 Ty =Ty 4 (3% . B Eq. (15.51)
%

If the quantity in brackets is denoted as FTs’ the transfer coefficient for the quasi-station-

ary case, Eq. (15.51) becomes

P _ = ag.F Eq. (15.51a)
56 T "Ts
o

o]

The result may be illustrated by a numerical example. The plant being considered as an

example has the following characteristics:
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15.6 XENON LOOP STABILITY

The plots of the phase of the xenon transfer function shown in Fig. 15.4 indicate that for
sufficiently large values of the flux, the phase shift can equal or exceed 180 degrees. Since
the xenon reactivity coefficient a, contains a phase shift of 180 degrees, the xenon poisoning
can lead to a reactivity feedback with a total phase shift of 360 degrees. Thus, in the absence
of stabilizing influences, a reactor could oscillate in power level due to xenon poisoning at a
frequency of one to two cycles per day. This xenon instability is generally not considered
troublesome since it occurs at such a low frequency that simple external control can over-
come the instability. This discussion will treat the stabilizing effect of the negative tempera-
ture coefficient of reactivity on the xenon instability. Since the xenon instability is of very low
frequency, the quasi-stationary analysis given in the preceding section for the temperature
feedback effect may be used.

The temperature coefficient reactivity feedback phase is 180 degrees for all frequencies
which are sufficiently low. The xenon reactivity feedback phase is 360 degrees for the
critical frequency, i.e., that frequency which may be the frequency of instability. If con-
sideration is limited to this frequency, the reactivity feedbacks may be added directly. If
Prg is the net reactivity feedback

PFB = Pr *+ Py
If py, exceeds P, in magnitude, the feedback will be degenerative since pr is negative and Py

is positive. Thus, ai the critical frequency the system is stable if

|Pr|> Py
or

P
ﬁ <1
From Eqs. (15.21) and (15, 51), the system is stable if
Py =axe - %x FX <1
TPl |aTFTs| |“T ETrw— Tri) ¥ (g L) % -g%)sat PE] l

Eq. (15.52)

To examine this equation numerically the critical frequencies, i. e., those frequencies
for the various flux levels at which the xenon transfer function has a phase shift of 180 degrees,
were selected from Fig. 15.4. The corresponding values of the magnitude of the xenon trans-
fer function were selected from Fig. 15. 3 and plotted as Fig, 15,6. This plot shows that there
is a negligible possibility of instability due to xenon at flux levels below about 4 x 1()11
neutrons/cm“/second. The tendency toward instability increases monotonically with flux
level. Since the temperature coefficient of reactivity enters the stability criterion directly,
any instability could, in principle, be overcome by a negative temperature coefficient of re-
activity sufficiently large in magnitude,
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Fig. 15.6 - Magnitude of the Xenon Transfer Function at the Critical Frequency.

15.7 PRESSURIZER SYSTEM DYNAMICS

The remainder of this chapter will deal with the combined effects of pressure and tem-
perature on plant stability. In this gection, the pressurizer system dynamic equations will
be derived. In the sections following, the stability problems will be discussed.
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Fig. 15.7 - Reactor Power Level as a Function of Time with
an Unstable Xenon Reactivity Feedback.

The pressurizer is connected to the primary loop through a surge line; the pressurizer
itself is a vessel partially filled with water with the remainder of the vessel filled with steam.
The water in the pressurizer is heated by electrical heaters to maintain the appropriate
steady-state pressure in the system, The pressurizer is generally equipped with a spray which
serves two purposes, The first is reduction of pressure maxima caused by heating of the
primary loop. The second is degassification of the primary water. In this discussion it will
be assumed that there is a steady-state flow through the spray for degassification. The surge
line may consist of sections having different flow areas. These may be heat exchangers in
the line or reduced diameter sections which provide damping. A diagram of the pressurizer
system is shown in Fig. 15.8.
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Fig. 15.8 - Diagram of the Pressurizer System.

In addition, there is a possibility of instability arising from the pressurizer system. A
rige in pressure in the reactor will cause a mass flow of water toward the pressurizer. The

water flow will compress the steam volume and increase the pressurizer pressure. The
kinetic energy of the moving water could lead to an excess flow into the pressurizer and a
transient drop in reactor pressure. This would be compensated for by a return flow of water
from the pressurizer to the reactor, In the absence of adequate damping, the possibility of a
sustained oscillation exists. This possibility will be examined following the derivation of

the equations.

The first equation to be derived will deal with the flow of water into the pressurizer under
dynamic conditions; a time dependent differential equation for the water density in the reactor
will be derived.

The reactor pressure will be designated by p, the pressurizer pressure by p.. The
steady-state pressure difference between the pressurizer and reactor due to the degassifier
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flow will be designated A Pgg- Thus, for the steady-state
Ppo = Po = APgg Eq. (15, 53)
Where the subscript o designates the steady-state value, For a transient condition

Pp-P = Apgg +dp - dp Eq. (15.54)

where dpp represents the change in pp from its steady-state value and dp represents the change
in p from its steady-state value.

The thermodynamic state of the water in the primary loop is governed by an equation of
state relating the pressure p, the temperature T, and the density §. The pressure can be
written as an explicit function of the other two variables, i.e., p (T,0). The incremental
pressure dp can be written

dp = (%q.) dT 4 (gg—) dg Eq. (15.55)
) T
The incremental change in the pressurizer pressure can be written
dp
dp, = av:- v,

where Vp is the pressurizer steam volume and :.'Kp}_"/d\(p is a constant of the pressurizer, The
change in pressurizer steam volume is just equal to the increase in volume of the coolant in
the primary system. The fractional increase in primary loop density %Q times the primary
loop volume Vo is the decrease in volume of coolant in the primary system. Thus

dp
. dV_p_ dé v, Eq. (15.56)

d
y 9

p

Equation (15. 54) can then be written

dp
P,-P = Op - (%’,ai-,)edT _I:(g%)’r 6 +V, ?‘1;;] @ Eq. (15.57)

The pressure difference across the surge pipe is responsible for the flow of water in the
surge line, Suppose the surge line has two sections in series, Section 1 has a flow area Al,
a total mass of water Ml' and an average water velocity vy Section 2 has characteristic
values AZ' Mz, and Vg Density changes in the surge line are neglected (this was assumed
implicitly above when the increase in primary loop coolant volume was set equal to the de-
crease in pressurizer steam volume). The flow equation for the surge line is

2

d\.lf1 Mz dv2
- ¢ = T + 1) (v)) +1,(v,) Eq. (15.58)

1
1

Pp™ P =

»

where fl(vl) and fztvzl are the friction pressure drops in the pipe sections 1 and 2, respect-
ively. The form of the friction pressure drop is assumed to be a proportionality factor times

the velocity squared with the proportionality factor varying as v -0. 2. Thus
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1.8

£, tv) = 8, |v,| Eq. (15.59)
i 1.8

g, (vg) = 8 lv2| Eq. (15.50b)

where a, and a, are constants.
Because of the steady flow into the spray system, v, and vy have steady-state values plus
a time dependent portion.

v, =V, + vl(t) Eq. (15.60a)
)

vy = Vao + vz(t) Eq. (15. 60b)

The mass flow through pipe section 1 is equal to the mass flow in pipe section 2, since

they are in series. Thus,

o v, Al = 6v, A, Eq. (15.61)

Since the time-dependent portion of the mass flow is equal to the increase in the mass of

water in the primary loop,

T
0 Vl(t} Al = ﬂvz(t) A2 = Vo E Eq. (15.62)

Differentiating Eq. (15. 62) with respect to time yields

dv dv 2
1 2 d“e

A, = —_— A, =V Eq. (15.63
8 i =0 =B Ay q. ( )

(The change in density in the surge line is neglected as noted above.) Equation (15. 63) may be
substituted in Eq. (15.58). Before this is done, however, the friction functions will be cal-
culated.

The total friction pressure drop is the sum of f1 and fz. If the steady-state flow volume
is designated as F _, adding Eqgs. (15.59a) and (15. 59b) and substituting from Eqgs. (15.53),
(15. 60) and (15. 62) gives the result

Vo dé 1.8
fl(vl) +f2(v2} = |1+ FF; E:l Apss Eq. (15. 64)
Substitution of Eqs. (15.63) and (15. 64) in Eq. (15. 58) yields
M M \' 2 Vv 1.8
_ - 1 2 o d7@ o dé =
Pp-P? l;lz * A2 T o5z Y| tE, dt:| Apgg Eq. (15, 65)

To obtain Eq. (15.66), Eq. (15.85) is combined with Eq. (15. 57).

dp M M \' 2
_QP—dT=w(@) §av, =2 |8 J % a5 )
2T/, 26/ ., °odVp| 8 |a® A’ & a?

Yo a6 18 Eq. (15.66)
& 1 _— =¥ . 115,
YR at APgg 3

0
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Equation (15. 66) provides a relationship between the thermodynamic variables p, T and
§. Through this relationship an explicit value can be obtained for the total derivative of the
pressure with respect to the temperature, To make Eq. (15.66) more tractable the friction
term is linearized by expanding it and taking the first term.
Next, the time dependent variables are assumed representable by a steady-state value
plus an oscillatory component of frequency w.
6 = 0, 460"
p = p, +0p &
T = T, +6Te Jan

Substituting these, Eq. (15. 66) can be solved for — 68

T
- 9T/ ¢ Eq. (15.67)

T dp M M v
ﬁﬂ) 0 +V x5 2, | —%+ =2.|+; i
- —=-|+ jw 1.8 Ap
{ (39 T o EWP w Vo Alz Azz F, ss

Equation (15, 55) may be rewritten for the oscillatory condition

oo _ (%) 86
6T aT)g a6 )7 6T

Using Eq. (15.67) and the modified form of Eq. (15.55), the following expression for %% -
obtained

é&
op _

ae
T ( ap M, v
] v, __E NN SOPEOR | [P =2
[( + ] [A 3 +A22 + jw l,aFo Apss}

Eq. (15.68)

This is the required relation to carry out the stability analysis.
A numerical example has been calculated using the following values for the parameters

in the equations.
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15.8 COMBINED REACTIVITY EFFECT OF PRESSURE COEFFICIENT AND TEMPERATURE
COEFFICIENT--SLOW VARIATIONS

In this section the plant stability will be considered taking both pressure and temperature
effects into account., The treatment will be limited to the quasi-stationary case in this section.
The reactor temperature coefficient of reactivity applies to the mean reactor water
temperature, T . This temperature may differ substantially from the mean primary loop
temperature T of Eq. (15.68). The pressure of the primary system is determined by T
rather than by Trw' In the primary system the pressure p is uniform for the frequencies
being considered. Thus the combined reactivity effect of temperature and pressure is given

by Eq. (15.69).

(20 5T 4 EP_) % st Eq. (15.69)
. ( aTrw')p e ®rw/ T . 6T
This may be written
= a.n OT % sr Eq. (15.69a)
p = O'T rw + ap 6-'_1‘ q. .

since by definition
ep ® 2%'_)
T rw p

and

% (gggr)"r

In general, ﬁTrw and 6T differ in both magnitude and phase. However, for sufficiently
slow oscillations, of the order of a few cycles per hour, they are essentially equal. Under

rw

these conditions

p = @p+a, =) 6T Eq. (15.70)

This is the relation which holds for the quasi-stationary case. For these slow oscillations,
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Eq. (15.68) may be simplified. The mass of the water in the surge line will not affect

the pressure. The pressure will be determined primarily by the pressurizer characteristics.
Dropping the terms in w and wz in Eq. (15.68) and noting further that for practical designs

dp
[ P
0 (ﬁll‘s e Ve d_Vp

then
op
aT dp
5T [ (95-}1‘ Vo v Eq. (15.71)
9 P

To complete the treatment of the quasi-stationary case it is necessary to derive an ex-
pression for 3T, the amplitude of the average primary loop temperature variation. The re-
sults obtained in Sec. 15.5 for slow temperature variation can be applied. Equation (15. 50)

of that section gives for §T the amplitude of the reactor inlet water temperature,

ri’

_ b 8T
0T = ;E T (33) p{l Eq, (15.50)
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Then, since the flow is constant, the reactor outlet temperature amplitude can be obtained
from Eq. (15.43).

5T. -0T..
8¢ . ro ri Eq. (15. 43)

2 Tro - Tri

Next, consider the fractions of the total primary coolant which are at hot leg temperature,
cold leg temperature, reactor temperature, and boiler water temperature (see Fig. 15.5).

Denote these masses of coolant as MH’ M. M, and Mbw’ respectively. The reactor water

temperature and the boiler water temperature are equal for the quasi-stationary case and are
the mean of the hot leg and cold leg temperatures. The computation is carried out in a

straightforward manner with the result

’ MH +Mbw + Mrw

o9 3 2 y SR

6T = (T, -T }+( ) P, | + ro ‘ri
% bw s’ " \8p st # My +M_ + M o+ M,

Eq. (15.72)

15.9 REACTIVITY EFFECTS OF PRESSURE AND TEMPERATURE--RAPID VARIATIONS

The analysis of the plant response to combined temperature and pressure variations be-
comes considerably more complicated when the frequencies considered are sufficiently high to
introduce phase differences in the response of various units. Because of the complicated
algebraic expressions which are involved in a quantitative discussion, only a qualitative dis-
cussion will be presented. Typical results will be used to illustrate the discussion.

The first transfer function to be considered is that of the reactor water temperature with-
out recirculation of the primary loop water. With no recirculation of the primary coolant
taken into account, there is no coupling of the plant load to the reactor. The reactor inlet
temperature, Tri' is therefore constant. The mean reactor temperature, Trw, is calculated
using the reactor equations of Sec. 15. 4(a). The oscillatory component of the reactor power
results in an oscillatory component of the reactor metal and reactor coolant temperatures.

The feedback condition without primary water recirculation is of only limited interest,
however. To derive the equivalent transfer function with recirculation, all of the reactor

plant equations given in Sec. 15.4 must be introduced.
Figure 15.10 shows the transfer function for mean reactor water temperature with

recirculation. The oscillatory nature of this transfer function at frequencies greater
than 0.1 cycle per second is very pronounced. These resonances are due to coolant re-



746 INHERENT STABILITY OF THE PRESSURIZER WATER REACTOR PLANTS

circulation. At lower frequencies the time delays are unimportant. At very high fre-
quencies the oscillatory nature of the transfer function persists but the response is
limited.

The reactivity feedback associated with the reactor water temperature

Tou) 86 . . 88
o on (i) % 0 7 %

where ap is the temperature coefficient of reactivity and F is the transfer function for re-
activity. The over-all response of the reactor with feedback is given by Eq. (15.7).

%Q = (I-LFG) pIMP Eq. (15.7)
o]

where G is the reactor transfer function. The magnitude and phase of G are given in Figs.
15.1 and 15. 2, respectively. If the transfer function G is multiplied by Qp times the transfer

function for reactor water temperature, the over-all loop gain FG for temperature feedback
may be obtained. Introducing this into Eq. (15.7), the over-all reactor response with tem-

perature feedback with recirculation may be calculated.
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Chapter 16

THE SYNTHESIS OF REACTOR CONTROL SYSTEMS

by J.N. Grace and N.J. Curlee

16.1 INTRODUCTION-- OUTLINE OF CONTROL SYSTEM REQUIREMENTS

In this chapter the design of a reactor control system will be considered in the light of the
reactor-to-plant coupling discussed in the previous chapter. Because of this coupling, the
reactor and plant control must be considered as a unit,

There are a number of requirements that a reactor plant control system must satisfy:

1. It must adjust the reactor power level to meet the steady-state load demand.

2. It must be stable to changes in load demand over the control range.

3. It must maintain the plant components within prescribed temperature ranges during
steady-state or transient conditions.

4. It must limit the rates of change of temperature to prescribed limits during transient
conditions.

5. It must protect the plant during emergency conditions,

It is beyond the scope of this treatment to consider the reasons for the establishment of
limits on temperature or rates of change of temperature. Likewise, the considerations
governing the plant protective system will not be treated here. This discussion will be limit-
ed to the properties of systems which adjust the reactor power level to demand within set
limits of temperature and rates of change of temperature. While the steady -state properties
will be considered in setting the system requirements, the chief emphasis will be on the tran-
sient response of the system.

The method of analysis will be the frequency response method used in the preceding
chapter. This method permits an analysis of selected system properties. Analog computer
studies may then be used to verify the properties of selected systems under simulated
transient conditions.

Two general classes of control systems will be examined. The first is one which does
not depend upon inherent stability properties of the plant for its design. The second class of
systems treated makes use of assumed plant stability properties.

There is no unique control system for a reactor plant which meets the design require-
ments. In general, many systems of control and many variations within a given system can
be found which are satisfactory, For this reason, the selection of a system must be guided

753
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by the experience and background of the designer. In synthesizing the systems to be analyzed,
attention will be given to the motivation for various selections.

16.2 ELEMENTARY POWER DEMAND COMPARATOR CONTROL SYSTEM--STEADY-STATE
(a) General Nature of System. A power demand comparator control system is one which

makes no assumptions concerning the inherent stability of the plant. In principle, it operates
as follows: Let P denocte the fraction of total rated power being delivered by the reactor. Let
PL represent the steady-state thermal load demand. The control system compares P with
PL and takes the action necessary to reduce the difference between P and P, to less than
some acceptable error. The system basically comprises (1) a unit which determines PL,
(2) a unit which determines P, (3) a comparator which examines the difference between P and
P; and determines whether corrective action need be taken, and (4) a means of adjusting the
power level of the reactor and plant conditions to correct the difference between P and PL'

(b) Thermal Load Demand Signal. The thermal load demand PL may be obtained directly
or by inference. For example, the thermal load demand might be inferred from the position

of the turbine throttle valve conwrol dial. A somewhat better demand indication might be

obtained by continuous measurement of the actual opening of the turbine throttle valve. For
pressurized water plants an even simpler and more direct scheme can be used. The thermal
load power is the product of the steam flow-rate and the enthalpy drop in the secondary loop.

Thus, the thermal load is pro-
portional to the steam flow-rate, Therefore, a measurement of the steam flow-rate can be
used as a thermal load demand signal. In this chapter, FS will designate the steam flow-rate
as a fraction of full load flow-rate.

(c) Reactor Output Power Measurement. The reactor output power may be measured by

a calorimetric method or a nuclear method. In the calorimetric method the coolant inlet and
outlet temperatures and the rate of flow of coolant are measured. The rate of flow to primary
coolant multiplied by the temperature rise in the reactor and the specific heat of the coolant
gives the reactor output power in absolute terms. This direct method is attractive but has
several difficulties. The coolant temperatures are measured most reliably in the coolant
lines outside the pressure vessel. Even with constant inlet temperature this results in an
appreciable delay in the power measurement since the coolant must pass through the exit
plenum of the reactor vessel into the pipes leading to the boiler before its temperature can be
measured. A second difficulty is the response time of the thermometers themaclves which can
introduce an appreciable delay. There are, moreover, other minor difficulties.

For these reasons, in control systems of this type it has been customary to make a rela-

tive measurement of reactor power through neutron detection instruments.

suitable system is one which calibrates the neutron instruments continuously by measuring the
power level calorimetrically and adjusting the neutron detector signal delivered to the compar-

ator.

The
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calorimetric measurement may be made in the primary or secondary circuit.

(d) Function of Comparator. The function of the comparator is to determine the difference

between P and PL' The magnitude of the difference is compared with an allowable error and
a determination made as to the need for corrective action and the sign of the correction. The
output of the comparator is a signal for appropriate corrective action.

At this point it is clear that the control system being formulated by this discussion has a
most serious weakness. Although the system corrects the error in power level, the integral
of the power error with time leads to a shift in average loop temperature. Stated another way,
the control system as formulated has no capability for maintaining the plant within prescribed
operating temperature limits. To consider this problem it is necessary to discuss briefly
the plant operating program.

(e) Plant Operating Program. The control system under discussion in this chapter is a

ower range control system.

The plant designer has established
a suitable program of plant conditions over the power control range. For each output power in
the control range there is a set of appropriate plant conditions including flow-rate of the prim-
ary coolant, temperature rise of the coolant in the reactor, reactor coolant inlet temperature,
reactor coolant outlet temperature, reactor mean temperature, secondary steam pressure and
steam flow-rate, Not all of these variables are independent. For example, the flow-rate of
the primary coolant, onc reactor temperature (either inlet, outlet, or mean) and the steam
flow-rate determine all the other variables.

The plant designer has selected in advance a program of plant conditions which are com-
patible with his design. The size of the pressurizer, the size of the surge line, the maximum
boiler pressure in the secondary loop have all been selected on the basis of this program. The
programs chosen usually fall into two classes; these are constant temperature programs and
constant steam pressure programs.

The temperature difference between the primary coolant and the steam in the boiler
secondary depends upon the plant load and increases with increasing load. Thus at constant
primary loop temperature, the secondary steam pressure falls with increasing load. A con-
stant steam pressure program would require a wide variation in primary loop mean tempera-
ture with load. This is difficult to accomplish. For this reason pressurized water reactors
are designed with constant temperature programs rather than with constant pressure programs,
The temperature which is maintained constant may be the reactor inlet temperature, the
reactor outlet temperature, the mean temperature, or some arbitrary combination of these.
The point of importance is that a temperature is available as a reference which the control
system is required to maintain.

(f) Additional Function of the Comparator. The comparator, therefore, has an additional

function. It must not only provide for the difference in power between the thermal load de-
mand and the actual reactor power, it must, in addition, maintain the specified reference
temperature within a prescribed error limit. The reference temperature is designated as TR
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The actual measured temperature to be compared with T, will be designated as T

(g) Control Rod System.

(h) Synthesis of Ele.mentar Control System. The discussion of the steady-state require-

ments of the control system given in this section leads to a system for generation of the reactor
power demand signal in which the total demand, as a fraction of full power, is made up of two
components. One portion of the demand is the thermal load requirement Pj,, the other portion
is the power necessary to restore the reference temperature to its design condition. If the to-
tal power demand is designated by Pp) and the power demand necessary for temperature cor-
rection by Pp, then the total power demand
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PD = PL +PT Eq. (16.1)

The control system operates to adjust the reactor power to match PD' In the proposed system

P, = K, Fg Eq. (16.2)
Pp = K, (Tg - TM) Eq. (16.3)
P, = K, Fg +K, (Tp - Ty Eq. (16.4)

In the above equations,.l{l is a dimensionless constant (measured in per cent of total power per
per cent of full load steam flow) and K2 is a constant measured in units of fraction of full load
power per degree temperature difference.

The control scheme given by Eq. (16. 4) will have no temperature error in the steady state
ifK, =1 IfK, is made as large as possible, the temperature error during a transient will be
a minimum. The dynamic properties of this simple control proposal will now be considered.

16.3 ELEMENTARY POWER DEMAND COMPARATOR CONTROL SYSTEM--STABILITY
ANALYSIS

The stability analysis is carried out by the techniques discussed in Chap. 15. The control
loop consists of the reactor and plant with FS and T,, as the output variables which are fed
8Fg 6Tm

and
, /%,  09/9,
determine the system stability. These will be fed back into the reactor via Eq. (16,4) as a
reactivity increment. The reactor response (transfer function G) of Chap. 15 completes the

must be studied in order to

back into the reactor. The transfer functions

loop.

It is convenient to study the properties of the loop by congideration of the transfer functions
for FS and TM. Since K1 and Kz are as yet undetermined, the feedback is not fixed, It is, in
fact, the purpose of the analysis to arrive at suitable values for these constants. For conven -
ience in analysis the feedback into the reactor will be assumed to be carried out by means of a
fast regulating rod system. With sucha system the reactor transfer function, 5P/ 6P, will
have a gain of unity and essentially no phase shift for the frequency range of interest, 0.001 to
0.1 cycle per second. Thus the stability analysis can be limited to consideration of the trans-
fer function

oPp oFg 6Ty

_— =K, —— K
5¢/9 L 59/o, 2 89/%

Equation (16, 5) follows from Eq. (16. 4) and the fact that the entire loop gain is

Eq. (16.5)

6P

&P D

since it has been assumed that the reactor transfer function, 6P/ OPD, is unity in the frequency
range of interest.

Application of the customary stability criterion would indicate that the system will oscil-
late if the transfer function given by Eq. (16. 5) has a gain of one and a corresponding phase
shift which is an integral multiple of 360 degrees. Stated more precisely, the system will be
unstable if the locus of the transfer function encloses the point (1, 0°) on the complex plane.
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In the design of an operating system, the application of a stability requirement no more rigid
than this would probably be unsatisfactory. First, there are errors in the analysis, particu-
larly in the models chosen to represent the behavior of the plant components, Second, there
could be errors in the plant adjustment, for example, in feedback settings. Furthermore, a
system which is barely stable exhibits erratic transient behavior with large overshoots. For
these reasons, a more rigid stability requirement must be imposed.

The required safety factor for design and operating purposes can be obtained by requiring
either a gain margin or a phase margin. Gain margin is the factor by which the loop gain is
less than unity when the phase shift is a multiple of 360 degrees. Phase margin is the amount
by which the phase shift is less than 360 degrees when the gain is unity. For purposes of this
chapter, selection of a gain margin is more useful than a phase margin. A gain margin of
four will be arbitrarily required in this analysis.

With the establishment of the stability criterion to be used, the analysis can proceed. The

transfer functions for both FS and T, are functions of the plant operating power level. For

this reason they must be calculated :: several power levels. It is generally satisfactory to
compute three levels: Minimum plant power, half power, and full power.

An example of a specific reactor plant will be given in order to illustrate the method.
The same example will be used in the next several sections of this chapter to illustrate the
synthesis of a satisfactory demand-type control system. Transfer functions for FS and TM
have been calculated for this reactor plant at the power levels suggested. The equations used

in calculating the transfer functions are of the general type given in Chap. 15. One feature

which has been added is a thermometer delay for TM'
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16.4 POWER DEMAND COMPARATOR CONTROL SYSTEM--ADDITION OF ERROR SIGNAL
INTEGRATION
In the design of control systems, if the maximum permitted gain (as governed by stability
considerations) does not provide a gufficiently small steady-state error, integration of the
error signal is added. To rectify the difficulty of the preceding section, the power demand
gignal is modified to include integration of the TR error. The modified function is

- - 1 -
P, = K, Fg + K, I:(TR T + + [firg TMm] Eq. (16.7)

In this equation T is a characteristic time whose magnitude is to be determined.

Equation (16, 7) is clearly satisfactory in the steady-state,for so long as TR and TM
differ, the integral term provides a demand signal. Thus, with Kl less than unity, the
deficiency is made up not by a steady-state error in Ty, but by accumulation of the error
signal in TM. However, the integrated error signal is only effective compared with the error
signal itself when its duration is of the order of T or greater. Thus, T has the significance of
a time interval during which the error signal must be present in order that the integral term
be significant. Therefore, in order to limit the duration of transients, it is desirable to have
T relatively small.

The stability analysis, including the addition of an error integration term has been

carried out for the same reactor plant considered in the preceding section. As before, the
6Pp

stability analysis was carried out through the evaluation of the transfer function, 59/ .
0
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16.5 POWER DEMAND COMPARATOR CONTROL SYSTEM--ADDITION OF DERIVATIVE
SIGNAL

The large temperature error which must exist for times longer than T in the reactor
plant reduces the usefulness of the demand signal given by Eq. (16.8). The changes needed to

produce a more satisfactory signal can be found only by making a detailed study of the trans-
fer function for the demsand signal and the limitations which the stability criterion places upon
it. Through such a study one finds that the transient situation can be improved either by
speeding up the integration time or by increasing Kl' Of the two, an increase in Kl seems
to be the preferable approach. Two methods can be found which permit a real improvement
in the transient response of the plant to be made. One method involves the addition of a

derivative term to the demand signal. This method is discussed in this section. The other
method is discussed in the following section.
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16.6 POWER DEMAND COMPARATOR CONTROL SYSTEM--ADDITION OF TEMPERATURE
RESPONSE DELAY

A markedly different solution to the difficulty discovered in Sec. 16.4 may be found. In-
stead of the addition of a temperature derivative signal, in this case the response time of the

temperature sensing device may be increased with beneficial effects.
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16.7 POWER DEMAND COMPARATOR CONTROL SYSTEM--TRANSIENT RESPONSE
STUDIES

The final design test of the operability of a control system is made by transient studies

employing a plant simulator.

16.8 CONTROL SYSTEM WITH INHERENT REACTOR STABILITY
(a) General Outline of Self-Stabilizing System., The power demand comparator type of

control system described in the preceding sections does not make use of any inherent stability
properties of the reactor. In pressurized water reactor plants the reactor can be designed to
have a substantial negative temperature coefficient of reactivity at operating temperatures.
This can be used to regulate the reactor response to changes in power demand. The rod
system becomes a slow jollow-up system for readjusting plant conditions to design values.

The system operates as follows: With the reactor at a power level P, assume the
throttle is opened, demanding greater power. The increased steam flow cools the boiler which
in turn reduces the temperature of the reactor inlet water. This drops the mean reactor
temperature, and the reactor power rises until the original mean reactor temperature is
attained. The reactor now supplies the increased load at the original mean reactor tempera-
ture with no rod motion. '

A system of this type is simplest if the plant is designed with a program using constant

mean reactor temperature.
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In a control syster utilizing the inherent stability of the reactor the rapid
ments come about throigh the self-stability of the plant.

The reference condition to which the plant is readjusted may be a temperature, as indi-
cated above, or a steam pressure. With temperature reference control, the only plant

measurement required for control is the reference temperature,

In a pressure reference system, the basic measurement is the secondary steam pressure
Pg- With a constant pressure plant program, this is the only measurement required for con-
trol purposes. With a constant temperature program for the plant, the references pressure
must be readjusted with load. This is accomplished by measurement of the steam flow frac-
tion FS. The reference pressure PR is then

PR =PRro *+2; Fg

where PrO is the base reference pressure and a, is a constant (negative) which maintains the
appropriate temperature program. This error signal is

Pg-Pg = Ps- (Pro +%; Fg)
While this system appears somewhat more complex than the temperature reference system,
it has two advantages which may be important: (1) Measurements are made only on the sec-
ondary side, and (2) the required measurements are relatively simple.
So far as a stability analysis is concerned, both systems are essentially equivalent. Only

the temperature reference system will be discussed.
(b) Advantages of Self-Stabilizing System over Demand System. The control system

making use of the inherent reactor stability has a number of important advantages over the
demand system discussed previously. These advantages are almost all associated with
greater simplicity and, because of the greater simplicity, greater reliability.

In the self-stabilizing system only a single temperature measurement is required for con-
trol. No nuclear instrument measurement is required, eliminating any need for a nuclear
instrument calibration system. Thus, the comparator becomes extremely simple. Accurate
adjustment of instruments to provide precise signals, circuits and instruments for integration
and differentiation can all be eliminated. The elimination of components and simplification of
circuits not only increases reliability but permits the use of a smaller gain margin in
stability analysis. This may be done since provision need not be made for instrument and
circuit error. The gain margin may also be reduced because the slow system response is less
apt to cause transient overshoot.

(c) Description of Self-Stabilizing System. Figure 16.9 is a functional diagram of the

control system. There are now three basic parts to the control system:

1. The device sensing the plant temperature.

2, The comparator which compares the plant temperature with a reference value. The
comparator provides an output signal which calls for reactivity addition, reactivity subtraction,
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Fig. 16.9 - Functional Diagram of Self-Stabilizing Control
System Using a Temperature Reference.

or no reactivity change.
3. The shim rod bank which executes the reactivity instruction from the comparator

Two error limits must be provided to assure stability of the on-off type rod control
system, a start limit and a stop limit. If the error limits were equal, the system could
hunt continuously. The start error limit, designated by (b), exceeds the stop error limit,
designated by (a). When the magnitude of the error signal (x) exceeds (b), the rod motion
starts. Rod motion continues until the error ig less than the stop limit (a). While in motion,
the rod reactivity rate is uniform, although the rate will vary with the position of the rod
bank in the reactor. The start-to-stop ratio (b/a) is a significant system parameter. The
shim rod reactivity rate V (measured in reactivity per second) is even more important,
however. Figure 16. 10 illustrates the system diagrammatically.

The slow reactivity additions required in the reactor due to depletion or xenon buildup
are sensed by the temperature drop which this reactivity loss brings about. Likewise, with
xenon burnout the reactivity subtraction required is sensed through the temperature rise
which takes place.

(d) Stability Analysis. The stability of the control scheme will again be analyzed by means
of the frequency response technique. There are, however, some additional complications.
These result from the non-linearity of the system. One non-linearity has been encounted in
the previous analyses,the dependence of the transfer function on the system power level. This
non-linearity was handled previously by use of the small signal approximation and analyzing
the system at three levels of power; namely, minimum control range power, half power, and

full power.
The new non-linearity is associated with the on-off, constant reactivity rate rod control

system. This is illustrated by Fig. 16. 11 which shows the response of the rod drive system
to a sinusoidal error signal. The complex transfer function describing this response depends
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upon the amplitude of the error signal. Consequently, the transfer function of the complete
control loop depends on amplitude as well as frequency. The method to be used for analysis
involves separation of the frequency dependent components of the loop gain, which are linear,
from the non-linear amplitude dependent components.
16.9 STABILITY ANALYSIS OF SYSTEM WITH INHERENT REACTOR STABILITY

Before undertaking the study of this system with its non-linear aspects, it is useful to
consider briefly the procedure applied to linear systems, The first step in the analysis was
the determination of the transfer function of the control variable for small oscillations of the
reactor power. If the control variable is temperature, then the transfer function FT is, by

definition
6TM
09/9,,

The reactivity resulting from the response of the control variable is given by a reactivity
coefficient @ times the change in the control variable.

F

T

_ 5
p = abTy = aFg 3%

The resulting power oscillation is determined by the reactor transfer function G,

EQL= Gp = GaFTO;i‘—
% %

The stability analysis is carried out by study of the over-all loop gain, Ga FT. If this gain
is unity with a phase shift which is a multiple of 360 degrees, the system is unstable.

The important parameters may be identified by referring to Fig. 16,11, First,if the
error signal amplitude |0TM| is less than the start signal (b), the loop gain is zero since
there is no rod motion. When |5TM‘ exceeds (b), there is some rod motion at constant
velocity over part of the positive and part of the negative portions of the error cycle. If
(b/a) is unity, the rod reactivity rate is symmetrical with respect to the error wave. When-
ever b/a > 1, the rod reactivity rate is retarded in phase with respect to the error signal. As
the error signal amplitude increases, the fraction of the cycle over which rod motion takes
place increases. As the error gignal increases, the dependence of the rod velocity on (b/a)
is reduced and its phase shift with respect to the error wave is reduced, Thus, the ratio
(b/a) becomes unimportant for relatively large values of 8T, /b.

The analysis on the feedback loop will be treated by resolving the rod reactivity rate
wave into a Fourier series and considering only the fundamental term. In this way the gain
of the loop can be examined at each frequency. If the presence of harmonics in the system
were to result in an instability, this will then be determined when values of the fundamental
frequency corresponding to this harmonic are treated. Stated another way, if a rectangular
wave of frequency w can excite an instability of frequency nw in the system (where n is an
integer) because the rectangular wave contains components of frequency nw, this instability
will be detected when the fundamental frequency is nw. The only possible source of difficulty
is the added gain that the system might have at the frequency nw. If this were the case, and
the rods were driven with a rectangular wave of frequency w, the system would have an
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amplified harmonic component circulating in the loop. This would not constitute a stable
oscillation of the harmonic frequency and it would disappear when the driving signal was re-
moved. This possibility can be avoided by providing a reasonable gain margin at all fre-
quencies.

Figure 186, 12 illustrates the situation. The temperature error gignal, a sinusoidal wave
of frequency w, excites a rectangular wave of rod reactivity rate of frequency w. The funda-
mental of the rod reactivity rate wave is the sinusoidal wave shown which lags the error signal.
The total added reactivity is the trapezoidal-shaped wave which lies either wholly above or
wholly below the axis depending upon whether the initial rod motion was inward or outward.
The fundamental component of the total added reactivity is displaced by the average reactivity
addition due to the rod motion.

It is convenient for this problem to write the loop gain in terms of the fundamental com-
ponent of the rod reactivity rate rather than the reactivity itself. The rod reactivity rate as a
complex function of time will be denoted as vy- Now define a reactor transfer function I"' which
relates the power amplitude to the reactivity rate

5¢/9,

¥

(Since v, is simply jwp, the function I is very similar to the function G previously used.) If
a function is now defined which converts the error signal 5TM to a fundamental component rod
reactivity rate, an equation for the loop gain may be written.

v
1

Loop Gain = T (GTM) Fo Eq. (16.12)

b

where (T—) indicates the desired conversion function.
M v
To analyze this problem it will be necessary to determine the conversion function (tS_'I‘L)
M

for a variety of values of V, b and a. Some generality can be achieved by noting that the
fundamental component rod reactivity rate v, is directly proportional to the actual rod reactiv-
ity rate V. Thus the conversion function should be defined to yield the dimensionless ratio
VI/V. Furthermore, the fundamental component of the rod reactivity rate must be the same
for all waves for which OTM/b and b/a are the same. Thus, the form of the conversion func-
tion desired is one which will convert the dimensionless ratio GTM/b to the dimensionless
ratio vl/ V. Let the conversion function in this special form be designated as A. Then the
equation

ﬁTM

"1/V T Eq. (16.13)

serves to define the conversion function A. A is a function of 6TM/ b and (b/a). Because the
conversgion function has been defined in this dimensionless way, the loop gain must contain a
factor V/b to adjust the units appropriately. That is, in terms of the conversion function
( "1) defined by Eq. (16.12), ("1 )-_ YV A, and

TM GTM b

Loop Gain = T X A F, Eq. (16.14)
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The function A can be calculated nurneriﬁcally for assumed parameter values, Figure 16, 13
= T
is a plot of the function A for values of I—MJ ranging from 1 to 6 and with (b/a) as a para-
meter. Figure 16. 14 is a polar plot of the function A. The cutoff indicated on Fig. 16. 14

0T
occurs for a value of 5 M equal to one. The subscript appearing on the A in Fig. 16. 14
indicates the value of (b/a). Thus A, is the value of A for a (b/a) of two. The numbers in the
neighborhood of the plotted points are the values of |5TM I for these points indicating
—5—

functional dependence on amplitude rather than frequency.

In examining the control system for stability, it is convenient to separate the amplitude
dependent portion of the loop gain from the other factors in the loop gain. In Eq. (16. 14) the
function A constitutes the amplitude dependent portion. Now the system is unstable if the
loop gain is one or from Eq. (16. 14), if

o) LA Eq. (16.15)

b

(CF

Thus, if the linear portion of the loop gain (I‘F,l..}'1 is plotted on the polar diagram, and if a
plot of the non-linear functionblA is made on the same diagram, the system is stable if the

two plots do not intersect.

16.10 SIMULATOR STUDIES OF SYSTEM WITH INHERENT REACTOR STABILITY
The final test of the validity of the design analysis for this system, as with all systems,
must be carried out by making transient response studies.
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Part VI

SPECIAL TOPICS IN THE NUCLEAR DESIGN
OF PRESSURIZED WATER REACTORS

This part of the handbook treats two special problems in the nuclear design of pressurized
water reactors. These are, first, reactor control, particularly the calculation of control rod
worth and, second, synthesis methods. Both are important in the design of reactors and, for
this reason, the design descriptions given in Parts I and II have referred to methods of treat-
ing these problems. There is a tendency, however, in the earlier chapters to concentrate on
the results of design studies. For this reason, it seemed advisable to discuss the design
techniques themselves in a separate part of the handbook.

The methods of calculating coptrol rod worths are perhaps the most unsatisfactory aspect
of the technology of nuclear design. While the problem of calculating control rod-worth is a
formidable one if the requisite precision is to be achieved, an even more serious difficulty is
the absence of an adequate body of experimental information with which to test the theory. This
information does not yet exist in sufficient range and variety to be considered satisfactory,
For that reason, the control-rod worth calculations are not yet established as reliable design

techniques.
There are basically two problems in the analysis of control rod worth. One is the calcula-

tion of the neutron absorption of a single rod. The other is the calculation of the effect of inter-
action of control rods upon each other, This latter problem is handled in three ways. In the
first method, the effect of rods is calculated by representing the rods explicitly in the over-all
reactor. While there are certain analytical techniques for carrying this out, X they are limited
to rods which are circular cylinders and which are arranged in concentric circles. For pres-
surized water reactors, the most satisfactory explicit technique has been numerical computa -

tion using digital computers,
The second method of calculating control rod interaction is sometimes called a cell meth-

of. In this technique the control rod is associated with an appropriate volume of the reactor
and its neutron absorption, both fast and slow, is represented as a distributed poison within the
cell of reactor material. The over-all reactor is then treated as an assembly of cells which
may or may not be poisoned. This latter treatment simplifies the over-all reactor calculation.
There remains, however, the problem of calculation of the single control rod in its cell of

reactor material,
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The third method of calculating control rod interaction is a combination of these tech-
niques. Through a cell calculation an equivalence is established between the rod shape used
in the reactor design and another shape which may be handled more readily. Most frequently
the rods have been transformed into equivalent circular cylindrical rods. The interaction
problem is then treated by calculating the reactor with the array of equivalent rods.

The treatment of the single control rod within a cell of material poses a number of
difficulties, First, the choice of the appropriate cell volume is not always clear. Second,
there is the question of treating the complex rod geometry. Third, the problem arises as to
what boundary conditions should be applied at the rod surface for the thermal neutron group.
Fourth, there is the matter of appropriate group constants, or some alternate treatment, for
the epithermal absorption which usually involves resonances, The latter two problems have
been treated to some extent in Chap. 14 where the worth of a sheet of control material is cal-
culated free of geometrical complications. This treatment, as is the case with other parts of
control theory, is not yet fully developed or tésted.

The chapter on control-rod worth calculation is, therefore, fragmentary in nature.
Various methods of treating parts of the problem are developed but no complete and unified
treatment is available,

Chapter 18 deals with synthesis techniques for making psudeo three-dimensional calcula-
tions of reactors by combining one- and two-dimensional calculations. Originally, these
methods were developed out of necessity since no multi-dimensional reactor calculational
technique was available., While this is no longer true, it appears that synthesis methods will
continue to be important. Primarily, this comes about because they are faster and, there-
fore, less costly than full three-dimensional calculations, Their field of application will be
in survey studies, where precision is not extremely important, and in determination of the
approximate criticality conditions prior to running full scale three-dimensional calculations.
In Chap. 18 two basically different synthesis schemes are presented. These are the flux-
weighted average synthesis method and the axial-line synthesis method. Both have been wide-
ly used for reactor design purposes.

REFERENCES
1. H.L. Garabedian, Control Rod Theory for a Cylindrical Reactor, Report WAPD-18,
August, 1950,



Chapter 17

THE TREATMENT OF REACTOR CONTROL

17.1 INTRODUCTION
This chapter deals with the problem of assessing the control design of a reactor. By its
fragmentary character this chapter reflects the incomplete state of development of this sub-

The first topic treated in the chapter is the application of diffusion theory to calculate
the neutron capture in a control rod. This method is widely used for calculation of the thermal
neutron capture in the rods because control rod materials are black in the thermal neutron
range and the resulting boundary conditions for the calculation are relatively easy to apply.
The use of digital computation has made it relatively simple to use this method for computing

neutron capture in control rods. Explicit rod representation is discussed, followed by a
treatment of the cell-type of calculation.

The next topic treated is the area absorption method of calculating control rod worth.
This method, also a diffusion type treatment, was developed primarily to enable equivalence
to be established between control rods of different shapes. Thus, the actual control rods used
in a reactor may be replaced by rods of a different shape whose worth may be more readily
calculated. Following the theoretical discussion, experimental results are presented.

The next topic treated is the empirical determination of the equivalent cross section of

control rod materials for capture of epithermal neutrons. Because of the complicated
resonance structure of common control rod materials in the epithermal range, the calculation
of equivalent capture cross sections is difficult. Two treatments of the empirical determina-
tions are presented, based on independent experimental information,

Next, some experimental data are presented on the relative worth of coupons of various
control rod materials. Such data are of importance in screening possible control materials.

787
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DIFFUSION THEORY CALCULATION OF CONTROL RODS
by A. F. Henry

17.2 OVER-ALL EFFECT OF RODS IN THE REACTOR

There are two classes of problems associated with controlrods. These are as follows:

1. The number, size, and location of control rods in a reactor required to maintain the
reactor subcritical by a fixed amount when the rods are inserted in the reactor. An important
sub-case is the calculation of the reactor with individual rods removed,

2. The power distribution in the reactor which results from a given configuration of con-
trol rods in the critical reactor,

This distinction is convenient since a solution of the shutdown problem requires only a two-
dimensional calculation (the rods being fully inserted), whereas a comparably accurate com-
putation of power distribution is generally a problem in three dimensions.

Since the largest part of nuclear design is carried out by the use of diffusion theory, it is
natural to consider the application of a diffusion theory treatment to the calculation of control
rod problems. This, in fact, has been the approach adopted for the calculation of control rod
worths from the earliest development of reactor theory. The existence of diffusion-type digital
computer codes such as those described in Appendices A and B makes it convenient to apply
this method for pressurized water reactors.

The over-all properties of the reactor with control rods present are calculated by treat-
ing the control rods as boundaries in the diffusing media or as separate media having certain
equivalent diffusion properties.

There are difficulties, however. First, the approximate boundary conditions or equivalent
diffusion constants must be known. Second, the capacity of the digital computer may limit the
explicit representation of the entire complement of control rods.

Considering the latter point first, an IBM-704 computer with the largest internal memory
unit available, 32,000 words, permits a total of 6500

Some advantage can be taken of non-uniform point dis-
tribution but it is questionable whether a full complement of inserted control rods could be
adequately represented on such a mesh. Additional mesh points can be obtained by use of the
Cuthill two-dimensional code for the NORC which permits a mesh approximately 100 x 200 by
the use of external tapés for memory.

For small cores, an explicit representation of all control rods inserted may be feasible
on a two-dimensional diffusion code. In many cases such representation is not feasible so that
recourse must be had to cell methods. These will be discussed in the following section.

In the application of diffusion theory to control rod worth problems both the use of bound-
ary conditions on the rod and equivalent diffusion constants within the rod media have been
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used. It is customary to use the boundary condition for the thermal neutron group. The rods
are treated as black in the thermal group with the logarithmic derivative of the thermal group
flux taken as 1/0. 717Ltr at the rod surface. For the fast group of a two-group theory, or the
resonance group of a four-group theory, the rod is treated as a diffusion medium having a
diffusion constant and effective absorption cross section. The method of obtaining the constants
analytically is discussed in Chap. 14. Empirical techniques for establishing effective values

of these parameters are discussed later in this chapter.

It is assumed in this treatment that the boundary conditions or effective diffusion proper-
ties of the control rod material are, for practical purposes, independent of the control rod
geometrical shape or of the size of the reactor, and depend only upon the control rod material,
the control rod thickness and the reactor material in which the control rod is located. With
this agsumption, the values of the appropriate boundary conditions and effective diffusion
constants may be computed or measured using the most convenient geometric configuration
and then applied to a wide range of configurations.

In summary, explicit calculations of reactor shutdown can be made with diffusion theory
using appropriate boundary conditions and effective diffusion constants for thé control rod
surface. Such calculations are limited by the capability of the computer code to accept
sufficient mesh points to permit adequate representation of the rod number, size, thickness,
and location. Explicit representation of control rods is possible in certain reactors, but

not for others. For the others, cell methods are used.

17.3 CELL METHOD OF CALCULATING THE EFFECT OF CONTROL RODS

In the cell method the control problem is calculated in two steps. First, the control rod
is associated with a given fraction of the core volume, the cell. Then, using a diffusion
theory calculation, the fraction of the neutrons slowing down in the cell which are captured in
the rod is calculated. Next, equivalent macroscopic poison cross sections, both thermal and
epithermal, are calculated whose magnitudes are such that when distributed homogeneously
throughout the cell, the same fraction of neutrons is captured in the distributed poison as is
captured by the actual rod. In the final step, the reactor is represented as a group of cells,
with or without rods as the case may be, and a calculation of its over-all properties carried
out,

The cell procedure has several advantages for survey studies in terms of flexibility and
versatility. The worths of rods in a range of reactor material may be determined in terms of
homogeneous poison and a large range of reactor problems studied without repeating the rod
worth calculation. For many purposes, in fact, the specific rod geometry need not be con-
sidered until the desired rod worth in terms of distributed poison has been established. The
chief advantage of the cell method, however, is its applicability to problems in which explicit
rod representation is not possible.

The cell method does have some weaknesses. First, the effect of the contirol rod on the
leakage from the reactor may not be correctly represented by the homogeneous cell poison.
Second, the interaction between control rods may not be correctly represented.

The choice of cell volume is somewhat arbitrary and is generally made intuitively. For
cross-shaped control rods distributed uniformly throughout a uniformly loaded cylindrical
core, one choice is to associate with each control rod a volume equal to the total core volume
divided by the total number of rods. Another choice is to associate each control rod with its



790 THE TREATMENT OF REACTOR CONTROL

fuel cluster.

Once the volume associated with a control rod is determined, the corresponding homo-
geneous poison is found from cell theory. That is, the rod plus that volume of core material
associated with it are treated as a composite region from which there is no net leakage of
neutrons. For a cell, if the rate at which neutrons of a given energy group appear per unit
volume is q, the fraction of neutrons absorbed in the rod is the net leakage rate across the
surface of the rod (fSDV ¢ d§) divided by the net production rate in the cell qudV)

Then, if T is the average macroscopic cross section for neutron removal by absorption (or
energy degradation plus absorption if the group is not thermal), the homogeneous poison cross
section Ep equivalent to the control rod is determined by the relationship

- fsnv¢.d§
P = = Eq. (17.1)
v
Ep +Z qu

The flux, ¢, is determined by solving the diffusion equation

Dv29-Zp+q = 0 Eq. (17.2)

subject to the cell boundery condition V ¢. n, = 0, n, being a unit vector in the direction of the
surface of the cell, The other boundary condition involving the current across the rod surface
depends on the nature of the rod material and the energy group involved,

The source term, q, may be represented in several ways depending on the specific
problem at hand and the amount of numerical complexity acceptable. The simplest procedure
is to make q a constant everywhere outside of the control rod. The next degree of complexity
is applicable to situations wherein various regions of the cell have moderator fractions
differing from one another. In such cases the source term may be taken everywhere propor-
tional to the moderator volume fraction. Finally, if epithermal absorption and the attendant
flux dip near the rod are important, q may be taken as the spatially dependent neutron trans-
fer rate from higher energy groups. In this case equations similar to Eq. (17.2) are written
for each energy group, the source term for the 1th group being given in terms of the removal

cross section and flux of the (i-1)st group. Thus,
o =z 4V @ o8V Eq. (17.3)

where r denotes spatial position and Er is the macroscopic removal cross section from the
(i-1)st group. In this latter procedure, if three or four energy groups are used, the source
term for the highest energy group may be taken as spatially constant.

It is quite unlikely that the equivalent poison cross section given by Eq. (17.1) correctly
specifies the fraction of neutrons absorbed by the rod in the actual core since the cell boundary
conditions are not fulfilled in the reactor. Further, as noted above, even if Ep does give the
fractional absorption correctly, there is no reason to suppose its use will yield the correct
shutdown since in general its effect on over-all leakage of neutrons from the core will differ
from that of the actual rods.
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17.4 EXAMINATION OF VALIDITY OF CELL METHOD

As a first step in examining the validity of computing shutdown by cell theory, a series of
simple slab calculations were performed. ) Four uniformly loaded bare slab cores were
assumed to be controlled by thin, evenly spaced sheets of control rod material with one, two,
three, and four sheets as shown in Fig. 17.1. Loadings were computed by two-group diffu-
sion theory so that the cores were very nearly critical with the control slabs present. These
solutions were obtained by digital computer methods.

Next, the cell theory was applied to these cases. The cell sizes shown in Fig, 17.1 were
used. Shutdown was calculated from the two-group bare core formula using a homogeneous
% determined from Eq. (17.1). The results are compared to the explicit solution results in
Table 17.1. This table presents the effective k of the uncontrolled reactor, the keff of the
reactor with explicit representation of control rods, and the keff with control as calculated by
cell theory. The k ¢ fractional error in the last column is defined as

k eff(exact) - kg (cell)
keff (uncontrolled) -1

This is a measure of how well the entire control worth is calculated.

Table 17, 1--COMPARISON OF CELL METHOD COMPUTATIONS OF SHUTDOWN
WITH EXACT SOLUTIONS FOR THERMALLY BLACK SHEETS OF CONTROL
MATERIAL IN BARE SLAB CORES

k of
No. of eff
k_.. with Control Present
Control  Uncontrolled eff
Slabs Core Explicit Rod Solution Cell Solutlon  Xefg Fractional Error
1 1.132 0.999 1,057 - 0.44
2 1.152 1. 025 1,017 0.053
3 1.218 1,033 1.024 0. 041
4 1,259 1.011 1.011 0. 000

—

In the results shown in Table 17. 1, only thermal absorption was taken into account. Similar
results have been found with epithermal absorption.

The cell method can apparently give good results if the cell dimensions are not too large.
The results are quite poor, however, if as in the first case, the cell is taken to be the entire
reactor. In the case of the single control sheet, it is necessary to choose the size of the cell
associated with the control sheet to be smaller than the entire core size and thus to
distribute its poison equivalent over a region smaller than the entire core.

The cell method has also been examined for a seed-blanket core consisting of a central
highly enriched slab hlanketed by slabs of equal thicknesses of core material containing
natural uranium. A single central control sheet was used in the reactor. Three different
seed thicknesses were calculated. The loading of the seed was chosen in each case so
that the core was approximately critical with the control sheet present. A cell equal in
size to the entire seed was then chosen and the I_ corresponding to the control sheet was
computed. With the resultant value of Z_ present in the seed only, shutdown was again cal-
culated. Results for thermally black control material appear in Table 17. 2.



792 THE TREATMENT OF REACTOR CONTROL

CONTROL SHEET CONTROL SHEETS

7

/)

/// /i

[ CELL _ CELL CELL I CELL
SIZE SIZE SI1ZE ]

ONE ROD REACTOR THREE ROD REACTOR

ONTROL SHEETS CONTROL SHEETS

o o / .

% /
st

CELL | CELL CELLiLCELL
SIZE

812€ SI1ZE | SIZEISIZEI SI1Z
TWO ROD REACTOR FOUR ROD REACTOR

Fig. 17.1 - Slab Reactors Used to Study Validity of the Cell Method.

Table 17.2--COMPARISON OF CELL METHOD COMPUTATIONS OF SHUTDOWN
WITH EXACT SOLUTIONS FOR THERMALLY BLACK CONTROL SLABS IN
SLAB SEED CORES

Thickness k of
of Seed Uncgfi rolled Kets with,Control Frement R T iy ——
(inches) Core Explicit Rod Solution Cell Solution  eff = =

4.0 1.259 0.983 0. 996 - 0.050

6.0 1,180 0.991 1,008 - 0.094

8.0 1.133 0,989 1. 007 - 0.135

The results for control slabs which absorbed fast as well as thermal neutrons were similar
to those tabulated.
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The fact that these one-dimensional studies give reasonably satisfactory results when the
boundaries of the cell are not too far from the surface of the rod is encouraging.
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THE AREA ABSORPTION TECHNIQUE FOR CALCULATING
ROD WORTH

by H.E, Stevens

17. 6 INTRODUCTION

The area absorption technique is an analytical method of calculating the worth of con-
trol rods of various shapes. It is similar to the preceding treatment in that it is based essen-
tially on diffusion theory with transport theory corrections introduced for boundary conditions.
It is a particularly convenient technique for calculating the equivalence between rods of various
geometric shapes. Several topical reports describing the theory and technique are avail-
able, 345

In the area absorption method, it is assumed that in the cell of reactor material the
slowing-down density is independent of position in the neighborhood of the rod. One-velocity
diffusion theory is used to calculate the absorption of the control rod in the thermal group.

The results of the calculation are expressed in terms of an absorption area C, This
area is defined as the ratio of the number of neutrons absorbed by the rod per unit length per
unit time to the number of neutrons thermalized per unit time per unit volume outside the rod.
No thermalization is assumed to occur in the rod itself. The absorption area C is related to
the distributed homogeneous cross section Ep of the preceding treatment (see Sec. 17.3) by
the equation

z
C = _E—-
x = zp > Eq. (17.7)

where A is the cross-sectional area of the cell excluding the area of the rod itself.

17.7 ANALYTICAL RESULTS FOR SPECIAL SHAPES

Only a brief summary of the analytical results will be given here. A detailed exposition
of the analysis is presented in the original paper (see Reference 3).

The absorption area of certain simple geometric shapes may be calculated analytically by
solving Eq. (17.2) with a spatially uniform source subject to the condition that the flux van-
ishes at the surface of the rod, i.e., assuming the rod to be thermally black. For a circu-
larly cylindrical, thermally black rod of radius R in an infinite medium, the diffusion approxi-
mation yields

C = 27RL ———— Eq. (17.8)

where Kj (v) is the modified Bessel function which vanishes at infinity, and L is the
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diffusion length. For small values of R/L, Eq. (17.8) becomes

27L2
c Eq. (17.9)
e yR
with ¥ = 1, 781 ; for large values of R/L, the equation becomes
C=z~ (27R + 7L) L Eq. (17.10)

(a) Limit of Large Diffusion Length. The values of absorption area for simple rod
geometries in the large L limit may be obtained by standard methods of conformal mapping.
These are given in Tables 17. 4 and 17. 5 in terms of T opgs the radius of the equivalent circular
cylindrical rod. Values of C, the absorption area, may be obtained by substituting the values
of Toff for R in Eq. (17.8). The geometry of the simple rod shapes calculated is shown in
Fig. 17.3. This figure shows the geometry of the rod section. All rods are cylinders.

Table 17. 4--VALUES OF T otf FOR CERTAIN SIMPLE ROD SHAPES
. . (LARGE L LIMIT)

Rod T eff
Ribbon /2
Cross L/Nz
Ellipse at+ /2

Table 17. 5--VALUES OF T off FOR RECTANGULAR ROD

a/t reff‘n‘
0.0 0.50

0. 0864 0.5464
0. 4438 0.7878
0.7936 0.8076
1. 0170 0.8802
1, 2836 0.9640
1,606 1.0628
2. 000 1.1804

(b) Limit of Small Diffusion Length. In the limit of small diffusion length L, the rod
surface may be considered to be a plane in the first approximation so that the absorption area

is equal to the perimeter times L.
C = L * (perimeter) Eq. (17.11)

For rods of arbitrary cross section, it is possible to obtain a correction to Eq. (17.11) of the
order of Lz. In the expansion of the absorption area in powers of L, the term 1.4 may be
considered as arising from a correction of order L to the rod perimeter. This is developed

below.
If L is sufficiently small, the control rod cross section may be regarded as a polygon,
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Fig. 17.3 - Sketches of Simple Rod Shapes.

each of whose sides is large compared with L., For this condition to be possible, the radius
of curvature of the curved portions of the control rod surface must be everywhere large
compared with L., If the diffusion length is small compared with the distances between cor-
ners of the equivalent polygon, the interaction between corners may be neglected so that each
corner makes its own separate contribution to the change in effective perimeter. Thus for
small L, the absorption area C is given by

3

C =L [perimeter +L z D(aoﬂ + Terms of Order L Eq. (17,12)

corners
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where L D(ao) is the change in effective perimeter due to a corner of external angle a,.
A solution to the diffusion equation may be found for D{ao) under the assumption that the
sides of the angle extend to infinity. The results are given in Table 17.6 for specific angles.

Table 17. 6--PERIMETER CORRECTION TERM D(a o) FOR CERTAIN ANGLES

Exterior Angle

a, D(ao)

27 i |
31/2 a/3n| 1T .
n/ / ﬂ|:31/3" ]
T : 0

w/2 -4/

/3 - 4/v3

Certain limiting expressions may be given for D(ao). For values of ao—-o
Dia)) = - (4log, 2)/::0 Eq. (17.13a)

This expression is good to better than 5 per cent fora = n/5.

When a o is near w,
Dl ) = 1/2 @ -m Eq. (17. 13b)

This expression means that, for any section of the control rod surface which has a radius of
curvature everywhere large compared with the diffusion length, the contribution to the change
in effective perimeter is equal to L times half of the net change in external angle. Thus, for
a control rod whose perimeter is made up of segments of curves,

c=L Y Jas (1+£)+L Y b Eq.(17. 14)
segments 2p corners OJ

where ds is the arc element and p is the local radius of curvature. For a circular rod, the
effective perimeter is larger than the actual perimeter by L times 27 x 1/2, in agreement
with Eq. (17.10). Note that the ]...2 term in the absorption area is the same for all rods with-
out sharp corners,

(c) Intermediate Diffusion Length. For cases in which neither the large nor the small
diffusion length approximations are valid, it is often possible to obtain accurate numerical
values of the absorption area by means of variational expressions. Variational expressions

of two types are used. One provides an upper bound and the other a lower bound to the
absorption area. Solutions have been found for the ribbon rod and for the symmetrical
cross rod.

The results for the ribbon rod are given in Table 17. 7. The first column, labeled Large
Diffusion Length Limit, lists the result obtained when R =T .. = £/2 is substituted in
Eq. (17.8) to obtain C. The second column, labeled Small Diffusion Length Limit, is obtained
using Eq. (17.12) with ED(ao) = 2. The other two columns list variational results. Results

are given as the ratio C/4fL.
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Table 17. 7--ABSORPTION AREA FOR THERMALLY BLACK RIBBON

C/40L
Large Diffusion Small Diffusion Variational Variational
L/28 Length Limit Length Limit (Lower Bound) (Upper Bound)

0.2 .061 1.200
0.5 . 407 1.500 468 . 496
1.0 . 909 2,000 934 . 965

1 1.175 1
1 1, 1
1 1. 1
2.0 2,786 3.000 2,782 2.819
5 4, 5
8 8. 8

. 200

5.0 .021 6. 000 084 . 054
10.0 . 244 11. 000 15 . 387

10,0
8.0
7.0}— a
6.0l R

4.0 —
ol / i
20!-— —

1.0
09| =

o8 —
07— —
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0.25

0201 _ -
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C is absorption area; { is half width of ribbon;
L is the diffusion length.

Fig. 17. 4 - Absorption Area for Thermally Black Ribbon (best estimate),
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A best estimate result, intermediate between the variational bounds, is plotted in Fig. 17.4.

The equivalent results for the symmetrical cross-shaped rod are given in Table 17.8 and
Fig. 17.5. For the Large Diffusion Length Limit, Eq. (17.8) was used with R = reﬂ.=£/ V2,
For the Small Diffusion Length Limit, Eq. (17.12) was used with ZD({:O) =-1,09.

Table 17. 8--ABSORPTION AREAS FOR THERMALLY BLACK CROSS-SHAPED ROD

C/8LL
Large Diffusion Small Diffusion Variational Variational
L/22 Length Limit Length Limit (Upper Bound) (Lower Bound)
0.1 0. 630 0.973 0.973 -
0.2 0.697 0. 945 0. 960 --
0.5 0. 880 0. 864 1.025 -
1.0 1,148 0. 1727 1.232 1.185
2.5 1.833 s - 1.821
10.0 4, 529 -- -- 4.44
1.0
9.0}—
8.0 -
7.0 -
6.0— ]
30
40 //
3.0
- 7
S 25 vd -
~ 20
o
T / g
1.0 :b/
09— —
0.8 =
0.7 —
0.6} — =
0.5
ol 0.2 03 04 05 LO 2 3 4 5 10

L/2X

C is absorption area; { is half-span of rod (Fig. 17. 3);
L is the diffusion length.

Fig. 17.5 - Absorption Area for a Thermally Black Cross(Best Estimate).
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(d) Boundary Condition Correction. The preceding results have been calculated by
diffusion theory on the basis that the flux vanishes at the surface of the control rod. A trans-

port theory correction to this calculation can be made by using diffusion theory, as before, in
the medium outside the rod but applying a logarithmic boundary condition at the surface of the
absorbing rod (see Eq. (17.5)). If the reciprocal of the logarithmic derivative is denoted as §,

% %& . -}5- Eq. (17.15)

The value of the absorption area for a circularly cylindrical rod of radius r, is given by an
expression similar to Eq. (17.8), but slightly modified.

27 roL
PO A Eq. (17.16)

[
—th
T
“(z)
L
Values of ﬁlltr for cylindrical surfaces range from 0. 71 for large rop‘tr to 1. 33 for small
values of r, /X.3:8 These may be used when L is large compared to both r and Atr' IfL
is large compared to ltr but ry and L are comparable, the rod surface may be treated as a

plane surface in computing §. For the limit rOjL and L/A.tr both large compared to unity,
the absorption area is equal to the perimeter times (L - 0.71 J\tr}.

[}
L

17.8 AREA ABSORPTION THEORY FOR GRAY CONTROL RODS

The preceding section discussed the area absorption theory for control rods which are
black to thermal neutrons. Similar results can be obtained for gray control rods under the
assumption that the diffusion length L is small compared to the rod dimensions. The develop-
ment is carried out using diffusion theory and the concept of self-shielding factors.

For a nonblack absorber slab, the current of neutrons j° which emerges from the opposite

side of a slab into which a neutron current j+ is directed is

i=ita-2zy Eq. (17.17)

where I is the macroscopic absorption cross section of the absorber,

t is the thickness of the absorber,

f is the self-shielding factor for slabs corresponding to the value of Zt.
If this nonblack absorber slab is in a symmetrical neutron flux (that is, the same currents
are entering on each side), then simple diffusion theory provides the relations

vé Eq. (17. 18a)
Vo Eq. (17.18b)

Substituting the expressions for j+ and j~ into Eq. (17.17) leads directly to the value of §,
the extrapolation length

5 = % & %1 lf_z;?:t Eq. (17.19)

Using this boundary condition, the absorption area of the slab is calculated as
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e S L Eq. (17.20)
i+e  a+s AFL o4
L 3 L[ =t

The values of f for a slab are given in Fig. XIV of Reference 7. For increasing absorption,
Tt approaches infinity and fZt approaches 0.5. In the limit of a black slab, § is 2/3 A and

o

O g Eq_ (17.21)
2 A
it T

Usging the values of f from Reference 7, the value of C/L as given by Eq. (17.20) was cal-
culated for a range of values of It and L/A. The results are plotted in Fig. 17.6.

17.9 CORRECTION TO AREA ABSORPTION CALCULATIONS

The results of the preceding section, particularly the curves in Fig. 17,6, show that the
area absorption of the slab absorber, when the extrapolation distance is taken into account,
depends upon the ratio A/L. When this ratio is very small, C/L approaches unity as the slab
blackness is increased. On the other hand, when A/L is the order of unity, C/L approaches
the limit 0. 6 as the slab blackness increases.

In pressurized water reactors, L tends to be small and thus A becomes comparable with
L. It is therefore necessary to correct for this in estimating rod worths by the area absorp-
tion method. In certain heavily loaded pressurized water reactors, the control rod worth is
reduced by as much as 25 per cent by this correction.

For the case of small L, Eq. (17. 12) gives C/L in terms of the rod perimeter plus
corrections associated with angles. To a first approximation the correction due to the extra-
polation can be taken into account by multiplying the perimeter by the factor C/L from
Fig. 17.6. Thus the absorption area C of a rod in the small diffusion length limit would be

C ={L [Perimeter + L cozi‘:ners D{a‘oﬂ} { Value of C/L from Fig. 17. G}}
Eq.(17.22)

The factor by which the actual rod perimeter should be multiplied to obtain the effective
perimeter is tabulated in Table 17. 9. By multiplication of the true perimeter by this factor
and the appropriate factor from Fig, 17.6, the area absorption of a rod may be determined
for the small diffusion length limit.

17. 10 APPLICATION TO SEVERAL ENERGY GROUPS

The method outlined in Sec, 17. 8 for calculating the absorption area for absorbing slabs
has been extended to take epithermal absorption into account. A constant source q is assumed
to enter the epithermal group by degradation of neutrons from a higher energy group. The
diffusion equations are as follows:

2
“D, Vi + (Z g+ Z 5) ¢y = q Eq.(17. 23a)

2
= DaV "¢y + T 303 =Z 59, Eq. (17. 23b)

In these equations, the subscript 2 refers to the epithermal group and the subscript 3 to the
thermal group, D is the diffusion constant, Z}a is the macroscopic absorption cross section,

and Er is the group removal cross section.
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Table 17. 9-—-PERIMETER FACTOR FOR SIMPLE CONFIGURATIONS*

Configuration Perimeter Factor
Cylindrical surface external to source Elﬁ
Cylindrical surface with source external 14+ ﬁl_ii
Cylindrical shell immersed in source 1
Ribbon (half width £ ) 1+ 38
Y shape ( wing width # ) 140,28 57
Cross shape ( wing width £ ) 1-0.27 2—’?
Rectangle (sides El and la ) 1+2.41 2(,!1 & '_2)

* Where L is small compared to the geometrical dimensions.
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The solutions of these equations give for the currents into the slab

L
2
D, V¢, = q—= 7D, . Eq. (17. 24a)
YT
| L2 (2 ot
Ly 1
D3 Vo3=a(=—5 =1 2D «f 15 T 2D
1eg22l |2 (b - et 22 (g -
| “r2 3 \'3¥3 2 2 \2%2
Eq.(17. 24b)
In these equations
" .. T
2 Zaz + Erz
5 8 Dy
3 ° Z
a3

‘?‘2 and 23 are the macroscopic cross sections of the absorber, and fz and fa are the self-
shielding factors.

In the application of this result, the current into the slab (D V ¢) divided by q is the
absorption area for the slab in the group under consideration. In applying this to other rod
ghapes the rod perimeter and the perimeter correction factor are multiplied by ]:{Tvi to
obtain the total absorption area of the rod as in Sec. 17. 8.

For use in multi-group calculations, the area absorption may be introduced in two ‘ways.
The first is that suggested in Sec, 17,6 by Eq. (17.7). Another method is to reduce the slow-
ing-down density into a particular group by the factor (1 - C/A). The two approaches are
essentially identical, For the distributed poison method, Eq. (17.7) becomes

C =
2 p2
SR Eq. (17. 25a)
A Ep2 +2Z.,+ Ba2
C =
= = 55— B 437, 253
p3 a3

17.11 INTERACTING BLACK CONTROL RODS

The absorption areas presented in the preceding sections were calculated for a single,
isolated rod in an infinite medium. In this section the effect of finite cell size will be con-
sidered. The results presented are for thermally black control rods for which the flux is
assumed to vanish at the rod surface. The absorption area for a finite cell size will be des-
ignated Cf to distinguish it from the value Ci for an isolated rod in an infinite medium. The
cell bounuary condition applied is that the net neutron current at the cell boundary vanishes.
For cell sizes in which the cell boundary is several diffusion lengths from the apsorbing rod,
C, and C; are approximately equal.

(a) Cylindrical Rod in a Cylindrical Cell. Let the radiug of the rod be R and the cell
radius be designated as T. The absorption area is given by the expression
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Il(T/L)Kltﬂ/L) - Kl(T/LJII(R/L)

C; = 2mRL Eq. (17.26)
1, (T/L) KO(R/L) + KI(T/L)IO(R/L)

As T/L approaches infinity, C; approaches
K, (R/L)
K, (R/L)

the value of C for an infinite medium as given by Eq. (17.8)
(b) Slab Absorber in a Slab Cell. This is the geometry shown in Fig. 17.2. The absorb-
ing slab has a total width 2a and the cell a total width 2m. The absorption area for this case is

C; = 2L tanh (m—;-‘) Eq. (17.27)

As m/L approaches infinity, Cf approaches the value 2L.
(c) Periodic Array of Cruciform Rods. The geometry of the array is shown in Fig. 17.7.

The absorption area, in terms of the cell area A, is given by the expression

E . .2 2 2 2 M, 2
ji,pz 1 i“p? i° + p° + (57)
odd vl

C 2
m

This expression is derived for the condition in which the rod tips touch. They are shown

slightly separated in Fig. 17.7 for clarity.

DISTRIBUTION A DISTRIBUTION B

Fig. 17.7 - Periodic Array of Cruciform Rods.
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For limiting values of ( T%) the sum may be approximated as follows:

M M
7L large; o5 (L)\2 4L 16nL2 = oy
E’ﬁ ﬁ l-ﬁ‘tﬁ- + O |e
3M
M
1 small 1 . y_z 3_;[_4 £3
Zgz{l +0.0282 - 0.0024{ 1| +0.0002 (7] +O| |
wL
M

For (1) in the range 1.4 to 2.0, the two approximations agree to better than 1 per cent,

(d) Comparison of Cell Values with Infinite Media Values. The values of the absorption
area for various rod shapes when calculated for cells as compared with the value when cal-
culated for an infinite medium are shown in Fig, 17.8, Here the value (1 - Cf/A ) is plotted
against the abscissa Ci;’A. The departure of the curves from the straight line ( 1 - Ci/A )
indicates the reduction in effectiveness of the rod due to the finite cell size. The quantity
(1-C f/ A) is the ratio of the cell multiplication with the rod present to the multiplication
with the rod absent. Note the fairly wide range of multiplication over which the interaction

produces very little effect.
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THE EFFECTS OF ROD SHAPE ON CONTROL ROD WORTH
by D. R. Bach and S. W. Kitchen

17, 12 INTRODUCTION

The effectiveness of single control rods has been measured in a reactor for rods of
different sizes, materials, and varying thermal neutron absorption. The results obtained in
these measurements have been interpreted in terms of the absorption area theory discussed
in the preceding sections of this chapter in order to examine the applicability of this theory.
While no attempt has been made to make an absolute comparison of rod worth with theory,
measurements have been made of the relative worth of slab absorbers as compared with

cruciform-shaped absorbers.
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Chapter 18

REACTOR SYNTHESIS TECHNIQUES

18.1 INTRODUCTION

The power distribution in a pressurized water reactor cannot be described properly by
simple, separable solutions. In a plane normal to the cylindrical axis of the reactor, the
distribution is strongly affected by the geometric design details; water channels, control rod
cross sections, subassembly structure, etc. The axial distribution is determined principally
by the presence of partially inserted control rods. At the beginning of life these two factors,
geometric design detail and partially inserted control rods, are the principal reasons that the
power distribution cannot be described simply. Taking reactor lifetime into account, additional
factors enter; namely, nonuniform fuel depletion and poison buildup.

The very limited margins that are available to the reactor designer make it essential that
the three -dimensional nature of the problem be considered in the design. The difficulty is that
no computational technique is, at the time of writing, available for doing this directly. The
largest digital computers available today do not have sufficient speed to handle the problem.
Therefore, various schemes for approximating the three-dimensional case by combining one-
and two-dimensional solutions have been developed. A number of such schemes have been
used. In this chapter two will be described in detail.

It is worth noting that synthesis schemes will be used in the future even though computers
capable of solving the three-dimensional problem directly will come into use. The reason for
this is associated with the relatively high cost of a three-dimensional solution compared with a
synthesis solution. Synthesis solutions will be used in two ways: First, for initial studies
and survey work and, second, for fixing approximate control rod withdrawal locations to be
used in detailed three-dimensional studies. It seems probable that true three-dimensional
lifetime analyses of a reactor will not be carried out until most of the design details of the
reactor have been established.

The advent of computers in the next year or two capable of solving three-dimensional
problems will enhance the value of synthesis methods. One of the difficulties with synthesis
methods at present is that there is little basis for estimating their accuracy. Itis difficult to

843
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obtain data experimentally with sufficient accuracy and detail to make a good test. By com-
paring synthesis solutions with three-dimensional solutions in a series of typical cases,
however, the accuracy to be expected with the synthesis method can be established.

The synthesis schemes which have been developed have been influenced by the fact that
most of the reactor geometric design detail is associated with the plane normal to the axis
while the effect of partial insertion of control rods is associated with the axial distribution.
It is natural, therefore, to solve the problem in the plane normal to the axis as a two-
dimensional problem taking the geometric detail into account. Various two-dimensional
solutions are then combined with an axial one-dimensional analysis to complete the solution.
Clearly such a procedure must assume the solution is a product of the axial solution and the
solution in the plane. This assumption is basic to any synthesis method.

In lifetime studies the general procedure is, first, to divide the core along the axis into a
number of sections, ten or more. Next, the relative power produced in each slice or section
at a given time in life is determined by calculating an axial distribution. From this normalized
power, the depletion in each section over a lifetime step is calculated. This leads to new
values for the constants in each section. The sections are then combined again by an axial
solution with appropriate adjustment of control rod positions for criticality. Following this a
new time step is taken. This procedure will be clarified in the detailed discussion of the
synthesis schemes.

The various synthesis schemes differ principally in the manner in which the constants in
each slice are developed and the way in which the axial problem is handled.

THE FLUX-WEIGHTED SYNTHESIS TECHNIQUE
by J. E. Meyer and N. Baron

18.2 FLUX-WEIGHTING TECHNIQUE - GENERAL OUTLINE OF METHOD

When a flux-weighting technique is used, the reactor power distribution is assumed
separable into two multiplicative components, an axial distribution, and a distribution in the
plane normal to the axis. The distribution in the plane is commonly referred to as a radial
distribution although it is calculated in an x, y coordinate system. The slices or sections
normal to the cylinder axis into which the reactor is divided are referred to as radial sections.

The axial distribution is calculated using the average properties of each radial section.
The axial flux distribution is normalized so that the axial flux multiplied by the average fission
cross sections in the appropriate radial slices is equal to the desired total fission rate for the
reactor.

The axial distribution is continuous in such a synthesis scheme. However, the three-
dimensional power distribution along a given axial line is generally discontinuous at each
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interface between radial slices since the radial distributions are, in general, different in each
section.

The equations for the synthesis method will be developed for a two-group scheme (the
extensgion to four energy groups is straightforward). Let ¢1{x. ¥, z) and ¢2(x, Y, z2) represent
the neutron flux in the fast and slow energy group, respectively. These are each written in
separable form as R(x,y) and Z(z). Thus

R, (%) Z,(z)

¢ (% y,2)
Eq. (18.1)

¢2Ix-y; z) Rz(xi Y’ Zz(z)

Now ¢(x, y, z) must be normalized to give the fission rate corresponding to the assumed
power level. In the product form either function may be adjusted. We choose, arbitrarily,
the following scheme of normalization. We define

+ f R(x,y) dx dy = 1 Eq. (18.2)
X, ¥y
for either R, or R,. The area of the radial section of the reactor which is fueled is given by
A= J‘ dx dy .
X,y

It follows then that

Z(z) =-1-A f o(x,y, 2) dx ay Eq. (18.3)
XY

for either Zl or Z‘Z‘ Thus Z(z) is the average flux in the plane at the axial position z.

One point should be mentioned concerning the normalization of R(x,y). Equation (18.2)
normalizes R, (x,y) and R,(x, y) to the same average value, independent of the group diffusion
equations. The group equations will, however, establish a ratio of fast-to-slow flux. It will
be necessary, therefore, to have a factor in the radial equations to provide the necessary
flexibility to permit solution of the equations. This point will be discussed later in the treat-

ment.
18.3 FLUX-WEIGHTING TECHNIQUE - AXIAL SOLUTION OF THE EQUATION
The two group diffusion equations given below are to be solved.

o Bl 7 3

- 0 Eq. (18.4)

2
D\V7) - (Z,+Z,) & +

2
D,V%, - £_,6, + Z 1, =0 Eq. (18.5)

In these equations subscript 1 refers to the fast group, subscript 2 to the thermal group. ¢ is
the neutron flux, D is the diffusion constant, v is the number of neutrons emitted per fission,
Zp is the fission cross section, Z_ is the group absorption cross section, Z , is the removal
or transfer cross section for neutrons slowing down from the fast group to the thermal group,
and ) is the eigenvalue of the equations. In this formulation D, and D, are assumed independent
of position. If this is not the case, the first term of the equation is VDV¢.
Substitution of ¢ [Eq. (18.1)] in Eqgs. (18.4) and (18. 5) leads to
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- AT
2 2 vEgn 2 f272“2 _
2DV, R+ RIDV,Z) - (2 + ) RyZ,) + T =0, Eq. (18.6)
and
2 2 _
2,0,V yR2 * R,D,V;Z, - £ ,R,Z, +Z R/Z = 0. Eq. (18.7)

When Egs. (18.6) and (18. 7) are multiplied by 1/A and then integrated over the fueled region in

the radial plane, the following equations are obtained.

vZnZ) + vE,Z,

=2 = .= 2 = 3

DLVZZ1 - [Erl + Eal + BrlDl} Z1 + Y =0 Eq. (18.8)

= _2 = 2 = = _

DszZZ - {Zaz + BrzDz} ZZ + zrlzl =0 Eq. (18.9)

By definition:
Bl !% f DR, (x,y) dxdy Eq. (18.10a)
Xy
o 1
b, == f D,R,(x,y) dxdy Eq. (18.10b)
Xy

= 1

"2 ;!y Z iRy(xy) dxdy Eq. (18.10c)

= _1

zal iy )':fy Ealﬂl{x. y) dxdy Eq. (18.10d)

= 1

Z,=a xf ; Z_,R,(x,y) dxdy Eq. (18.10e)

= 1

Zh =% ;[ . TR, (%, y) dxdy Eq. (18.10f)

= 1

T = h ;[y ZeoR,(x, y) dxdy Eq. (18.10g)
2 5 kool 2

B, = -3 B, !y Dlvx'yﬁl{x. y) dxdy Eq. (18.10h)
B & L 2 :

Brz N bz ;[y Dsz’ yRZ[x. y) dxdy Eq. (18.10j)

The term flux-weighting is derived from the definitions for the average axial parameters
given in Eqs. (18.10a) through (18.10j). It should also be noted that each of the parameters
defined in Eqs. (18. 10a) through (18. 10j) is a function of z.

Equations (18. 8) and (18. 9) are two-group diffusion equations for a one-dimensional axial
problem in which the parameters and radial leakage terms are functions of z. Any of the
techniques for solution of such equations, in particular such digital computer codes as
WANDA (see Appendix A), may be used to solve this problem. It is clear, however, that the
radial functions, R, must be known in order to define the parameters of the axial problem.
The method for obtaining R will be discussed in the next section. It should be noted that even
with a limited number of sections a large number of points may be used in the axial mesh in
order to obtain the flux variations in satisfactory detail.
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The axial normalization of the flux is carried out as follows: If < and C, are the energy
releases per fission for fission by fast and slow group neutrons, respectively, the fission
power density at a point in the reactor is

P = CiZpt) + CyZp50, Eq. (18.11)

The total fission power release in the reactor, P, is the integral of the power density over the

fueled volume of the reactor

P= fpdv = f[clzﬂ¢1+c £,,0,] AV Eq. (18.12)
v v

Substituting the functions R(x, y) and Z(z) from Eq. (18.1) into Eq. (18.12) and integrating over
the radial section leads to the equation

P= v{ f [CEp2y(2) + C,5;,Z,(2)] dz} Eq. (18.13)

where V is the fueled volume of the reactor and L is the axial length of the fueled volume. The
quantity in braces is the average fission power density in the core.

The solutions of Eqs. (18.8) and (18.9) are normalized to the desired reactor output
power by Eq. (18.13).
18.4 FLUX-WEIGHTING TECHNIQUE - RADIAL SOLUTION OF THE EQUATIONS

The separated two-group equations, Egs. (18.6) and (18.7), form the starting point in the
development of the radial equations. Note that the functions Rl and Rz are arbitrarily
normalized. As pointed out previously, it will be necessary to permit the slow-to-fast flux

ratio to be adjusted to a value appropriate to the equations. This is readily carried out by
making use of Z, and ZZ' which are the average fast and slow flux, respectively, in the plane.

The average fast-to-slow flux ratio in the plane as, Fr' is defined by

Zl
F =5 Eq. (18, 14)

Within the plane Bil and Biz are defined by the equations

2 =
Vz Zl =-B_, Z
Eq. (18.15)
2 2
szz!-Bzzzz.
Substituting the equation for Bi 1 in Eq. (18. 6) and the equation for Biz in Eq. (18, 7) yields
the following two-group equations in the radial plane:

vZ.R, + vZ /F
Dlv‘ac 1 - En +Ea1+B D) R, + = l,\ %2 Eq. (18.16)
D vx yR2 - (B2 * BzZDZ} R, +Z, RyF. =0 Eq. (18.17)

The introduction of B 21 and Biz has not impaired the generalzxty of "tzhe equ;.tiona. A
constant times Z has been substituted for the definite values of 9 leaz and 3 szaz in each
radial section. If the section under consideration is thick and extends, for example, from
z =atoz =b, Eqs. (18.6) and (18.7) may be integrated with respect to z. Thus for terms

involving Z, or Z,,
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b
f Z(z)dz = (b - a) Z Eq. (18.18)
a

where Z is the average value. For the derivative term

b b
f V Z(z) dx = gf Eq. (18.19)
a a

Thus an average value of Bi is given by:

b
az
dz

z -
B,=-b-a2 Eq. (18. 20)

for a thick section.

Equations (18. 16) and (18. 17) may be solved, to an arbitrary multiplicative factor, for the
quantities FrRI (%, y) and R,(x,y) by any of the standard methods. In particular a digital
computer solution may be obtained using the PDQ code (see Appendix B). The ratio Fr may be
obtained directly from the solutions, even with the arbitrary multiplicative factor, since Fr is
simply the ratio of the average fast flux to the average slow flux. The factor obviously will
cancel in taking this ratio. The appropriate normalization for Rl and R, may be obtained by
applying Eq. (18.2).

One point may be noted here regarding the radial solutions. The calculation of B
Bra
These are derived by substitution using Eqs. (18.16) and (18.17).

2 {vfﬂ/-Dl} + (vffz/Frﬁl)

. olE /B 4T /B 2
B, =- (/D +Z,,/D +B;)+ = Eq. (18.10k)
2 o g e =
By, = - (£,,/D, + B},) + (E3,F,/D)) Eq. (18.101)

18.5 FLUX-WEIGHTING TECHNIQUE - METHOD OF APPLICATION

Solutions of the two-group diffusion equations by the synthesis method is basically an
iterative process between radial and axial solutions. In Eqs. (18.16) and (18.17) the entire
influence of the axial problem on the radial scolution in the section is represented by the
numbers B:l and Biz. If these numbers are estimated, solutions may be obtained for
Egs. (18.16) and (18. 17) since all the other parameters are known. Using these solutions the
normalized functions R, and R, may be obtained. Substituting R, and R, in Eqgs. (18.10a)
through (18. 101) permits the constants for the axial problem (in that particular axial section)
to be determined. The axial parameters necessary to obtain solutions to the axial problem

[Egs. (18.8) and (18, 9)] are all determined once the solutions for all the sections are available.

Once the axial solution is found the assumed values of B2 21 and Bz , for the radial problem may
then be corrected and new radial solutions obtained. The new radial solutions permit a new
axial solution to be obtamed etc. The convergence of this process depends basically on the
fact that the term B D is smaller by a factor of two or three than the Z's with which it is
associated. Thus an initial error in the estimate of B does not have a serious effect on the
solution and the iterative process will converge rapldly For many purposes, in fact, the
solution is satisfactory without iteration.

is most readily and accurately performed by alternate forms of Eqs. (18.10h) a.nd 118 le).
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Consider Eqgs. (18.16) and (18.17). Use of other than converged iterated values for B
and B 22 will result in three effects. First, the functional shapes R (x. y) and thx y) will be
wrong. Second, the ratio of fast-to-slow flux will be wrong. Third. the eigenvalue ) will be
different from unity. Of the three, the first is more important and will appear chiefly in the
value of B and B2 Ifa prohlem for an axial region of the core with few axial discontinuities
is being conmdered, then B | would be expected to be equal to Biz. The shape functions would
then be in error only to the extent that (Eﬂ + Z:alj and Eaz change significantly from region to
region in the radial section. If the reactor design is such that these quantities do change, then
the effect which the leakage terms B:D have will be different in the different regions and this
will result in an incorrect flux amplitude ratio from one region to another. On the other hand
if B:D is numerically small compared with the Z's, even a substantial error in Bi will have
little effect on the flux shapes.

If, however, a problem near the bottom reflector is being considered, the axial leakage
will be quite different in the two groups. The sign of B, will be positive, that of B,
negative, and both may have an absolute value considerably higher than the group independent
Bi. In this case errors in axial bucklings will have a larger effect on the flux shapes. In
reactors in which the region adjacent to the bottom reflector is important in terms of reactivity,
care must be exercised in applying the radial bucklings obtained from non-iterated synthesized
solutions to the sections near the bottom reflector. The importance of the errors in flux
shapes can only be assessed by comparing the solutions using different values of Bi.

The other effects of the errors in axial bucklings are an incorrect fast-to-slow ratio and
an incorrect eigenvalue. If the functions Rl and RZ are correct in shape, an error in Fr is
relatively unimportant. The reason is that the parameters entering the axial problem are
evaluated with normalized functions Rl and R,. The only other use of either Fr or ) is the
entry of l"r into the power normalization of Eq. (18.13). The entry is limited to the power
produced by fast neutron fission. Since this is generally less than 20% of the total fission
power, a substantial error in FI_ will not be serious. While it might be supposed that use of
the axial equation solutions would eliminate this error, the structure of the existing depletion
codes is such that the radial section must be depleted according to the solutions obtained for
the radial problem.

Thus the general procedure for applying the synthesis scheme is as follows:

(a) The reactor is first divided into 2 number of radial sections, the number depending on
the type of rod programming and the detail with which the lifetime depletion is to be
studied.

(b) At the beginning of life all parameters in Eqs. (18.16) and (18.17) are known for each
radial section except B:I and Biz. As a start these are taken equal and adjusted in
magnitude until an eigenvalue near unity is obtained for the solution of Eqs. (18.16)
and (18.17). An eigenvalue lying between 0. 95 and 1. 05 is generally satisfactory for
this step.

(¢} The solutions for the radial sections are normalized according to Eq. (18. 2).

(d) For each radial section the average parameters for the axial equations are obtained
using Eqs. (18.10a) through (18. 101).

(e) The axial equations, Eqgs. (18. 8) and (18.9), are solved using these parameters. The
necessary control rod withdrawal or insertion is made to obtain an eigenvalue of unity.
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(f) The values Bil and Biz are computed from the axial solution for each radial section.
With these corrected values the radial equations are again solved in each section.
Steps (c) to (e) are now repeated. This iterative process is continued until satisfactory
convergence is obtained.

(g) Using Eq. (18.13), the average flux level in each radial section is obtained for the
assumed reactor output power.

(h) Each radial section is depleted at this flux level for a given operating time interval
and a new set of parameters obtained for each radial section. With these parameters
and an assumed B:. the iterative process steps (b) through (f) are repeated.

(i) The entire process is repeated for another time step.
The synthesis procedure gives the power distribution in the reactor at various stages of

reactor lifetime and the control rod positions for criticality during lifetime.

It is clear that if the radial to axial iteration procedure at any given stage of lifetime is
carried over a number of cycles, the appropriate axial leakages to be used in the radial
equations will be obtained and the eigenvalue of the axial and radial problems can both be
converged to unity. Under these conditions the fast-to-slow flux ratio in a given section will
be the same whether the radial or axial solutions are used. There is some question, however,
in view of the approximation represented by the product form of the solution, whether such a
detailed iterative procedure is warranted. Without a comparison of synthesis solutions with
true three-dimensional lifetime depletion studies, it is a matter of judgment whether iteration
is or is not warranted.

18,6 FLUX-WEIGHTING TECHNIQUE - EXAMPLE OF SYNTHESIS

To provide some guidance as to the applicability of the synthesized solution, a synthesis
of two one-dimensional solutions has been compared to the exact solution of the group diffusion
equations for a two-dimensional case. The synthesized solution is made up of two one-
dimensional solutions and it is compared with the two-dimensional solution of the problem.
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Figure 18. 1 shows the reactor geometry. The reactor has a rectangular cross section
and its depth (the dimension normal to the plane of the figure) is assumed infinite. Five
channels are shown in the reactor section. The two outer channels are water channels, the
inner pair contain partially withdrawn control sheets, and the center channel is a fully inserted
control sheet. The outer periphery of the reactor is assumed to be surrounded by a water
reflector.

— 12 92.6 12 [—

- 1717
| AXIAL REGIONS

12 (4) UPPER REFLECTOR

(3)UPPER CORE

32 (2) LOWER CORE

v

12 (I)LOWER REFLECTOR

O

®

* 1® @ ®,
POSITIONS OF AXIAL

TRAVERSES
Fig. 18.1 - Geometry of the Calculated Reactor.

NOTES:
1. All dimensions in cm.
2. Al control sheets and water channels 1. 6 cm thick.
3. Reactor is uniform and infinitely long in direction
normal to plane of figure.

The reactor composition is assumed uniform throughout. Since a lifetime calculation is
not made, only four regions are required to represent the reactor. These are as follows:

(a) Lower reflector,

(b) Lower core,

(c) Upper core,

(d) Upper reflector.
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The boundary between the upper and lower core regions is at the tips of the partially inserted
control sheets.

The composition of the reactor is given in Table 18. 1. Since the reactor geometry and
composition were assumed, the eigenvalue will not necessarily be unity.

Table 18.1 - MATERIAL PR_._OPERTIES OF REACTOR USED FOR THE EXAMPLE

Zn Za1 Zn D, Za2 vZe, D,
Material {cm'l) (cm'll (cm '11 {cm) {cm']‘l {cm'lll (cm)
Fuel Region 0.0160 -0.0008* 03 1.70 0. 0550 0.0832 0.420
water 0.0410 0.0 0 1. 60 0.0120 0.0 0.230
Control Sheets 0.0 0,10 0 0. 50 1.50 0.0 0.10

* The effect of fast fissioning was approximated by assuming Eal to be negative.

The two-dimensional solution was synthesized using two one-dimensional solutions for the
lower and upper core region and combining them with an axial one -dimensional solution.
Figure 18. 2 gives the one-dimensional solution in the lower core region. Figure 18. 3 shows
the solution in the upper core region. The average axial fluxes for the synthesis procedure
are shown in Fig. 18. 4.

The fluxes along axial lines at locations A, B, C, D, E, and F of Fig. 18.1 were calcu-
lated by using average axial fluxes. Plots of the slow fluxes are shown in Figs. 18.5 through
18.10. The calculated two-dimensional traces are shown on the same figures for comparison.

In obtaining the synthesized solutions three radial iterations were carried out. In the
first radial solution B; and Bi , were assumed to be equal and were adjusted to give the radial
solution with an eigenvalue of unity for each region of the core. Successive iterations were
carried out using the bucklings obtained in the previous solutions. For the reflector regions
the buckling was taken equal to the buckling of the fast group in the adjacent fueled region.
Table 18. 2 shows the results obtained with the successive iterations.

The two-dimensional solution of the problem gave an eigenvalue of 1. 023. The iterated
synthesis procedure gives an eigenvalue of 1. 033 which is about 1 per cent in error. Both i
eigenvalue and the flux ratios have converged satisfactorily after two iterations. The third
iteration is clearly unnecessary. The zero order of iterations is not quite satisfactory
chiefly because the radial problem was initially adjusted to give an eigenvalue of one.

Comparison of the synthesized flux distributions with the two-dimensional results shows
reasonably good agreement except for the transition zone in the neighborhood of the partially
inserted rod tips. The synthesized solutions show much more abrupt changes in flux level
than does the two-dimensional solution.

THE AXIAL LINE SYNTHESIS TECHNIQUE
by T. E. Fairey

18.7 AXIAL LINE TECHNIQUE - INTRODUCTION

The axial line synthesis technique is a simpler method than the flux-weighting technique
covered in the preceding sections. Because of this simplicity, considerably less computation
is required to apply the method. While there are variants of the line synthesis technique, the
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AXIAL POSITION-Z-(CENTIMETERS)

Fig. 18.5 - Axial Thermal Flux Traverse at Location A.

l 20, I I
I LPOSITION OF PARTIALLY
3 ¥ 1 INSERTED RODS
16|
i | -SLOW FLUX-Z,(2)
S 14l ™ 4
s |
I z 12 | 6.0
o
' |
ol — _lIs0
[1]
2 |
I - 08| | 40
< FAST FLUX-Z,(2)—"
wosl [ I B Y
| 04 i } 20
02| I - |10
i o ] I | | L
o 10 20 30 40 50 60 70 80 90 100 10
DISTANCE ABOVE BOTTOM REFLECTOR (cm)
. Fig. 18.4 - Average Axial Synthesized Flux Shapes.
POSITION OF PARTIALLY
INSERTED RODS
40
l 36|
3.2 EXACT
SYNTHESIZED e e m
I ~ 28l
-
X 24
-
[T
i gt
-
w
1.6
-———
-
! N
0.8
g oal_
0.0 I I ! l l | 1
I o 10 20 30 40 50 60 70 80 90 100 10

855

RELATIVE FAST FLUX



856

4.0

REACTOR SYNTHESIS TECHNIQUES

POSITION OF PARTIALLY
INSERTED RODS

36|

EXACT,

20

SLOW FLUX ¢,

SYNTHESIZED o e e

0.8

0.4

0.0

!

|

4.0

10 20

36

40

| ] D W N— ]
50 60 70 80 90 100 1o

AXIAL POSITION-Z-(CENTIMETERS)
Fig. 18.6 - Axial Thermal Flux Traverse at Location B,

Ve

POSITION OF PARTIALLY
INSERTED RODS

EXACT

SYNTHESIZED e e e

SLOW FLUX ¢,

0.0

l

I

| I ||

10 20

30

40

50 60 70 80 20 100 110

AXIAL POSITION-Z-(CENTIMETERS)
Fig. 18.7 - Axial Thermal Flux Traverse at Location C.
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Fig. 18.8 - Axial Thermal Flux Traverse at Location D.

POSITION OF PARTIALLY
INSFRTED RODS

EXACT

SYNTHESIZED cue cne

| i | | [

10 20 30 40 50 60 70 80 90 100
AXIAL POSITION-Z-{CENTIMETERS)

Fig. 18.9 - Axial Thermal Flux Traverse at Location E.

1o

857



858 REACTOR SYNTHESIS TECHNIQUES

POSITION OF PARTIALLY
4  INSERTED RODS

»
L=

o
o

EXACT,
\ SYNTHESIZED e e =

ol
()
>

N

@

|
4

»
»

SLOW FLUX 4,
n
o

0.8

o4

0.0 [ l ] ) l
) 0 20 30 40 50 60 70 80 90 100 10
AXIAL POSITION-Z-(CENTIMETERS)

Fig. 18.10 - Axial Thermal Flux Traverse at Location F.

one described here is the original and the simplest. Basically, it makes use of one-dimensional
radial solutions and one-dimensional axial solutions of the two-group diffusion equations. The
procedure is not, however, limited to one-dimensional radial solutions but may be used with

two-dimensional solutions as well.

In the one-dimensional axial line synthesis technique there is no attempt to take the details

of the reactor heterogeneity into account.

For thermal design purposes the effects of heterogeneities in the radial section are
treated by the use of flux peaking factors. Figure 18.11 shows a diagram of a homogenized

reactor to which the line synthesis technique could be applied. Three radial zones are shown.
There

are two axial zones; the rod-free and the rodded regions. —
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Fig. 18.11 - Reactor Model for Application of Line Synthesis

18.8 AXIAL LINE TECHNIQUE - OUTLINE OF METHOD

The basic idea in the line synthesis method is to calculate the actual flux distribution along
one axial line in the reactor, the centerline. The flux calculation is made, of course, for the
homogenized model of the reactor. The line synthesis method will be outlined broadly in this
section and discussed in detail in the next section.

In principle the calculation is carried out as follows: The reactor is divided into an
arbitrary number of radial sections as shown in Fig. 18.12. In each radial section the flux
distribution is calculated by two-group diffusion theory. The radial calculations are made
with the material constants of the radial section under consideration. Axial leakage is taken
into account by an axial buckling which is adjusted to make the radial calculation critical.

With the radial calculation solved in each section, an axial calculation is performed along
an axial line of the reactor. In this calculation the actual material constants along the line in
each radial section are used. Radial leakage at each point of the axial calculation is accounted
for by the use of the radial buckling from the radial section calculations. Criticality of the
axial calculation is obtained by adjusting the position of the rod bank. In a simple reactor
calculated one-dimensionally in the radial section, the axial line chosen is generally the
centerline. This is not necessary, however, and in more complicated reactors, other axial
lines may be more convenient. This is particularly true if the reactor is calculated two-
dimensionally in the radial section.

The problem can be iterated by returning to the radial calculation with modified values of
the axial buckling. If desired, the axial and radial problems can be converged by cycling
between the two calculations.
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Fig. 18.12 - Sketch Showing Division of Reactor into Radial Sections

The number of axial points chosen should be sufficient to describe the axial flux distribution
adequately. The number of radial sections used may be any number from two up to the number
of axial points. At the beginning of life there are only two radial sections, the rodded and rod-
free sections. With depletion the number will increase depending on the extent to which it is
desired to consider differences in depletion. As applied in practice it is not burdensome to
make the number of radial sections equal to the number of axial points.

The normalization is made along the axial line; for a simple reactor this will be assumed
to be the centerline. In each radial section the flux at the center (r = 0) is set equal to the
flux obtained at the corresponding axial position in the axial calculation. Thus the array of
radial fluxes for the position r = 0 will represent the axial flux distribution. This is illustrated
in Fig. 18.13.

To obtain an absolute normalization the fission rate per unit volume is summed over the
reactor using the relative normalization described above. By equating the total fission rate to
that necessary to produce the desired thermal power, an absolute flux normalization may be
obtained.

With absolute flux normalization reactor lifetime depletion studies may be made. This is
done by depleting each radial section for a specified operating time. At the end of this time
step new material constants for the radial section are determined. These are used to perform
new radial calculations, following which a new axial calculation is performed. The axial
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calculation is made using the recalculated radial bucklings and the material constants for the
material along the centerline of the reactor.

In the axial calculation the rod bank position is readjusted to give criticality. With the new
axial and radial distributions a new absolute normalization for flux can be made. Following
this a new time step can be calculated permitting the lifetime depletion study to be carried
through another time step.

The procedure outlined above allows calculation of the power distribution and rod bank

sitions for criticality over the duration of the reactor lifetime.

In outline, this is the axial line synthesis technique. It differs [rom the flux-weighting
technique in several respects, some of which can already be identified. First, the axial
calculation of flux represents a specific axial distribution rather than an average distribution.
Second, the material constants along the axial line are used for the axial calculation rather

than average constants. Other differences will become evident when the details are considered.

18.9 AXIAL LINE TECHNIQUE - DETAILS OF APPLICATION

The two-group diffusion equations given earlier in this chapter | Eqs. (18.4) and (18. 5)]
are the starting point of the analysis. As before, they are separated into radial and axial
equations by assuming that the flux can be written as a product function as in Eq. (18.1). The
gseparated equations have certain differences and will be rewritten.

The radial equations are as follows:

2 -
DYV . 7~ B * By ¥R 5 % o =0 Eq. (18.21)
0.2 S.-(%.,+B’D,)S,+=_.S =0 Eq. (18.22)
2 x,y 2 a2 z-2' V2 r1°1 = q. .

The symbols S, (x, y) and S,(x, y) have beeri introduced to represent the fast- and slow-group
radial components of the fluxes. These functions are not normalized at this stage as were the
corresponding R, and R, functions in Egs. (18.16) and (18.17). Only a single value of the
axial buckling is used instead of the group-dependent bucklings Bil and Biz used previously.
(In the first step of the iteration with the flux-weighting technique, a single axial buckling is
also used.) The eigenvalue )\ is shown with a subscript r to identify it as arising from

Eqgs. (18.21) and (18. 22).

The first step in the procedure is to solve Egs. (18. 21) and (18. 22) in the radial section
using the appropriate material constants at each point of the homogenized multiple-zone radial
section. As noted previously two-dimensional solutions could be used in the application of
this method; here, however, Sl and SZ will be taken as functions of r only. The solutions can
be obtained by use of the WANDA code (see Appendix A). The axial buckling Bi is varied to
bring the solution to criticality, i.e., )\r = 1; however, a value of \ a few per cent different
from 1 is considered acceptable. This procedure is carried out for each radial section. As
might be expected, Bi will be positive in the rod-free region and negative in the rodded region.

The next step in the solution is to obtain the axial solutions. Designating the fast- and
slow-group axial fluxes as T, (z) and TZ(z). respectively, the equations are as follows:
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D,V3T, - (Z_, +B?D,) T, +Z_,T, = 0 Eq. (18.24)
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The material constants in the axial equations are taken to be those along the axial line where
the calculation is being made. The radial buckling in these equations is a function of z and is
determined from the equation

Bﬁ{zj} + B:{zj) - B:n[zj} Eq. (18.25)

where Bfn is the material buckling of the reactor material at the axial point under consideration
and BZ is the axial buckling used in Eqgs. (18.21) and (18. 22) to give criticality of the radial
section. The symbol z. indicates that the calculation is made for the jth axial point.

The material buckling, BZ , to be used in Eq. (18.25) is given below.

g (o) od [(Ged) o 0] s ftas
m=-Z\[z*7/)*z [\[2'7 3 q. (18.26)
where
S n% Eq. (18. 26a)
a2
e |
r= - Eq. (18.26b)
2.:rl tZa 'T:L
k, = {nnz (ep) Eq. (18. 26c¢)
v Zep
(nf), !T‘Fa_z Eq. (18. 26d)
€p -..___.1:.1_.32._. Eq. (18.26e)
S i L:l

Bfn is evaluated for each radial section at r = 0, using the eigenvalue Ap obtained in the
solution of the radial section equations.

Equations (18. 23) and (18. 24) may be solved by a one-dimensional digital computer code
such as WANDA (see Appendix A). In the solution, the axial position of the control rod bank is
adjusted to give criticality, i.e., A = L

At this point it would be possible to iterate the solutions; in fact, group-dependent
bucklings from the solution to Eqs. (18. 23) and (18. 24) could be introduced into Egs. (18.21)
and (18.22). In depletion studies this is not done, however, because it would destroy the
essential simplicity of the calculation. At the beginning of life, however, an iteration study
may be useful for another purpose. It can serve to demonstrate the sensitivity of the solutions
to the bucklings used and to determine how close to unity the eigenvalue should be adjusted.
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There are two slightly different normalization procedures which may be used. In the
preceding section a flux normalization was described such that the radial section thermal flux
of the jth section SZ.‘i at the position of the axial line was made equal to the axial thermal flux
at that section. In terms of the radial and axial functions

stw' 0) = T,(z Eq. (18.27)

j} .
In general the fast fluxes will not be equal.

SIJ.IO, 0) # Tllzjl
The reason for this is twofold. First, without iteration there will be a small discrepancy in
the fast-to-slow flux ratio between the axial and radial solutions. Second, if group-dependent
bucklings corresponding to each axial point are not introduced into the radial equations, some
residual discrepancy will exist because the fast-to-slow flux ratio in a transition region, i.e.,
near the rod bank boundary, will not be the same as that given by the radial solution. These
errors are small, however, principally because most of the fissioning occurs in the thermal
group.

A power normalization, however, would appear to be more consistent than a flux normali-
zation and is preferred. This is carried out as follows:

Tylzy) Zq(z)) + Ty(2)) Zgy(24) = 515(0,0) Z(i(0,0) + 5,40, 0) Zp,(0, 0) Eq. (18.28)

Since the ratio SZj/ S1 3 is established by the radial section solution and the ratio Tl/ 'I'2 by the
axial solution, this equation normalizes the radial solutions to the axial solution.

In carrying out the absolute normalization it is convenient to introduce some additional
notation. Again using <, and C, to represent the energy release per fission for fast and slow
figsion, respectively, the average power density fij in the jth radial section is

[[ciZatx sy + €209 S, x,0] axay
Py = Eq. (18.29)

f dxdy
where the integrations are carried out over the entire fueled region of the radial section. The
ratio of the average power density in the radial section to that at the center of the section will

be designated as qj.

B B
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] J

The total output power from the reactor is

where Azj is the axial thickness of the jmI radial section.
In Eq. (18. 31) the q.'s may be obtained from the radial solutions without normalization,
the Z's are known and the ratio of TI/TZ is known. Thus, setting a value for P normalizes the

T's and thus normalizes the S's by Eq. (18. 28).
To carry out a lifetime depletion study, a series of time steps are taken. The reactor is

recalculated at each time step.
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At the start of life, or at any given point in life at which the reactor material constants
are known, the radial and axial equations are solved as outlined above. The fluxes are
normalized by Eqgs. (18, 31) and (18. 28). It is assumed that the reactor fluxes and material
properties remain at these values over a fixed time interval. At the end of this interval the
material composition is recalculated at each point on the assumption that the fission rate
remained constant during the interval. Thus, new material constants can be obtained for each
point in the reactor and the reactor recalculated.

The application of the line synthesis technique can be made relatively simple for lifetime
studies by preparing in advance certain data in graphical form. First, certain typical radial
sections are carried through a series of arbitrary lifetime depletion steps. At the end of each
time step the section is recalculated for criticality by varying B:. This calculation can be
made conveniently with a digital computer code such as CANDLE (see Appendix C). From the
series of perhaps ten or more such steps, the pertinent information needed for the axial
calculation and power normalization is abstracted and plotted in terms of a suitable independent
variable. This variable might be energy or flux time. Flux time at the center of the radial
section is a convenient variable. The following quantities are obtained from the radial section
calculations and plotted as functions of flux time at the center of the reactor.

(a) The macroscopic fission cross section (Zﬂ and EfZ) at the center of the radial section.

(b) The other pertinent material constants (Dl. DZ' Zal’ Eaz) at the center of the radial

section.

(c) The radial buckling at the center of the radial section. [Eq. (18. 25)].

(d) The ratio of average power density in the radial section to that at the center of the

section (q,).

With these variables plotted and a normalized axial flux distribution available, a given
time interval will represent a specific flux time at each axial point. From the curves the new
values at each point can be obtained immediately. Following the axial recalculation with the
new constants, a new normalization can be made. In this way a series of axial calculations
representing a lifetime depletion study can be made with appropriate adjustment of the constants
at each axial point.

There is little that can be said in a general way about the validity of the line synthesis
technique. The scheme is a highly intuitive one although certain of the weaknesses in the
arguments are apparent. In those cases when it is applicable it would seem probable that it
would give reasonably good results for the beginning of life but that the results would be very
questionable at high depletions. The reason for this lack of confidence with high depletion is
the use of principal mode solutions to describe transverse leakage. With high depletion it is
unlikely that the fast-to-slow flux ratios anywhere in the core will have values characteristic
of the principal modes. In summary, the scheme has real advantages as a rapid method for
analysis of a reactor over its lifetime but lacking detailed comparisons with multi-dimension
depletion studies, there is little that can be said by way of evaluation.
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Appendix A

FEW-GROUP, ONE-DIMENSIONAL
DIFFUSION THEORY CODES

CONTENTS

-

AML-17
LIL ABNER
ENSIGN

WANDA

- - S

PROD II

A.l1 AML-17
The AML-17 code solves on the UNIVAC-I the time-independent two-group neutron-
diffusion equations

a 2 8
-D; Vg + (Z+ Dy BY) ¢, = 123 9,

1 2 2 <]
-D_ V24 + (Z, + B2+ D  BD) ¢, = 25 ¢

in one dimension in rectangular, cylindrical, or spherical geometry,

The code permits a mesh of up to 30 points with variable spacing between points. It per-
mits pointwise variation of the two diffusion parameters and the five macroscopic cross-
section parameters in the above equations.

The code computes the eigenvalue and the fast- and slow-group fluxes. The calculations

are done in the floating-decimal mode. The typical computing time per problem is approxi-
mately twenty minutes.

A.2 LIL ABNER
The LIL ABNER code solves on the IBM-650 the few-group diffusion equations

Kk

L T, e 15ks8

-V-D; Vo + By O =+ Zafa(, 0 TR
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in one dimension in rectangular, cylindrical, or spherical geometry, Here
_a R, 52
Ei~Ei+Ei+B Di

and

™M=

Y =

1

]

I(VEf)itbi

LIL ABNER allows at most ten regions and one hundred mesh points, The mesh spacing
as well as all of the physical parameters must be constant within a region; in fact, this restric-
tion can be taken to define a region., Each region must contain an even number of mesh inter-
vals, Boundary conditions of zero flux or zero current can be specified at each outer boundary,

LIL ABNER computes the fluxes, UE the fission source,y, at every point; and the eigen-
value, A, by successive iterations, The problem is complete when the difference between suc-
cessive eigenvalues or the difference between a maximum and a minimum eigenvalue satisfy
an input criterion,

The calculations are made in floating decimal using the IBM floating-point interpretive
system, Input to the code includes the geometric and physical parameters, the convergence
criterion, and the initial source guess. Output cards contain eigenvalues, fluxes, and source,

An estimate of the running time may be obtained by using the formula T = P.G/200 where
P is the number of points, G is the number of groups and T is the machine time in hours., The
solution time will, of course, vary with the convergence criterion and the initial source guess,

A specially wired control panel is needed to run all problems, The computer must have a
2000-word drum,

A.3 ENSIGN

The ENSIGN code for the IBM-6850 is the fixed-point version of the LIL. ABNER code, It
solves the same problems by the same techniques, The running time per problem is approxi-
mately one-third of the LIL ABNER running time.

A.4 WANDA
The WANDA code solves on the IBM-704 the few-group neutron-diffusion equations

X .
{' VD V4, + Ty = + By "1—1} gt

in one dimension in rectangular, cylindrical, or spherical geometry. Here

_ <A R 2 p
Ei—Ei+Z}i +B Di+tiEk

k £

By successive source iterations, WANDA obtains the pointwise values of fluxes and source
and the eigenvalue, A. It is possible to cause WANDA to do one of three criticality searches:
(1) by varying the buckling in a set of regions or throughout the reactor, (2) by varying the
amount of homogeneous poison in a set of regions, and (3) by moving a poison boundary in a
multiplying region,
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WANDA allows a maximum of 250 mesh intervals in at most 25 regions, an even number
of intervals being required in each region. It requires an IBM-"704 with at least 8,192 words
of core storage, one unit of four logical drums and one tape unit. Problem running time will
vary from one to fifteen minutes depending on the initial source guess, the number of points,
and the type of search. Three minutes is a typical running time.

Certain of the input data may be specified, either pointwise or as regionwise constants.
The basic items of input are the geometric and physical parameters, initial estimate of the
source, and initial estimate of the parameters which are varied in the criticality searches.

The output includes eigenvalues, fluxes and source pointwise, source averaged over each
region, regional volumes, flux integrated over each region and for the whole reactor, and
region checks which are proportional to the leakage from each region for each group.

A.5 PRODII

PROD 1I obtains on the IBM-650 the approximate solution of the multigroup age-diffusion
equation in one space dimension in slab, cylindrical, or spherical geometry. The program
allows for the option of including or excluding inelastic scattering and the Selengut-Goertzel
term for hydrogen scattering. Neutron balance calculations are performed to check the con-
servation of neutrons in each region.

The boundary conditions at the origin are either zero flux or zero gradient. At the outer
boundary, the generalized gradient condition may be applied,

Operationally, PROD II consists of two parts, each of which accepts input data on punched
cards and creates output data on punched cards. The output cards of either part are acceptable
as input to the other part.

Part I: The Multigroup Calculation solves the three-point formula for flux at each point,
punching these fluxes on output cards.

Part II: The Power Calculation computes the pointwise values of the power and then the
eigenvalue, punching the normalized power on output cards. The maximum size problem may
be determined as follows: Let G be the number of groups, R the number of regions, C the
number of regions in the core, and P the number of mesh points, Then G = 50, C <50,

CG = 1000, and P + R = 98, '

Problem solution time (in minutes) may be estimated by the formula T = PG/40. If in-
elastic scattering is omitted, the computing time is cut approximately in half. An addition-
al saving in solution time occurs when the Selengut-Goertzel term is omitted.
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Appendix B

FEW-GROUP, TWO-DIMENSIONAL
DIFFUSION THEORY CODES

CONTENTS

1. CUTHILL

2. ACE or NORC-CUTHILL
3. QED-2

4, PDQ-2

5. MUG I

6. TOSPY

7. CURE

B.1 CUTHILL
The CUTHILL code solves on the UNIVAC-I the two-group time-independent neutron-
diffusion equations in (x,y) geometry. The equations

p} w2 ¢! - @)+ k4 BZDY ¢l 4 nZfe’ < 0

and
D22 ¢?- 2+ BEDY ¢P+ 20 =0

are solved at the node points of a rectangular mesh superimposed on the reactor section.

The interior regions are either diffusion regions or control rod regions. At interfaces
which involve control rod regions, a logarithmic derivative condition is imposed on the
thermal flux. Otherwise, at all interfaces the fluxes and currents are assumed to be continu-
ous. Within each region Dl, Dz, E; and Ell_ are constant, while Ei and 2? may be regionwise
constants or may vary pointwise.

The code allows as many as 59 x 118 points with constant mesh spacing and as many as
nine different material compositions. It prints out a "picture''of the arrangement of composi-
tions over the reactor section, Information indicating the progress of the calculations is

875
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printed on-line. Pointwise values of the fluxes and their regionwise integrals are written on
magnetic tape for off-line printing.

A rough estimate of the computing time may be obtained by assuming that it requires
about one hour for each one hundred points in the mesh.

B.2 ACE OR NORC-CUTHILL

The ACE code solves on the NORC the same problem that is solved by the CUTHILL code
on UNIVAC-I. It allows as many as 18, 720 points (96 x 195), variable mesh spacing in both
coordinate directions and as many as 18 compositions.

The running time may be estimated by assuming a speed of 500 mesh points per hour,

B.3 QED-2
The QED-2 code solves the two-group, steady-state, neutron-diffusion equations

- a 2 -
- VD, V¢, + (Z; + DB) ¢p = 12550,

- VD, Vp, + (Z_+D_B2) ¢, = Ef ¢,
on the IBM-704 computer. The solution is obtained over a rectangular region of the x-y plane.
A mesh of horizontal and vertical lines is imposed on this rectangular region of solution. with
a maximum of 50 mesh lines in each coordinate direction. The code obtains the values of ¢,
and ¢! at each of the resulting mesh points together with a single value of 7.

The rectangular region is composed of at most nine different subregions, with the values
of Df’ Efa’, 225, Ds' Es' and B? constant within each subregion. The mesh spacing must be
chosen in such a way that the external boundaries and the interfaces between subregions fall
exactly on mesh lines,

Either a zero flux or a zero current condition may be applied at each external boundary,
The same condition must be applied in each lethargy group. In addition, a logarithmic deriva-
tive condition may be applied at internal interfaces. This condition is used to represent control
rods and assigns a value to the current/flux ratio at the rod interface.

One core storage unit of 4096 words, one drum unit of 8192 words, and three or four tape
units, depending upon the on-line/off-line output option, are required. The code imposes
slight restrictions on geometric complexity and number of mesh interval changes in order to
fit a 2500-point problem into the internal storage of the computer,

Input to the QED-2 code consists of the value of the buckling, an eigenvalue approxima-
tion and a convergence parameter, values of the group-dependent parameters and a flux
approximation for each subregion, the mesh intervals in each coordinate direction, the four
boundary conditions, and the arrangement of subregions in the mesh., At the beginning of a
problem, the code prints on-line an edit of the input and a "picture" of the mesh which indi-
cates the arrangement of the subregions and the location of interfaces. At the end of the prob-
lem, the region averages and pointwise flux values may be printed on-line or written on tape
for off-line printing,

A QED-2 problem is iterated until

ﬁ(m, _ p(m)

2n ()
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where € is an input parameter and the superscript (m) indicates the quantities calculated at
the end of iteration (m). If € = 0, 05, the running time of a typical 2500-point problem is one
hour,
B.4 PDQ-2
The PDQ-2 code solves on the IBM-704 the few-group time-independent neutron-diffusion
equations
k

D, V¢ +5 XY R k<4
-VD Ve + B =X B (0 C°

over a rectangle in either rectangular or cylindrical geometry. Here

21 = E?+ Z? + ani
and
S t
i iz=1 v; Z; 9

Each of the four sides of the bounding rectangle may have either of two boundary condi-
tions applied in all groups, either zero flux on the boundary or zero current across the bound-
ary. Control rods may be represented by assigning a value to the ratio of current to flux at

the bounding surface of the rods,
R
il
of 35 regions are allowed. The x; are functions only of the lethargy group. A mesh of hori-

The parameters Di’ E?, Z., and viE{ are constant over each of the regions, A maximum
zontal and vertical lines is imposed on the rectangular region. The spacings between these
lines are chosen such that all boundaries, internal and external, lie on mesh lines, PDQ-2
computes the fission source, §, and the group fluxes, ¢i' at each point of the mesh. The maxi-
mum number of points allowed depends on the size of the core memory and whether or not

one unit of four logical drums is on the IBM-704, This variation is shown in the following table:

Core Size 4K 8K 16K 32K
With 4 drums 1250 2500 3750 6500
With no drums 1000 2500 5250

In addition to the core and drum storage indicated above, PDQ-2 requires six tape units.

Input required by PDQ-2 includes the number of groups, number of material composi-
tions, number of points in each direction, four boundary conditions, the mesh spacings,
buckling, estimated eigenvalue, A, convergence criterion, Xp» )(2 and X3 (14 = 0) and the
arrangement of materials within the rectangular boundary. For each material all of the group-
dependent parameters and a flux estimate must be specified.

Before starting the solution of the problem, PDQ-2 prints on the attached printer all of
the numerical input as well as a picture of the specified arrangement of materials. During the
solution of the problem, certain information is printed to indicate progress. The most signifi-
cant number printed is the eigenvalue, A, after each source iteration. At the conclusion of the
problem certain region integrals and averages are printed on-line, and pointwise values of
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fluxes and sources are written on magnetic tape ior off-line printing,
The iterations of a PDQ-2 problem are continued until

2JLim5

< ¢

where € is the input convergence parameter and (m) is the iteration index.

If € = 0. 05, a reasonable estimate of running time may be obtained by using the formula
T = P-G/100 where P is the number of points, G is the number of groups, and T is expected
running time in minutes. If a problem possesses symmetry about a diagonal, the running time
can be halved,

B.5 MUG II

The MUG II code obtains on the UNIVAC-I the approximate solution to the multi-group
age diffusion equation in two space dimensions in cartesian or cylindrical geometry, with or
without the Selengut-Goertzel term for hydrogen scattering. The coordinate referred to as
(x(“, x(z)) may be either (x,y), (r,z), or (r,6).

The code allows at most ten different material compositions in at most 64 regions. It
allows at most nine interfaces (including boundaries) normal to each coordinate direction. Mesh
spacing in each direction is required to be constant, all interfaces being required to lie on
mesh lines. The maximum number of the points in the x (1) direction is 100 and 59 in the x(z)
direction. The maximum number of energy groups allowed is 100,

The boundary conditions may be zero flux in all groups on any boundary, the logarithmic
derivative of flux on any boundary equal to a given function of lethargy, or a periodic flux or

gradient condition on the x(zl boundaries.

B.6 TOSPY _

The TOSPY code solves the two-dimensional multi-group diffusion equation on UNIVAC-I
in either cartesian or cylindrical geometry. It allows at most 19 groups, 100 rows and 59
columns of mesh points, It allows zero flux, zero current, or generalized gradient conditions
on the outer boundaries of the region.

The code requires the specially-defined orders "lnm'", "2nm", "30m'", and "40m" which
are on the computer at New York University and the two machines at the David Taylor Model
Basin, TOSPY has been superseded by the CURE code on the IBM-704,

B.7 CURE

The CURE code solves on the IBM-704 the multi-group or the few-group neutron diffusion
equation in two dimensions in (x,y), (r,z), or (r,8) geometry. Inelastic scattering and the
Selengut-Goertzel treatment of hydrogen slowing-down are included in the multi-group ver-
sion of the code.

The following boundary conditions are treated:

1, Zero flux on the boundary

2, Given non-zero flux

3. Zero current across boundary

4, Given ratio of current to flux at boundary

5. Periodic behavior of flux and current azimuthally

The CURE code includes a library of microscopic data from which macroscopic data may
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be computed, Optionally, in the few-group version the macroscopic data may be supplied as
input.

The code requires seven tape units, No drum unit is required,

The basic mesh is a rectangular array of I x J points. From this basic mesh, one deletes
the points outside the boundaries of the specified region. Further deletions of points within
the boundaries are permitted. Fluxes and power are computed at those points of the I x J mesh
which remain after deletions. Upper limits on I, J, the product (I+1)(J+1), and the number of
flux points are determined by the size of the core storage of the computer. These limits are

given in the following table.

Core Store Max 1,J (I+1)(J+1) Flux Points
8,192 50 1400 644
16, 384 120 2600 1516
32,768 200 7475 3275

CURE has three xenon options: (1) no xenon, (2) steady-state xenon, and (3) peak xenon.
A rough estimate of the machine time required by a problem can be obtained by the form-
ula T = P+G/60 where T is the machine time in minutes, P is the number of flux points, and

G is the number of groups
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FEW-GROUP, ONE- AND TWO-DIMENSIONAL
DEPLETION CODES

CONTENTS
1. AML-67A
2. CANDLE
3. DRIFT

4. TURBO

C.1 AML-67A

The AML-67A code solves on the UNIVAC-I the time-dependent two-group neutron-
diffusion equation in one dimension in rectangular or cylindrical geometry. The AML.-17 code
is incorporated in AML-67A to solve the spatial equations at each time step for eigenvalue
and fluxes.

The code allows up to 16 time steps, each of arbitrary length, during which the pointwise
fluxes are assumed constant. Radial problems require that d¢/dr = 0 at the origin and allow
either ¢ = 0 or d¢/dr 4 0 at the outer boundary to simulate a reflector. For slab problems
either boundary can have zero flux or a specified flux gradient, The flux gradient is put into
the code by fictitious nuclear constants at the end points. Compositions may vary pointwise
with at most 15 sequential changes in composition,

At each time-step the flux shapes are normalized by specifying the fission rate per unit
area in slab geometry or per unit height in cylindrical geometry. Then the depletion and
build-up of isotopes of uranium and plutonium are computed at each mesh point, The pointwise
concentrations of xenon, samarium, iodine, and promethium and the long-lived fission pro-
duct poisons also are computed,

Two types of fueled regions are allowed: Type-A regions which contain U235,

regions which contain both U235 and U238,

Criticality is achieved, if desired, at each time-step by varying parameter,a, which con-

and type-B

tributes to the total cross section term in the equation for the thermal group flux,
The typical running time is approximately one-half hour per time-step.
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C.2 CANDLE

CANDLE is an IBM-704 code which takes into account both the space- and time-dependence
of the diffusion coefficient D, the removal cross section ZR, the absorption cross section Ea,
and the fission rate per unit flux vzf, in the solution of the few-group neutron diffusion equa-

tion
k

X ¥(r)
{ - V:D,(r) V¢, (r) + EiT(r)gbi(r) = — 4 ziR_lm &) _y(r) }1-1

in one space dimension, Here i indicates the lethargy group, k the thermal group (k = 2 or 4),

k
;) = Fl[uzf(r)]' ¢;(r)
= 1

and
z'f(ra = BZ(r)D(r) + z“(r) + 22 + 4, ZP ()

The buckling B {r] is a group-and region-dependent input quantity. Z) (r) is a region-depen-
dent poison and t, is the fraction applied in the & i group, t, = 1.

The few-group parameters D, > E , and vEf are calculated at each mesh point utilizing
a library of effective microscopic cross sections for the fast groups and input values of the
thermal microscopic cross sections, thermal self-shielding factor, and the resonance escape
probability for U238_ Two-group parameters are calculated from the four-group constants by
taking weighted averages.

After having calculated the parameters for the diffusion equation, CANDLE solves for the
resulting flux distribution, iterating until the convergence criterion on the eigenvalue and
source is satisfied.

As options, the CANDLE code provides three means by which the quantity A may be forced
to approach 1,0:

1. Adjusting a group-independent buckling in a set of regions.

2, Adjusting the homogeneous poison EE in a set of regions.

3. Adjusting the position of a boundary separating the poisoned and unpoisoned sections

of a multiplying region.
At the conclusion of the spatial portion of the code, the fluxes are normalized to a speci-

fied power level. These power-normalized fluxes are assumed constant over the time interval
represented in the approximate solution to the depletion equations.

Results of each time step are recorded on magnetic tape. At any time after the calculation
is completed, a selective edit may be performed to obtain pointwise values of the flux, source,
power, macroscopic cross sections, isotopic number densities, and combinations of these
values., The supervisory output, which is printed on-line during the calculation, includes the
eigenvalues and control parameters, if used.

In order to change parameters in a problem, the user may elect to use the isotopic num-
ber densities from any time step of a previously run problem. This is called the continuation
option,

CANDLE permits a maximum of 250 mesh intervals distributed over at most 25 regions
to be used to describe a problem. No more than 25 time steps may be requested and at most
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30 elements may be specified. The code requires an IBM-704 with at least 8, 192 words of
core storage, 4 logical drums, and 4 tape units. The running time per time step for a 181-
point problem may vary from 3 minutes for a non-search case to 15 minutes for a boundary-

search problem.

C.3 DRIFT

The DRIFT code for the NORC computer obtains the solution of the time -dependent two -
group neutron-diffusion equation in two dimensions, For each time-step the ACE code is used
to determine the spatial distribution of fast and slow fluxes, These fluxes are normalized to
constant reactor power.

At each pomt the fuel fraction, m;, at the end of the time-step is obtained by multiplying
o1 by (1 - 25 d:‘z’ At), If the computed value becomes negative, it is set to zero. A table-
look-up procedure is used to obtain E ) and E @) as functions of the fuel fraction at each
point,

The new values of 2 @) and E & are used as input data for the next time-step. Likewise,
the flux for time-step T may be used as the initial guess for the flux of time-step (T+1). For
each new time-step the buckling, Bi, may be changed and the material composition of any

non-fuel region may be respecified.

C.4 TURBO

The TURBO code is a two-dimensional few-group depletion code for the IBM-704. The
PDQ code is used to compute neutron flux values from the two- or four-group diffusion equa-
tions. The parameters required in these equations are derived from effective one-velocity
microscopic cross sections for the elements comprising the media. These elements are des-
cribed by their isotopic densities and thermal self-shielding factors. Assuming flux and power
to be constant for a specified period of time (a time-step), the time-dependent isotopic den-
sities can be recomputed for the beginning of the next time-step.

The calculation can be done for either x-y or r-z geometry. By using a suitable synthesis
scheme, it is possible to piece together two-dimensional (i.e., x-y) calculations to simulate
a three-dimensional calculation (see Chap 18).

The PDQ description in Appendix B gives the equations solved and method of solution.
The few-group parameters required are calculated from equatmns of the type

Ei(x) =3 NM for the fast groups or Z (x) z §NM (x) gM M in the thermal group
M

(x)crl k

where M ranges over 30 possible isotopes.

In the third group a correction is made

238

for U resonance. Two-group constants are obtained by taking weighted averages of the

four-group constants.
The neutron flux values obtained from the PDQ calculation are normalized to a specified
power output for the section of the reactor considered and used in the depletion equations

which have the general form

M
an’ _ (M M1t M M,k k|yM
dt _G +i € 7a ¢DNnm

ML (3 M MM )
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Here NM NI:: 1, and NM denote densities of different isotopes at a mesh point n, Ais a
decay constant @, =i Hmy is a microscopic absorption cross section, and g~ is a thermal
self-shielding factor,

A maximum xenon calculation is also provided in which the flux at a particular time-step
is reduced by a specified amount and used to deplete the isotopic densities over a specified
time interval which may allow maximum xenon build-up. A routine is also available to allow
the study of refueling or interchange of subassemblies.

The output from the code consists of the on-line printout provided by PDQ plus the ratio
of the power produced in each region to the total power and the fraction of the power within
each region produced by each fissionable isotope. A binary output tape is also generated which
can be selectively processed at any time to provide printing of:

1. Average power at each mesh point

2. Isotopic density for any isotope at each point

3. Values of any of the macroscopic cross sections used in the spatial calculation at
each point for any group
Values of the neutron flux for any group at each point
Values of the source calculated in the spatial integration at each point
The average isotopic densities for each region and the total area
. The flux-weighted averages of the macroscopic cross sections for use in a synthesis

=1 @& O s

calculation
In addition, the isotopic densities can be obtained for the beginning and/or the end of the time-
step. To allow special edits to be done using the WOLONTIS system (Bell Laboratory Interpre-
tive System) on the IBM-650, certain of the above quantities can be punched onto cards in a
convenient form,

The calculation is done automatically for one time-step at a time. The data deck is read
for each subsequent calculation to allow the changing of thermal cross sections, thermal self-
shielding factors, fixed isotopic densities, and the like. A typical computing time for a 2500
mesh-point problem is 1.5 hours per time-step. If the running time for a similar PDQ problem
is known, then the TURBO time-step will require about one-third more time.

The code requires at least 8,192 words of core storage, one drum unit, ten tape units,
and an off-line printer. Larger core capacity is utilized as in PDQ to minimize computing
time and restricts the maximum number of mesh points as follows:

Words in core 8K 16K 32K
Mesh points 2500 3750 6500
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Appendix D

THERMAL NEUTRON ENERGY
DISTRIBUTION CODES

CONTENTS
1. SOFOCATE
2. DONATE

D.1 SOFOCATE

The SOFOCATE code solves on the IBM-704 the Wigner-Wilkins differential equation for
the distribution of thermal neutrons in equilibrium with a hydrogen-moderated homogeneous
mixture where the absorption cross sections of the constituents may vary arbitrarily with
energy.

The SOFOCATE code computes the neutron flux, the macroscopic absorption cross sec-
tion, vEt., the flux averaged diffusion constant and the microscopic fission cross sections. In
addition, any desired function may be averaged over the resultant flux.

The code requires a core size of 4,096 words, 4 magnetic drums, and 4 magnetic tapes.
One additional tape is required if tape output is desired,

Temperature, buckling, energy limit (< 2.0 ev), moderator, number densities of iso-
topes in the mixture, and the identification number of those functions whose flux-averaged
values are desired are supplied as inputs to the code.

A typical problem running time is 30 seconds,

D.2 DONATE

The DONATE code solves on the IBM-650 essentially the same problem solved on the
IBM-704 by SOFOCATE.

A typical running time is about 2 hours.
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REFERENCES
1. H. Amster and R, Suarez, The Calculation of Thermal Constants Averaged over a Wigner-
Wilkins Flux Spectrum: Description of the SOFOCATE Code, Report WAPD-TM-39,
January 1957,
2, H. Amster and R, Suarez, Distribution of Neutrons at Thermal Energies -- Description

of DONATE Code, Report WAPD-PM-45, May 1956,

The SOFOCATE and DONATE Codes are available from Mr. Donald Cashman, Applied
Programming Publications, Applied Science Division, IBM Corp. ,590 Madison Ave. ,
New York 22, New York.



Appendix E

FAST CONSTANT PREPARATION CODES
FOR FEW-GROUP METHODS

CONTENTS
1. MUFT-3
2. MUFT-4

E.1 MUFT-3

The MUKFT-3 code computes on the IBM-650 the Fourier transform of the slowing-down
distribution from a point source in space. The equations which are solved are those which
determine the first two Legendre coefficients of the flux, By suitable choice of coefficients in
these equations, one can arrive at either (1) the P-1 approximation, (2) the B-1 approxima-
tion,(3) the P-1, SG approximation, or (4) the B-1, SG approximation, In a single run of the
MUFT-3 code, results may be obtained according to any or all of these approximations.,

The code accepts as input the isotopic number densities of the constituents of a mixture
and the microscopic data for each of these isotopes. The number of groups in the input must
be less than 200. In addition, the multi-group source spectrum is supplied as input.

The output of MUFT-3 is a set of few-group constants for each of five different group
structures: Seven-group, five-group, three-group, two-group, and one-group.

The typical running time is five minutes per approximation per problem.

E.2 MUFT-4

MUFT-4 is an IBM-704 code which computes the Fourier transform of the flux and slow-
ing down density due to a plane source in an infinite medium of prescribed composition and
determines the fast flux spectrum in a one-dimensional reactor of given buckling, The age in
the composition is determined from the output by interpreting the output as a Fourier trans-
form. By interpreting the output as a flux spectrum, fast-group macroscopic parameters are
edited by the code.

Input data to the code as specified by the requestor are number densities, buckling, and
self-ghielding factors which are used in treatment of resonances. A preassembled library
(using three associated library tape preparation programs, LTP1, LTP2, and LTP3) which
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contains microscopic cross sections, resonance parameters, and inelastic scattering matrices
for the isotopes in the composition must also be available as input, Source spectra correspond-
ing to various types of sources are also included on the library tape, The problem requestor
has the choice of one of the following four approximation schemes:

1. P-1

2, Selengut (B-1 in the code notation)

3. P-1, Selengut-Goertzel

4, B-1, Selengut-Goertzel

If hydrogen is not present in the composition, a nonhydrogenous moderator is specified
to be used in computation of the resonance integrals.,

In addition to the few-group cross sections and the material age, the code will compute
the flux and current spectra, the isotropic slowing down densities for hydrogen and the heavy
isotopes and the anisotropic slowing down densities.

For a few selected isotopes of the composition in the problem, the code will edit the
abgorption and fission cross sections, separating the smooth and resonant contributions,

The code is limited to 100 lethargy groups with 3 fast few-group schemes; one-group,
two-group, and three-group. Information for as many as 45 isotopes may be stored on a
library tape; however, at most, 15 of these may be used in any one problem.

Average running time of a normal problem is eleven seconds; if additional edits are
requested, the running time may approach one minute and forty-five seconds.

The machine requirements are as follows:

Core size Z 8k
Drums Not used
Tapes 2 (or 3)*

Off-line printer
STZ instruction
*See Appendix C, WAPD-TM-72, p. 32.
REFERENCES
1. R. L, Hellens, R, W, Long, B, H, Mount, Multigroup Fourier Transform Calculation --
Description of MUFT-III Code, Report WAPD-TM-4, July 1956,
2. H. Bohl, Jr., E, M, Gelbard, and G, H, Ryan, MUFT-4 -- Fast Neutron Spectrum Code
for the IBM-704, Report WAPD-TM-72, July 1957,
3. R. L. Hellens, Neu:ron Slowing Down in Group Diffusion Theory, Report WAPD-114,
May 1956.

The MUFT-3 and MUFT-4 Codes are available from Mr, Donald Cashman, Applied Pro-
gramming Publications, Applied Science Division, IBM Corp., 590 Madison Ave.,
New York 22, New York.
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LEAST SQUARES CURVE FITTING CODES

CONTENTS
1. COFIT
2. EXFIT
3. F0030

F.1 COFIT

The COFIT code computes on the IBM-704 the parameters A, B, and C in the expression
y = A cos B(x - C) by the least squares technique based on 4 to 500 points of observed data,
It also computes and prints the standard deviations of the estimates of A, B, and C,

A 4,096-word IBM-704 without tapes or drums is sufficient for this code. The running
time per problem varies from 2 to about 8 minutes.

F.2 EXFIT
The EXFIT code is analogous to COFIT, except that it solves for the parameters A and B
in the expression y = AeBx.

F.3 F0030

The F0030 code is analogous to COFIT, except that it finds A, B, C in the expression
Bx
y=Ae " +C,

REFERENCES
1. B. L. Anderson and T, J, Lawton, COFIT -- A Least Squares Cosine Fitting Program
for the IBM-704, Report WAPD-TM-26, October 1956,

The COFIT, EXFIT, and F0030 Codes are available from Mr. Donald Cashman, Applied
Programming Publications, Applied Science Division, IBM Corp,, 590 Madison Ave, ,
New York 22, New York,
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FEW-GROUP, THREE-DIMENSIONAL
DIFFUSION THEORY CODES

CONTENTS
1. TRIXY
2, TKO-1

G.1 TRIXY

TRIXY is a code for the IBM-704 which solves the multi-group time-independent neutron-
diffusion equations over a rectangular parallelepiped in the cartesian coordinate system, The
equations solved by TRIXY are

k

i=1

X: S
a z:l’l. i R
{- V.Di V¢i + (Ei +Z; ) 'pi =gt Ei_lqb._l }
where

k
s=3 z{¢
i=1
Each of the six faces of the bounding rectangular parallelepiped may be specified independently
either as having zero flux or by giving the ratio of outward current to the flux,

A mesh of horizontal and vertical planes is imposed on the rectangular parallelepiped
with the mesh points determined by the intersections of the mesh planes, The composition of
each mesh rectangular parallelpiped must be homogeneous, Tl'u:.-xi are functions only of the
lethargy group., The power distribution, S, and the group fluxes, ¢i‘ are computed at each
mesh point, The maximum number of mesh planes and the number of different material com-~
positions permitted within the mesh is dependent upon the size of the core memory and is as
follows:
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Memory Number of Different Maximum Number of Mesh Planes
Compositions
8,192 200 72 perpendicular to x axis

36 perpendicular to y axis
36 perpendicular to z axis
No more than 1,000 points
in the yz plane

16,384 475 72 perpendicular to each axis
No more than 2, 000 points in
the yz plane

32,768 975 72 perpendicular to each axis
No more than 4, 000 points in
the yz plane

The product of the number of mesh points and the number of energy groups, k, is limited
to about 150, 000,

TRIXY requires six tape units. The input to TRIXY consists of:

1. Configuration information

2, Composition constants (D, Ea, ER. Ef) for each material and each group

3. The value of x for each group

4, The six boundary conditions

5. Mesh spacings
6. Rough power guess for a coarse mesh
7. Convergence criterion for the flux

8. Convergence criterion for the power distribution,

After each source iteration, certain information is printed. One of the numbers printed
refers to criticality. At the conclusion of the problem, various items of information may be
written on magnetic tape for off-line printing, The items available for off-line printing include
fluxes, average fluxes, flux integrals, power densities, power integrals, and the number of
fissions per source neutron,

Most TRIXY problems will run more than several hours. A three-group problem with
6,000 mesh points will normally take about eight hours.

G.2 TKO-1
TKO-1 is an IBM-704 code which finds a discrete numerical approximation over a rec-
tangular parallelepiped for the few-group, time-independent, neutron-diffusion equations

k

: a X¥ R -
{ - VD Vg + & + E1) g = + T 0 Tl

A mesh of horizontal and vertical planes is imposed on the rectangular parallelpiped,
with a maximum of 28 planes in each coordinate direction. The code is restricted to the treat-
ment of problems which are symmetric with respect to the plane x=y, Hence the flux and
source values, ¢, and y, are obtained only at the mesh points on and to one side of this symme-
try axis. Designating the boundary planes in the x and y coordinate directions by ss and the
boundary plane in the z coordinate direction by uu, the total number of solution points (bound-

ary points excluded) is

(ss-1)(ss)(uu-1)
2
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This number is restricted to 2700 and 4750 on 16, 384-word and 32, 768-word computers, res-
pectively, The code requires one drum unit and six tape units in addition to this core storage.
The rectangular parallelepiped is composed of at most 511 different regions, and the
values of Di' E?, and E? are regionwise constant, Variable mesh spacing is permitted, and

the mesh must be chosen in such a way that all region interfaces lie on mesh planes.

Either a zero flux or a zero current condition may be applied at each boundary plane, the
same condition being applied in each lethargy group. A logarithmic derivative condition may
also be used at internal interfaces for control rod representation, This condition sets the cur-
rent to flux ratio at the rod boundary.

Input to TKO-1 includes the number of groups and regions, the outer boundaries and
boundary conditions, an eigenvalue approximation and a convergence parameter, the mesh
intervals and orientation of regions in the mesh, and the group-dependent parameters, includ-
ing a flux approximation, for each region. The only on-line output is an indication of the
degree of convergence attained at the end of each iteration, The off-line printout consists of
a complete edit of the input, a "picture' of each different x-y plane with all regions and inter-
faces indicated, the region volumes, the region integrated and averaged flux and source, and
the pointwise flux and source values,

TKO-1 problems are iterated until

X (m) _ " (m)
—_— =€

2 (m)
where € is the input convergence parameter and (m) is the iteration index. For € = 0,05, the
running time of a 2700-point problem varies from 1,0 to 2, 5 hours, depending upon the num-
ber of groups and the physical dimensions of the problem,

REFERENCES

1, Paul Greebler, TRIXY -- A Computer Program for Multi-group Nuclear Reactor Calcu-
lations in Three-Space Dimensions, Report KAPL-1549, August 1, 1956,

2, OQuida A, Clendinning, TRIXY -- A Three-Dimensional Multi-group Code: Input Prepara-
tion, Report KAPL-M-0OAC-1, January 29, 1958,

3. W. R. Cadwell, TKO -- A Three-Dimensional Neutron-Diffusion Code for the IBM~-704,
Report WAPD-TM-143, July 1958.



Appendix H

FEW-GROUP, THREE-DIMENSIONAL
DEPLETION CODES

CONTENTS
1. DRACO

H.1 DRACO

DRACO 1, a three-dimensional few-group depletion code for the IBM-704, provides a
means of studying the flux and power levels and the depletion and build-up of materials within
a reactor for specified intervals of time during which the flux and power are assumed to be
constant.

With a library of fast cross sections, various input quantities and information from the
previous time-step calculation, the group constants D, zF E and vE are calculated for
each mesh rectangular parallelepiped of the region under conaideration. A modified version of
TKO-1 uses these quantities in solving the neutron-diffusion equations

k f
i xiiz;& vI; ¢; . K
{' VD Py + Ty = + W }1:1
where
=2o0r 4
T a r
2]. _Ei +Ei

The pointwise fluxes resulting from this calculation are averaged over each mesh rectangular
parallelepiped and are normalized to a specified power output,

DRACO 1 requires 16,384 or 32,768 words of core storage, at least one drum unit, and
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nine tape units, DRACO 2, the maximum-xenon calculation requires 10 tape units, DRACO
will handle two- or four-group problems and allows a maximum of 50 initial material compo-
sitions. Assuming a mesh imposed on some rectangular parallelepiped by intersecting hori-
zontal and vertical planes spaced along the X, Y, and Z coordinate axes, the following condi~-
tions must be met where ss, tt, and uu are the last planes in the X, Y, and Z coordinate dir-
ections, respectively:

l. ss=1tt

2, 88 = 28 and uu £ 28

3. 1/2 (ss-1)(ss)(uu-1) = 2685 or = 4750 for 16,384 and 32, 786 core storage, respectively.
The plane X=Y must be a symmetry plane. Zero flux or zero current may be imposed at any
of the outer boundaries.

The following quantities are required as input for each time-step: Information pertaining
to the geometry of the problem; option control information; the length of the time-step; net
power per time-step; initial eigenvalue guess; convergence criterion; percentage of homo-
geneous poison per group; integral of the fission spectrum for epithermal groups; the iodine
yield for U235, U2 38, Puzag, and Puz‘“‘; mesh descriptions; composition description; thermal
cross sections to be applied in specified compositions; flux guess; MUFT buckling for two-
group problems; resonance escape probability of U238; homogeneous poison (optional); isotopic
densities; thermal self-shielding (optional); and logarithmic derivatives (optional). The
geometry, the mesh spacing, and the time -dependent isotopic densities may not be changed be-
tween time-steps. To facilities the moving of rods, composition numbering may be altered.

The most important information printed on-line during a time-step calculation pertluins
to the progress of the iteration. Off-line edits make the following information available for
each time-step: point flux, point power, power per mesh rectangular parallelepiped, beginning
isotopic densities, final isotopic densities, macroscopic data, and power integrals,

Running time for a two-group, quarter-core problem with 3000 interior points is approxi-
mately two hours per time-step.

REFERENCES

1. D. McCarty, C. King, H. Henderson, J. Mandel, DRACO -- A Three-Dimensional Few-
Group Depletion Code for the IBM-704, Report WAPD-TM-137,

2. G. W. Hoffman, One-Dimensional Few-Group Burnout Code -- Isotopic Density Equations,
Report WAPD-TM-2, April 19586,

3. P. A, Ombrellaro, Effective Fast-Group Cross Sections in Four-Group Theory, Report
WAPD-TM-63, May 1957,




