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ABSTRACT

An additional reactor, to be designated as the BSR-II, is
proposed for the ORNL Bulk Shielding Facility. This reactor is
to be a light watér-moderated, convec%ion-cooled, pool-type, re=-
search reactor, consisting of stainless steel-clad, plate-type
fuel elements and using a cermet of highly enriched UO2 and sta;n-
less steel as fuel, The BSR-II is to bé used alternatively with the
present alumipum-clad reactor (BSR-I). It s to be supported by the
same support structure and is also to use the same control circuitry
and radiation detectors. The BSR-II is to be a 15-in.-cube core,
containing about 6 kg of 95% enriched U‘?35 in 25 fuel elements, each
having 20 plates. The plates are to have an 8-mil-thick cladding
and a lh-mil-thick fuel region. The BSR-II is designed to operate
at 750 kw and have an element ;ifetime of 10 tg 15 years.,

Calculations indicate that the prompt neutron lifetime will be
of the order of 25 psec. The control system will be adequate to re-
verse periods of the order of 10 msec,

To ellminate any credible accidental excursions severe enough to.
constitute a hazard, a limitation of O0.T% on excess reactivity (which
limits periods to 100 msec) is proposed, Within this limitation there
exists no credible accédent which would result in the release of

fission-product activity imto the atmosphere, either due to a reactor

iv
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excursion, or from a melt-down due to afterheat in case of coolant loss.
This report contains a description of the mechanical features and
the dimensions of the reactor, the nuclear and heat transfer characteristics
as calculated, and a discussion of the proposéd control system, including
the results of experimental investigations of the proposed control system
and its dynamic behavior. The site déscription and discussions of geological
and security considerations perteining to the BSR-II have been adequately
presented in safeguard repor'l:sl'5 for other reactors at ORNL and will not,
in general, be discussed in this report.
A series of tests of the BSR-II 1s planned for the SPERT facility,
with a view fo possible increases in permissible excess reactivity and
reactor power, If such increases seem Justified further Safeguard

Committee approval will be requested,
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INTRODUCTION

Since the construction of the Bulk Shielding Reactor (BSR-I) in
1950, it has been highly successful as a research reactor and has
served as the prototype for many other reactors. This widespread
interest in pool-type reactors has prompted the design of a modified
version of this reactor type which will retain the simplicity, low
cost, and experimental flexibility of the BSR-I, but will add some
improved features to help overcome the limitations of the present
design. It is proposed that this new reactor, to be identified as
the BSR-II, be built and operated at the Bulk Shielding Facility.

The greatest improvement in the new design will be the increased
life of the fuel elements, which are to be clad with stainless steel.
The useful life of the presently used aluminum-clad fuel elements is
limited by corrosion of the aluminum in water. The 1life is observed
to be of the order of two to four years, whereas from the neutron
economy viewpoint a much longer service might be expected. It is
anticipated that a stainless steel-clad fuel element might withstand
corrosion for 10 or 15 years under similar conditions. This longer
life would be particularly advantageous in reactors intended for
applications where fuel reprocessing and fabrication is less readily

available than at a national laboratory.
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The development of the stainless steel fuel-element fabrication
technology has made it possible to design such a reactor for the BSF,
where it is to be used for experiments related to shielding develop-
ment. The reactors for which optimized shields must be designed have,
in meny cases, core components of nickel, chrome, and iron, and the
gamma-ray spectrum from such a core is much better approximated for
shield test purposes by a stainless steel core than by an eluminum
one.

The opportunity of designing a new core for the BSF was used to
attain a more compact and symmetric shape for the core. This is
desirable for the interpretation of many shield penetration experiments,
where a small and simple source geometry lends itself more readily to
the analysis of the results. It is also advantageous in permitting
smaller, lighter, and more compact wrap-around experimental shields
to be used.

It is hoped that the building and operation of such a reactor,
incorporating relatively short neutron generation times, will lead to
increased understanding of reactor kinetics in pool-type reactors.

The design of the reactor was subject to specific criteria
which governed the decisions involved. These criteria are:

1. The reactor is to be used alternatively with the BSR-I, and

it is to use the same support structure, control circuits,

and control panels.
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The core should, as discussed above, be as compact and
symmetric as other considerations permit.

Techniques presently developed for fabrication of stalnless
steel fuel elements are to be applied as far as possible
(i.e., techniques developed for the first Army Package
Power Reactor (APPR-I))..

The handling, loading, storage and manipulation of the fuel
elements for the BSR-II should be similar to the well

developed techniques used for the BSR-I fuel elements,
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I. DESIGN OF THE REACTOR

The possibility of designing a l-ft-cube core, consisting of
16 elements in a 12-in.-high square array, was briefly considered
and discarded on several grounds, including short neutron lifetime,
high fuel inventory, and highly epithermal neutron spectrum., The
design effort was then concentrated on a 15-in.-cube core, consist-
ing of 25 elements in a 5 by 5 array,

In agreement with the desirability of a smell and compact
geometry, the grid plate (Fig. 1) was designed to hold no more than
the 25 elements called for in the design, rather than the much larger
number possible with the BSR-I. However, the elements can be inserted
in two orientations, which will yield flexibility in control plate
location, as will be discussed below, This grid plate, which will be
constructed of type 17-7 stainless steel, will be used in the modified
BSF support structure as shown in Fig. 2. It is to be placed in
position with the aid of the two dowel pins shown and attached by means
of four screws as indicated in the drawing.

The fuel elements are designed as shown in Fig. 3. It will be
observed that the elements each contain 20 flat plates of the familiar
sandwich construction. The fuel material is a cermet consisting of

w, (®25 wt %) and stainless steel (%75 wt %). The side plates and the

L
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OVER-ALL HEIGHT 25ft 3in.

GUIDE RODS AND PLATES

6-in.-OD ALUMINUM SUPPORT TUBE

Fig. 2. View of Reactor Support Structure for the BSF, Both the BSR-| and the BSR-1l grid plates will fit
interchangeably over the two dowel pins, and will be secured with four screws.
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cladding are type 347 stainless steel, 0.050 and 0.008 in. thick,
respectively.

The total height of the fuel plates is 15.75 in., the height of
the fuel-bearing region being 15 in. The over-all height of the
elements is made as small as conveniently possible in accordance with
the desire for compactness. The fuel elements have a bottom endbox
welded to the side plates; this endbox supports the element in the
grid plate and provides a passage for the water flow through the core.
A small extension of the side plates above the core top provides foom
for ﬁhe attachment of a cross member by means of which the element‘may
be 1lifted and manipulated.

Figure 3 also shows a cross section of the fuel-bearing region
of the special fuel elements that accommodate the control plates.

There are to be four of these in the core. The outside dimensions

are identical to those of the standard fuel element, and will be
observed to be square. This permits the flexibility in location of the
control plates referred to above. Note that the number of fuel plates
in the control plate elements remains at 20, as does the number and
width (0.120 in.) of the water spaces. However, the fuel plates have
been narrowed in order to make room at either side of the elements for
two control plates. These drop into channels formed by modifications

of the side plates from flat plates into shallow troughs covered by a
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tackwelded 0,025 in, cover., The core portion of the control plates
consists of a dispersion in iron of 4.5 g of boron enriched to 90%

in Blo. The cladding 1s 0.030 in, of steel on either side; in
addition, there are stiffening strips along the centerline which reduce
déeflections and are also intended to act as chafing strips i1f contact
between control plate and channel sides does occur,

The pair of control plates for each control plate element 1s
Joined at the top by a yoke, so that each palr of plates moves
together at all times, This yoke is attached to a control plate lift
tube, at the top of which is an armature, The entire control rod
manipulating mechanism is pictured in Figs. 4 and 5. It consists of
a magnet, armature, accelerating spring and dashpot-and-piston
decelerator, The entlire assembly 1s enclosed in a 3~in,~dla. tube
which is attached at the bottom to the control plate element, and
which extends to the top of the support structure. All 1lift forces
exerted by the drive system are exerted against this tube so that in
no situation can a lifting force exlist to 1lift the entlre element outv
of the core. This outer tube i1s not shown in Figs. 4 and 5.

The effect of this arrangement is to drive the pair of control-
plates into the fully inserted position, when the magnet 1s de-

energized, from whatever initial position the control plate occupies

at the time of the drop. In order to re-engage the magnet and

UNCLASSIFIED
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ACCELERATOR TUBE

MAGNET

ARMATURE |

PISTON

| CONTROL PLATE LIFT TUBE -

Fig. 4. Cross Section View of a Portion of the Control Mechanism in Withdrawn Position (1) and in Scrammed
Position (r). The armature and piston are attached to the control plate lift tube, which slides through the dashpot
assembly. The motion of the lift tube assembly is arrested by insertion of the piston into the dashpot. The control
plate lift tube assembly is accelerated by the accelerator tube, which pushes down on the rim of the armature due to
the spring pressing upon it from above (see Fig. 5). The assembly is held in the withdrawn position by the magnet
when the magnet is energized and the armature is in contact with it. The magnet is supported by a lift tube which
extends to the top of the reactor support structure and is positioned by the control rod drive motor there. An outer
tube of 3 in. dia which supports the dashpot, and which is attached to the control plate fuel element below, and

to the control rod drive mechanisms above is not shown,
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accelerator tube fits loosely over the magnet, and over the magnet lift tube, so that it is free to slide downward
under the force of the spring, pushing against the armature below the magnet (Fig. 4). The clutch switch assembly
signals whether the armature is against the magnet or not. An outer tube of 3 in. dia which is connected to the

control rod drive motor assembly above, and to the control plate assembly below is not shown.
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armature after a scram it 1s necessary to drive the magnet all the
way down to contact the armature, In this process the spring is
necessarily cocked, since during the lowest part of the travel of
the magnet lifting tube the accelerator tube beafs against the
armature, forcing the spring to compress. Thus it is never possible
to pull the control plates from the fully inserted position without
having cocked the accelerator spring. Since there is no mechanical
latch or other impediment to the dropping of the control plates it .
is assured that the control plates will insert whenever the magnet current
drops below the holding current, At the bottom of its travel the
entire moving system of control plates, yoke, lift tube, armature and
accelerator tube. is brought to a stop by a decelerator "dashpot
assembly" into which a piston attached to the 1lift tube fits. The
decelerator has been designed and tested to yleld a maximum velocity
of 1 in./sec. at the moment of the bottoming of the piston in the
decelerator, which forms the stop.

The design of this decelerator is described in Appendix l. The
performance of the control system will be described in detail in the

section on reactor kinetics,
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IT. NUCLEAR CALCULATIONS

The critical mass and neutron flux calculations for the BSR-II
were carried out by means of the 30-group multiregion "Eyewash" code
on 8 UNIVAC computer, The details of these calculations will be
found in Appendix 2.

These calculations were carried out in order (1) to determine the
feasibility of achieving criticality within the limitations of size
desired, and also within the bounds of the possible from the metal-
lurgical and fabrication point of view, (2) to determine the optimum
dimensions and configuration of the fuel and cladding regions, (3) to
help determine the design of the control devices, (4) to predict the
neutron energy and flux shape distributions so that good-treat transfer
calculations could be made, (5) to determine the neutron lifetimes in
order to assess the reactor kinetics situation, and (6) to predict the
temperature coefficlent of the reactor.

The results shown in Fig. 6 are from a calculation assuming a
cladding thickness of 0,005 in. It must be borne in mind, however,
that as a result of the calculations a cladding thickness of 0,008 in,
was adopted for the final design., Nevertheless, the nuclear calculations
remain valid, since the increase in cladding thickness is accompanied by

a corresponding reduction in "meat" (fuel region) thickness so that the

13
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total quantities of steel and uranium remain unchanged. In each
case the amount of fuel needed for a cold, clean, critical reactor
is obtained from a series of calculations wherein the amount of
uranium is varied, Figure T shows the results of these calculations
for some few cases., From these primary curves the effect of change
in fuel content on reactivity can be derived.

It is evident from Fig. 6 that the amount of fuel required for
criticality depgnds on the number of fuel plates per element. This
1s expected because the introduction of additionaltfuel plates
introduces more stainless steel in the form of cladding and fuel
cermet and reduces the water volume fraction in the core, Similarly, i
thethickness of the fuel region affects the critical mass because,
for the same fuel content per plate, the steel content increases with
thickness, and the water content is diminished., The choice of the
design point at a calculated fuel region thickness of 0,020 in. was
dictated by structural coneiderations, which called for a minimum
piate thickness of 0,030 in, in order to assure adequate stability
against warping or mechanical damage to the plate., The number of
fuel plates determines the maximum power of the reactor since the
limiting factor is the heat transfer rate from plates to water. The
limit is attained when local surface bolling occurs at the hottest plate

surface point of the core. Therefore the maximum permissible power

level is directly proportional to the heat transfer surface,
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which in turn is directly proportional to the number of fuel plates,
all other factors remaining equal. Twenty plates per element was
taken to be a suitable compromise between fuel economy and heat
transfer capacity.
The cold clean, critical mass was calculated to be 6.03 kg.
However, the amount of fuel available in the core must be sufficient
to alloﬁ for enough excess reactivity to operate, as well as for the
uncertainties in the calculation. There must also be enough flexi-
bility to permit operation if the calculated critical mass proves to
be an overestimate. Therefore the inventory shown in Taeble 1 is
proposed. This 35-element inventory permits full (25l¢lement) loadings
of as much as 6986 g, and as low as S04l g, (+16% in mass), which should
be a sufficient range for the contingencies foreseen at the present time.
The fuel content of a single plate is 14.5 g of uranium, which,
with a fuel region thickness of 0.020 in. would lead to a fuel
concentration of 16.8 wt% UO, in the fuel material. Since a concentration
of 25 wt% is feasible, it would be possible to reduce the fuel region
thickness. However a mimimum thickness of 0.030 in. for the entire
plate is necessary for structural integrity as discussed above, so
the fuel region reduction cannot be used to reduce the total steel
content, and thus the critical mass. However, the fuel region can
be made thinner, and the cladding thickness increased correspondingly,

thus achieving a greater cladding thickness at no expense in increased
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Teble 1. Proposed Fuel Inventory of BSR-II

U Content/Element Total U in Elements

Type of Element Number (g) of That Type (g)
Full elements 21 290 6090
Half elements 4 130.5 522
Quarter elements 6 72.5 435
Control elements 4 224 896
Total 35 7943

18
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steel content. The design therefore calls for a fuel plate cladding
thiékness of 0,008 in. and a total plate thickness of 0,030 in. which
leaves a fuel region 0,01k in, thick. The fuel will then contain 1.83 g
of UO2 per cubic centimeter of fuel material, which amounts to a
concentration of 23.6 wt % of U0, .

The temperature coefficient of the reactor has been calculated by
means of the "Eyewash" code as follows: The thermal group was taken
at the lower end of fast group 30 in most cases, corresponding to a
temperature of 66°F. A calculation was also carried out using 29 fast
groups, with the thermal group at the lower end of the é9th fast group.
This corresponds to a temperature of 183°F. The density of the water
in the core was adjusted for the thermal expansion from 66 to 183°F.
The temperature coefficient so calculated was found to be about
-(2 x 10'6)/00. The negative value of the temperature coefficient is
chiefly due to the decreasing water density with increasing temperature,

which causes increased neutron leakage,
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III. HEAT TRANSFER CALCULATIONS

Heat transfer calculations were carried out to determine the
maximmm power level attainable with the reactor as designed. The
limitation on power 1s assumed to be the attainment of a temperature
sufficlent to cause local boiling at the hottest surface point in
the reactor. The calculation is described in Appendix 3. The result
indicates that with 20 plates per fuel element the boiling point
would bg reached at a powef of almost exactly 1000 kw, It is therefore
proposed to set a power limit bf 750 kw for initial reactor operation.
It is anticipated that experimental measurement of the températures in
the fuel plates will be made before the designed maximum power is
attained. The method used will be similar to the method used for

such a measurement made on the BSR-I,

20
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IV. REACTOR CONTROL AND SAFETY

The control of the reactor is achieved by means of eight plates

10. As

of steel containing 4.5 g each of boron enriched to 90% in B
previously described, the plates will be attached in four pairs to
the control rod drive mechanisms. The considerations of reactor
control are concerned with (1) determination of the total value of
the eight control plates in terms of reactivity content, and (2) a
consideration of the kinetic behavior of the control system, and of
the reactor system as a whole.

The first part of this calculation is based on a measurement of
the value of an equivalent control plate in the center position of the
BSR-I. As shown in Appendix 4, this value is 3.30% A k/k.

Since the plates occur in pairs at a separation distance of about

6.5 cm, an experiment was also carried out to determine the interaction

of two plates at such a separation. This measurement is also described

in Appendix 4. The results show that there is no important shadowing
of the two plates. The total worth of eight plates in the BSR-II is
thus obtained from the worth of a single plate.in the BSR-I multiplied
by elght, and also multiplied by factors to include the difference of

the worth of a control plate in the BSR-II as against the BSR-I, and

to allow for the fact that not all plates can be located at the center

21
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of the core. The former of these two factors is arrived at by a
consideration of the control rods in the APPR-I and in the MTR.
These two reactors have core compositions similar to the BSR-II and
BSR-I, respectively, and the control rods in the two cases are very
much alike. Experiments with these two reactors show that the worth
of a single control rod in the APPR-I is about half that in the MTR.
It is assumed that this value also holds for the BSR-II and BSR-I.
The second factor, concerning the placing of the control plates, is
very much dependent on the choice made from the many possible
configurations of the control plates. It is therefore one of the
alms of the experimental program to be carried out with this reactor
to examine this dependence in detail. However, it is possible to
achieve a configuration wherein all eight plates are located in the
inner three by three element region, with their centers less than
halfway out to the edge of the core.

The calculated flux shape curve shown in Fig. 8 was used to
estimate the effectiveness of the plates in such a configuration,
assuming the value to be proportional to the square of the unperturbed
flux at the location of the plate, and assuming no interaction between
plates. With this assumption the result is a worth of 0.6 times the
central rod worth. However, owing to the flux shape alteration imposed

by the presence of control plates, the value of other control plates

UNCLASSIFIED
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would be enhanced somewhat. This is apparent when one considers that

a flux depression in one location due to a control plate must increase
the relative flux elsewhere. So a value of 0.5 to 0.75 for the
geometric factor may be taken as reasonable. Applying these conversion

factors to the experimental results gives a predicted total rod worth

of 6.0% to 10.0%.

It is anticipated that certain configurations of the control
plates, for example, configurations in which the control plates surround
the central fuel element completely or divide the core into two separate
regions, may increase the total value above the figures quoted, but it
will become apparenﬁ from the kinetic considerations that the mimimum
figure of 6% is adequate. Experimental measurements of the actual
worth of the control plates will be carried‘out withrthe BSR-II when
it is operatiﬁé.

In order to consider the kinetic behavior of the control system,

a series of experiments was carried out in which the time response of

a mechanical mockup of the control system was investigated. These
experiments are described in Appendix 5. The results are shown as a
series of curves in Fig. 9, which give the position of the leading

edge of the control plate as a function of time after the scram signal
for various conditions. The design calls for a 66-1b spring, which was
one of those that were tested. This result is combined with a measured

rod position vs. reactivity curve obtained for the BSR-I.
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It is assumed that in the BSR-II the shape of the curve will be the
same, as normalized over the 15-in. core height. This latter
assumption is conservative, since the higher poison content of the
BSR;II leads to aflatter core flux than is found in BSR-I, thus
increasing the initial effectiveness of the rod inéertion somewhat.
The result, in terms of fraction of total rod worth inserted as a
function of time, for various initial insertions, is given in Fig. 10
for the design spring. It is to be observed that the initial slope,
as well as the initial value, is dependent on the preinsertion
distance. In order to take advantage of this factor, the .control
system is so designed as to permit withdrawal only to within 1 in.

of the top of the core. This 1 in. preinsertion is designed to
improve the time response of the system if a scram signal occurs when
the rods are all fully withdrawn.

The time response of the control system was used as input to an
analog computation described in Appendix 6 which was carried out to
determine the reactor behavior using the designed control system. The
calculated neutron generation time for the reactor is 26‘ysec for prompt
neutrons. This number is based on a calculated thermal-neutron lifetime
of 20.l‘Psec, and an assumed slowing down time of lO/psec, with 19% of
the fissions being in the epithermal group. Since, as pointed out in

Appendix 2, the epithermal fissions are mostly in the lower epithermal
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range, it was assumed that the fast fissions would be initiated 10 Psec
_ after the birth of the initiating neutron. It was thus assumed that
neutrons causing fast fission nevertheless live the full slowing down
time, though none of the thermal diffusion time, between birth and
capture. This generation time is for prompt neutrons only. The cal-
culated 26-psec generation time is conservative, i.e., too short, since
a portion of the neutrons will spend part of their lives in the water
reflector, where the lifetimes are much larger. Therefore, the ef-
fective generation time is larger than the 25 Fsec used as a basis

for the analog calculation.

In the analog computations the criterion for a safe reactor control
system was teken to be that the reactor power must not surge to a level
greater than 1000 times the level at which the scram signed was-initiated.
This factor of 1000, used as criterion because it is the largest factor
the anaslog computer is able to handle, ig conservatively low from the
reactor damage viewpoint. This becomes apparent from an examination of
data obtained with the SPERT-I reactor.20 With this reactor experiments
were carried out in which self-limiting excursions were inltiated in the
initially subcooled (;QjESOC) reactor. The fuel plate surface temperature
at the center of the reactor was measured during each excursion. In the
BSR-II the meximum excursion possible (consistent with the peak operating
power of 750 kw and maximum flux increase factor of 1000) is 750 Mw. The
maximum fuel plate surface temperature recorded for a SPERT-I excursion

of this magnitude was 200°C. This temperature is far below the melting
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paint of stainless steel (11+00°C)° The temperature increases in these two
reactors are at least somewhat comparable since the higher power density
per watt of reactor power in the BSR-II is largely offset by the smaller
energy liberation in an excursion of a given magnitude due to the shorter
neutron generation time in the BSR-II.

Accordingly, the positive period that will yield an excursion of a
factor of 1000 is determined for each condition of interest. The period
vs. reactivity curve for a neutron generation time of 25 Psec then also
prermits the determination of the excess reactivity corresponding to
such a period (Fig. 11). Table 5 in Appendix 6 shows the result of
this calculation.

Under the design conditions of a total plate worth of about 8%,
with a neutron generation time of 25 rsec, and using the drop test
data for the 66-1b drive springs, there results a minimum period of
6.0 millisgconds that can be reversed within the factor of 1000 in
flux rise set up as criterion.

‘It 1s interesting to observe the effect that the total rod worth
has on the minimum period thet is capable of being controlled. In
Fig. 12 is shown a plot of both the period and the excess reactivity
that can be controlled, as a function of total rod worth. It is to
be observed that the amount of excess reactivity does not depend

strongly on the total rod worth.
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This can be interpreted to mean that in the case of a scram the
failure of one of the four control plate rairs to drop would not be
serious, since the excess that can be controlled by the action of all
rods is only very little more than that which can be controlled by
three-fourths of the total rod worth. A more realistic way to consider
this aspect of the reactor behavior is to realize that in no case can
& very large excess above prompt criticality be controlled, so that
it becomes imperative to remain at all times in a condition such as to
preclude a step insertion of more than about 1.0% of excess reactivity.

It is to be remembered that the calculation assumes a true step
increase in reactivity, one occurring in zero time. Any physical event
leading to an increase in reactivity, such as dropping fuel into the
core, would lead instead\to an increase in reactivity with time (a ramp),
vhich would be much more readii& controlled than a step increase. The
implications of these calculations for operation of the BSR-IT will be
discussed below.

It is conceivable that an earthquake, or any other major shock might
rupture the BSF pool and release the water, thus removing the coolant,
and simultaneously shutting down the reactor. In such a case the after-
heat would be removed by conduction along the structure, convection to
the air, and radiation. The temperature rise in the core due to such a
situation was estimated from an experiment done with the BSR-I, as
discussed in Appendix 7. The temperature will not rise high enough to

cause melting and release of fission products.
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V. MECHANICAL STRESS INTEGRITY

Calculations have been carried out to determine the mechanical
strength of the fuel elements and control plate elements of the BSR-II.
The following problem was considered: What force, exerted laterally
against the top of a fuel or control plate element, will stress the
element to the yield point at the point of greatest stress? This
greatest stress, under the force considered, lies at the lower end of
the plate section of the fuel and control plate elements. For this
calculation the element was considered to be standing free in the griad
plate with no support from the adjacent elements. The latter assumption
would be true under the conditions of largest separations between elements
consistent with the design tolerances. In the calculation for the control
plate elements no allowance was made for the additional strength due to
the 3-in.-0D magnet gulde tube, which extends from the element to the
control plate‘drive motor at the top of the support structure. The
results are shown in Table 2.

Another calculation was performed to determine the strength of the
welds holding the plate section of each fuel element and control plate
element to the lower end box. It was found that a stress sufficient to
cause ylelding of the plates, as described above, will not cause failure

of the welds.

33

UNCLASSIFIED




UNCLASSIFIED

Table 2. PForce Applied Laterally at Top of BSR-II Fuel and Control Plate Elements
Which Will Cause the Elements to Yield at the Lower End Box

Force Applied Parallel Force Applied Perpendicular
to Fuel Plates (1b) to Fuel Plates. (1b)"
Standard Fuel Element - 820 284

Control Plate Fuel Element 1030 529

Table 3. Force Against Control Plate Channel Cover Required to Cause Binding of
Control Plate If Applied at Center Point or Along Center Line of the
Cover Plate

2 Force Applied at Force Applied Along
. One Point (1b) Centerline (1b)
Simply Supported ‘ 14 54
Rigidly Clamped | ‘ 53 | 210
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Consideration was also given to the possibility that a lateral
force against the top of the control plate element might cause a defor-
mation sufficient to bind the control plate,.even though not of suf-
ficient severity to céuse permanent damage to the element. A calcu-
lation indicated that a force of 995 1b applied laterally against the
top of the control plate element in a direction parallel to the fuel
plates would cause binding of the control plate under the conditions
of the minimum clearances permitted by the deslgn tolerances. This is
a force of almost the same magnitude as the force required to cause
yielding. A force applied to the 25-mil-thick cover of the control
plate channel may deform this plate to the extent that it would cause
the control plate to bind, thus preventing its free motion. The magni-
tude of the force needed to accomplish this was computed under two
assumptions. 1In one case the plate is assumed to be simply supported
by the tack welds that hold it to the control plate element side members.
In the other the plate is assumed to be rigidly cleamped by these welds.
The physical situation lies somewhere between these two assumed cases,
since the plate is held against rotation by the welds, but the member
holding the plate is not so rigid as to constitute a truly rigid clamp.
Under the influence of a force applied to the cover’plate, the U-shaped
member would be deformed somewhat to accommodate the motion of the cover
plate.

The caelculation was made both for a force concentrated on a single

point (the center of the cover plate) and for a force uniformly distributed
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along the vertical centerline of the cover plate. The results are
shown in Table 3. In all these cases it was assumed that the defor-
mation required to cause binding is the minimum possible in view of
the design dimension tolersnces. This is 0.046 in. The average
clearance is 0.059 in. The details of these calculations are to be
found in Appendix 8.

The force needed to cause ylelding of the BSR-I fuel elements is
about 60% of that calculated for the BSR-II. Since no mechanical defor-
mation of the BSR-I fuel elements has been experienced during several
Yyears of operation, the greater strength of the BSR-II elements should
assure safe operation in this respect.

The relatively small forces needed to cause binding of the control
plates in the cases where the force is supplied in localized fashion
directly against the cover plate serve to emphasize the need for caution
vhere control plates are loaded at the core edge. However, in such a
location the nuclear worth of the control plates is very low so that,
in a given configuration, not all of the four pairs of plates would be
Placed in such a vulnerable position. In a@dition, it is a procedural
practice that change of location of large equipment in the vicinity of
the reactor, and all moving of the reactor itself, will be undertaken
only with the reactor in the shutdown condition. The primary purpose
of the cover plates on the control plate channels is to prevent any
accidental 1ifting of the fuel element adjacent to the control plate

during control plate withdrawal.
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VI. OPERATING PROCEDURE

Since the new reactor will utilize the present well-tested BSR
control system up to the magnets, it is proposed that operation of the
BSR-II be carried out in accordance with the procedures outlined in
ORNL-2448, "Operating Procedure for the Bulk Shielding Reactor, Fourth
Edition, " which will be available about Aug. 1, 1958, and which replaces
ORNL-2018, "Operating Procedure for the Bulk Shielding Reactor, Third
Edition." |

The procedures outlined in this report represent a tested and
working method of assuring correct function of the safety circuits prior
to and during operation, and also specify the safety precautions to be
observed in loading and operating the reactors. The approach to criti-
cality with an unfamiliar loading is to be carried out in the manner
specified, that is, by a careful and frequent use of the subcritical
multiplication procedure to determine how close to criticality any given
configuration is.

Prior to such a loading all four control plate systems will be
installed and tested and will be functioning. During the initial
loadings it is proposed that the procedure described in Section IT
("Test Scram Circuits") of Appendix B of ORNL-2448 be carried out after
loading each five or six elements, or more frequently at the discretion

of the reactor supervisor.

37
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The Operating Procedure provides thgt the loading of the BSR-II be
carried out in such a manner as to have present at all times a core of
such configuration as to minimize the effect of adding an additional
element to the existing configuration. This means that there will be
no loading of a configuration such as to leave a hole or gap in the core
into which a fuel element might be accidentally inserted to cause a large
reactivity effect. It also provides that, in the event an interior fuel
element is to be removed or exchanged, the outer fuel elements be removed
before doing so in order that no dangerous void exists at any time in the
core. In the absence of voids or notches in the core configuration, the
meximum increase in reactivity occasioned by a single fuel element dropped
onto the top of the core, or placed next to it, is measured to be of the
order of 0.6% as determined in a BSR-I experiment in which a single full
fuel element was placed next to a compact critical core.

Because of the somewhat faster response of the stainless steel-clad
reactor, an additional procedural safeguard is proposed to minimize the
possibility of occasioning a positive reactor period too short to be
safely reversed by the reactor control system. It is proposed that the
maximum potential excess reactivity in any loading be limited to less
than prompt critical, i.e., to less than or equal to 0.7%. This limi-
tation puts the maximum demand on the control system well below its limi-
tations of performance since a prompt critical period (calculated to be
100 msec by conservative calculation as shown in Fig. 11) is a factor of
more than ten slower than the shortest period (2 6 msec) within the ca-
pacity of the control system to reverse with safety as predicted by the
analog calculation.
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It is recognized that the determination of the maximum potential
excess reactivity may not in every experimental situation be easy to
achieve. However, it is proposed that in the first phase of critical
experimentation and testing of the BSR-II prior to the SPERT tests,
no void tanks, or external reflectors or poisons will be used in the
vicinity of the core. With that restriction the only other plausible
mechanism for accidentally increasing the reactivity would be the
dropping of fuel onto the core, which, as was discussed above, will
not result in a harmful excursion, if limited to one fuel element at
a time.

As a check on the validity of the calculated behavior of the BSR-II,
it is planned to carry out a series of tests on the first BSR-II core
at the SPERT facility. It is intended to observe the behavior of the
reactor with its control system under step or fast-ramp reactivity in-
sertion in order to measure the limitations of the control system. It
is anticipated that owing to the conservative assumptions made in the
calculations reported herein, it will become apparent that the actual
performance of the system is superior to that claimed here. If this
expectation should, in fact, be borne out, a re-evaluation of the
loading and operating limits will be undertaken to take fuller ad-

vantage of the capabilities of this reactor.
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Appendix 1

DECELERATOR DESIGN

The decelerator was designed upon the basis of an analog computer
calculation designed to predict the performance of a given decelerator
configuration. -The equation used to predict the performance of the

decelerator is

§=Kl-§2K2 - 5252 |’
(Aco + Av) C,Cs
where
g = positive downward acceleration at time t, ft/secz,
K = (W - FH20 - q)/M, ft/sece,
W = weight of parts in air, 1b,
FH20 = buoyant force of water, 1b,
= dynamic water drag = -;—' PéeACDn, 1b,
p = density of water, 1b/ft3,
é = velocity, ft/sec,
A = 0.0184 £t
CD = drag coefficient,
= a constant depending on geometry,
M = mass of moving parts, slugs,
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= A3/o/2w,

area of constant annular orifice formed by clearance

S
[

>
[}

co
between the 1lift tube and decelerator bushing,

A_) = area of varying annular orifice formed by clearance

between the piston and the wall of the decelerator,

] e 2
=E Eal - -55(1)1 - 2.376) ; - 4,632 [iuh £t°

The terms Cv and CS are the coefficients of velocity of efflux and of
discharge for the orifices. The varying annular orifice and the quantities
Dl’ S, and SO are defined as shown in Fig. 15, To design the decelerator,
various combinations of Dl and S, were tried in the equations for several

(0
assumed values of Cv and Cé « The equations were solved on an analog
computer and the results were compared for minimum final velocity and most
nearly uniform decelerating force. The decelerator finally used in the tests
had the dimensions shown in Fig. 13. Although a straightline taper of DS
does not yield the theoretically optimum shape of decelerator wall, it is
by far the easiest to fabricate and was used for this reason., The test
results showed that the straightline taper approximated the best theoretical
curve quite well, since the plate assembly decelerated to a velocity of

about 1 in./sec in each case before hitting the stop.
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Appendix 2

DESCRIPTION OF CRITICAL
MASS CALCULATIONS

The UNIVAC "Eyewash" code 1s a thirty-group, nine-region,
spherical one-dimension reactor code which includes the Goertzel-
Selengut model for slowing down in hydrogeneous moderating media.

The multigroup equation solved by the code in each region is:

- {ZSH(u) + Za(u)] @(u,r)du + ?Z—:i';-(-ﬂ-Aﬂu,r)du + th(u)¢(u, r)

- gﬂt(u + du)@(u + du,r) + du e [ ZSH(u')¢(u',r)eu' du!’
o

uth
+ vcf(u)du f Zf(u’)¢(u',r)du' + 5 ;h¢th(r) =0
o

and the corresponding equation for the thermal group is:

- L) + g agTan + g2 M)

tr
th

b o
+e ¥ f @(ur,r) ZSH(u') el au' =0
o

where the followling definitions of the symbols apply:

r

radius, cm,

i

u = lethargy,

>
i

the Laplacian operator,
43
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uth = lethargy boundary of thermal group,
SH = macroscopic hydrogen scattering cross section, cm-l,
'Zh = macroscopic total absorption cross section, cm_l,
th = macroscopic total cross section (excluding hydrogen), cm-l,
Zlf = macroscopic fission cross section, cm-l,
thr = macroscopic transport cross section, cm-l,

thh = macroscopic thermal group cross section, cm-l,

¢ = mean lethargy gain per collision,

f(u) = fission spectrum,

@(u) = flux per unit lethargy interval, neutrons cm"2 sec-l,
¢th = thermal flux in neutrons, cm = sec-l,
v = number of neutrons per fission needed to meke the assembly

critical.

It will be observed that the treatment is a straightforward group-
diffusion treatment except for the hydrogen effect. The hydrogen is
treated as a scattering material which will throw the scattered neutrons
into a lower group with a probability of lethargy gain Au proportional to
eAu. This is the Goertzel-Selengut method. All other energy
degradation is assumed to occur in incremental steps that take a
neutron into the next lower lethargy group after a number of collisions
Au/E. This method, then, does not take any account of the inelastic

scattering processes that could take a neutron from a high energy directly

to a much lower one. Since this effect is only of the magnitude of a
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few percent, however, it would not affect the relative results in the
parametric study of the effects of fuel content and numbers of plates
per element; it has been omitted from cqnsideration.

The code requires as input the specification of the.dimensions
of each spherical shell in terms-of the number of regions of thickness
Ar, where Arlis the one-dlmensional mesh used in the calculation.
These shell thicknesses are arbitrarily specified in the input within
the limitations that the total number of mesh points be no more than
60, and that the ratio of cross sections in adjacent regions is neither
greater than 10, nor less than O.l. The latter restriction is in any
case necessary since its violation would render a diffusion theory
calculation meaningless,

The - other part of the input consists of specifying the nuclear
specles, and the concentrations of each specles present in each of
the up to nine regions. There may be as many as seven such nuclear
specles 1n each region.

The code contains tabulated cross sections for each material in
its tape memory, and it constructs the necessary cross sections from
these data and the concentrations,

It is to be observed that this procedure results in treating the
material in each region as a monoatomic gas, neglecting all binding
effects unless, as was not done here, adjusted cross sections are
introduced to include binding effects. Neglecting binding effects
introduces some error at low energy, but past experience with

this code in calculating BSR-I cores has shown that, due to the fact
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that most transport in aqueous systems is fast transport, resulting
error is small.

A further input datum is provided for in order to allow for the
effect of self-shielding in fuel plates. The code considers the
materials in each region to be homogeneously distributed, which would
mean an error in the case where fuel is arranged in slabs that cause

partial self-shielding. Therefore, a number

0,321 x Fuel Plate Thickness
Fuel Plate Volume Fraction

LR:

can be specified for each region R, from which the code determines a

self-shielding factor, fi’ for each energy group, i, given by:

£, =1 - Ly N(25) oi(es)

where

5

N(25) = concentration of U255 atoms per cm” of the region,

[}

oi(25) microscopic absorption cross section of a2

averaged over the i-th energy group.
This factor corrects for the self-shielding inside the fuel plate, but
does not take the small flux deformation in the space between fuel
plates into account.
The completely reflected parallelepipedal shape of the BSR-II
has to be equated with a series of concentric spherical regions

capable of being calculated with the code. The transformation was
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made by means of the Prohammer method6 as extended by E. G, Silver.7
This method consists of finding the buckling of the parallellepiped
with reflector savings added, and then subtracting the same reflector
savings from the sphere radius which yields the same buckling. The

reflector savings is a thermal reflector savings given by
9= (p,/D )L,
where
D ,D_ = thermal diffusion coefficients in the core and reflector,

respectively,

L_ = diffusion length in the reflector.

This formula is the "large core" limit of a more general formuls given
- in section 8.25 of "The Elements of Nuclear Reactor Theory" by Glasstone

and Edlund,8

The entire core region of the reactor was homogenized, including
the eight channels for the control plates, These channels’are narrow
enough so that the flux rise in their vicinity will not be very large,
md thus the simplification is valid,

The BSReII will have a rather large amount of stainless steel
close to the core in the form of the lower end boxes and the grid
plate, There will also be poisons near the top of the core in the form

of the upper extensions of the side plates, the handles, and in the lower

ends of the poison plates which are inserted into the upper edge of the
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core, These materials have been included in the calculation by
finding their effective homogeneous cross section (taking self-
shielding in the thick members into account) and then spreading
this amount of material into a uniform circular shell around the
core region, Three such shells of thicknesses Ar, 2Ar, and Ar were
included.

The core region of the reactor was assumed to consist of U255,
stainless steel, oxygen (from the water and also the U02), and
hydrogen, Thé U255 cross sections are already adjusted for the 93%
enrichment to be used in the BSR-II so that no explicit allowance
for the presence of the U238 was necessary.

The shell regions contain water and stainless steel and, in one
case, water, stainless steel, and boron. The reflector region is
pure water,

The concentrations of steel and UO2 in the core were calculated
as follows: For each case considered, the number of fuel plates per
element, the thickness of the fuel region, and the fuel region area
ﬁer fuel plate gives the total fuel volume in the core. The density
of the fuel material was assumed to bé'0.92 of theoretical density,

" are

and the volume fractions of the two constituents of the "mea
computed to give the desired amount of 0235 in the core. Since the
result of the calculation is a value of Vos for a given amount of fuel

put in, a range of calculations is necessary for each core design with
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different amounts of fuel, steel, and oxygen, 1n order to determine by
graphical analysis the amount of fuel needed for criticality.

In order to find the best choice of parameters, a variety of
choices of fuel region thicknesses and number of fuel plates per
element are considered. The results are presented in the body of this
report.

Table 4 lists the input parameters and some cross sections for the
design point calculation.

Figure 14 ghows the distribution in energy of the neutrons initiat-
ing the fissions as calculated; it also shows the corresponding
information for the BSR-I and for a l-ft cube core of steel which was

. considered for BSR-II,
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Table 4, Data for Calculation 557159

Amount of Enriched Uranium (9%% U°7) 5.9 kg
Equivalent Number of Plates per Fuel Element 20
Equivalent Fuel Plate Thickness 0.030 in.
Cladding Thickness 0.008 in.
Number of Regions in Calculation 5
R Step (Radial Mesh Spacing) (Ar) 0.871 cm
Core Radius in Ar Units 26
Shell 1 Thickness in Ar Units 1
Shell 2 Thickness in Ar Units 2
Shell 3 Thickness in Ar Units 1l
Reflector Thickness in Ar Units 30
Uranium Concentration in Core 2.68 x 1020
atoms/cc
Stainless Steel Volume Fraction in Core 0,210
Stainless Steel Volume Fraction in Shell 1 0,081
Stainless Steel Volume I'raction in Shell 2 0,139
Equivalent Natural Boron Concentration in Shell 2 1.41 x lO19
atoms/cc
Stainless Steel Volume Fraction in Shell 3 0.121
Equivalent Temperature of Thermal Group 66°F
Thermal Absorption Cross Section in Core 0.242 cm_l
galculated v, 2.478
Thermal Fission Cross Section in Core 0.1h1 cm"l
Thermal Transport Cross Section in Core 1.29 em™t
50
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Appendix 3

DETAILS OF HEAT TRANSFER CALCULATIONS

A calculation was carried out to determine the maximum power
level at which the core could be operated without the occurrence of
local boiling at the hottest point in the fuel elements. This
calculation was made by a method of successive approximations of the

average water density in the central fuel element as follows:

(1) 4q, = q,Adz (Btu/hr)
(2) Q = xCP(Tz - T,) (Btu/br)
(3) x = A, vp (1b/hr)
] /2
(4) v, = 2(-'38—:—‘)-5) gz| 3600 (in./hr)
Py
where
Qz = total heat transferred to water in length z of fuel elements,
Btu/hr,
q, = heat generation rate at any point z in central fuel element,
Btuehr tein,”>,
A = gross cross section of fuel element, in.2,
2 = length of fuel element, in.,

52
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X = mass water flow, 1lb/hr,

C_ = heat capacity of water, Btu-lb'l-(oF)-l,

Tz = mean water temperature at point z;oF,
To = water temperature in pool, oF,
Aw = cross section avallable for water flow, in.e,

Vv_ = average veloclty of water flow over area A at point 2z, in./hr,
P, = water density at point z, corresponding to temperature Tz’
1b/1n.5,

p, = average water density in length z, lb/in.B,

g = acceleration of gravity, in./sece.
The calculated flux shape in the core was then approximated with a cosine
distribution of which only a central part was used. The portion used
was chosen to have the same peak-to-average flux ratio as that of the

calculated flux shape, as shown in Fig. 8. This ratio was 1.89:

1,89p TZ -1 -3
(5) q, = 3300 sin <l_5) (Btushr ~«in. )

where P is the reactor thermal power level, in'Btu/hr.

The method used was to find the value Qz by use of Egs. 1 and 5; x
was then plotted as a function of (Tz - To)' A value for (Tz - To) was
then assumed, and a value of ﬁz was obtained from a curve of p vs T.
Using this value of ﬁz’ a8 value of v, was found from Eq. 4, after which
a'value of x was found from Eq. 3. This x, substituted back into Eq. 2,
should yield the original (Tz - To). If it did not, a new value of

(Tz - To) was assumed, and resultant temperature differences were checked.
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The temperature of the fuel plate surface was then found from

QL .
(6) Tw el vl Tz
where
Tw = fuel plate wall temperature at pqint z, 0F,
h = average heat transfer coefficient over length z,
Btuohrnlv(oF)-left-a,
a = surface area avallable for heat transfer in length z, fta,
TZ = average fluid temperature over length z, oF.

With 20 fuel plates per elements, the plate surface temperature, Tw’
in the central fuel element was found to reach 239°F, the boiling point
for water under a head of 20 ft at a reactor power'of about 1000 kw,
Fig. 15. The effective transfer coefficient h was 1L0 Btu-hr’l-(°F)'l-ft'2.
At this same power level, the average water temperature rise in passing
through the fuel element was 42°F (Fig. 16). Thus tﬁe stainless steel-clad
reactor would be limited in power level to below 1 Mw, Based on past
experience ﬁith the aluminum-clad core, it is not anticipated that such
a power level iimitation would present any difficulties for the performance
of shielding experiments.

An identical calculation for loading No. 33 of the aluminum-clad BSR-I
was compared with measured temperatures of the water. Good agreement was
obtained, well within experimental accuracy. The measured wall temperatures

however, indicate that a heat transfer coefficient of 14O Btuehr"l«(OI"‘)”:Lo:E“t:“2

is conservative,
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Appendix L

CONTROL PLATE TESTS IN BSR-I

In order to determine the effect of the flat control plates in the
BSR-II, a series of tests was carried out in the BSR-I with plates of
aluminum containing a dispersion of th with natural boron.9 It was de-
sired t6 determine the effect, at the ceﬁter of the BSR-I, of a plate equiva-
lent to the plates designed for the BSR-II. To calculate this effect it was
assumed that a plate containing a given areal density of Blo will have the
same effect in a core 15 in. high as in a core 24 in. high if it extends the
full height of the core in both cases.

Since the BSR-II plates are to contain 4,5 g of boron of which 90% is
Blo, whereas the plates tested in BSR-I contained natural boron (18.8% of Blo),

the equivalent amount of boron in the BSR-I test plates 1is:

(24/15) (90/18.8) 4.5 = 34.5 g

An experiment was done using Loading 64 of the BSR-I. This configuration is
shown in Fig. 17. It contains 28 fuel elements of which four are control rod
elements, A special fuel element containing a number of removable plates was
placed either in position 14 or in position 24 (the other position containing
a regular fuel element). One plate in the special fuel element was removed
and replaced with the test plates containing boron. Figure 17 shows the
Ak/k per gram of boron for various boron content plates in the two slots

indicated. Only in position 14 was it possible to extend the experiment
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to the maximum of 50 g of boron. Therefore, the data for the center position
(position 2l) were extended by comparison with the position 14 data, as
shown in the figure. The result of the extrapolation is 0.092% Ok/k per
gram of boron with 34.5 g in position 24 in the slot designated as El' This
means a total worth of 3.1% Ak/k for a plate at this point. To determine the
effect at the actual center of the loadihg“a test was made in which each of
the aveilable slots in position 24 was tested in turn with an 8-g boron plate
and a 16-g boron plate., The exact center position is not available for
measurement, but an interpolation of data taken from either side of center
was made, as shown in Fig. 18, The interpolation yields a factor of 1.0k2
as the ratio of center position to position El effectiveness. This gives a
result of 3.50% as the worth of a BSR-II equivalent boron plate at the center
of the BSR-I as compared with a water space in that position.

The transmission of a Blo plate was calculated on the assumption that
the boron is uniformly dispersed in the plate. The result is gi&en in
Fig. 19. The two curves represent the transmission for (1) perpendicular
incidence of the neutrons and (2) transmission from an isotropic volume
source on one side of the plate. It is observed that the transmissfon of the
design plate is of the order of 1%, Tt is expected, though, that due to
the particulate nature of the boron in the control plate the transmission
will be as much as 5% rather than the 1% calculated, assuming homogeneous
distribution. |

An experiment was also carried out to determine the effect of pairing

two control plates with various separation distances between them. The
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experiment was performed in position 24 of loading 64 of the BSR-I, using
two 2-g boron plates at various separation distances. The results are
shown in Fig, 20. In this case the reported %Ak/k is for a compgrison
with fuel in the slots, not water. Therefore, it is not possiblé to
compare this result directly with the resulit of the single plate experi-
ment where the results are given as compared to water in the test slot., How-
ever, the following additional data permits a comparison: In the two most
widely sepgrated slots, El and Wi (6.7 em apart), measurements were taken
with one and twb plates containing boron, with water in the unused slots,
as follows:

Boron plates in both slots: excess k = 0,39%

Water in both slots: excess k = 2.75%

Boron in one slot and water in the other: excess k = 1.56%
The reactivity held by one 2-g boron plate iS<then 2,75 - 1.56% = 1.19%
and the éffect of two boron plates is 2,75 - 0.39% = 2.36%. The effect of
two plates is almost exactly twice the effect of a single plate. Looking at
the curve in Fig. 20 it is seen that this separation effect saturates for
distances greater than 4 cm. The separation of the two control plates of
a single control element in the BSR-II is 7.08 cm and one may thus conclude
that interaction between two such plates is not a strong effect. It is true
that the test was made with plates having a reactivity effect of about 1.2%
each, and the result is applied to plates having a reactivity effect of 3.3%;
however, the separation distance is 1,75 times as great as the minimum sepa-

ration distance for no observable interaction as measured, and the BSR-II,

UNCLASSIFIED




-63-

UNCLASSIFIED
2—-01-058-0-319

-2.6

/

A k/k (%)

-2.3

-2.2

-2
O 1 2 3 4 5 6 s

SEPARATION DISTANCE (cm)

Fig. 20. Per Cent Change in Reactivity Caused by Insertion of Two Plates, Each Containing Two Grams of
Natural Boron, into Position 24, Loading 64 of BSR-I Compared with the Reactivity with Fuel in all Slots, as a

Function of Separation Distance Between the Plates.




UNCLASSIFIED

6k

having a higher absorption cross section than BSR-I, has a shorter neutron
diffusion length, so that the interaction effect should be less, for the

same geometric separation, than in the BSR-I,
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Appendix 5

CONTROL PLATE DROP TESTS

In order to evaluate the effectiveness of the designed control rod
drive mechanism a moékup of the entire assembly was tested to obtain
experimentally the informetion needéd to evaluate the safety condition of
the reactor in case of a "scram" situation.

A verﬁical steel tank with one face of plexiglas was used for the test.
This tank could be filled with water, thelcontrél,plate system mounted in
it, and.itswbeﬁavior observed through‘the‘pléxiglas wall with convenlence
and precision.

Thertést was ‘carried out with a‘conﬁrol‘plate of somewhat different
design than the final design presented in Section I of this report, but the
differences are concerned only with the location of the control plate
stiffening strip which was at each edge of the plate tested here and is now
designed to'beﬁat the center of the plate. ‘The welght and dimensions of
the plates of both designs are identical; and the clearances between each
plate énduitg“ghannel are almost the same.-

Figure .21 shows the entire assembled rig without the plexiglas plate
bolted to the front.. The portion below the lower cross member of the tank
is the mockup-of the two control plate channels, Figure 22 shows a close-
up of the lower end of the 1lift tube with the upper ends of the two control
plates atfadhed. The index marker on the chanhel mockup and left-hand

control plate also may be seen., These markers were used to record the
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position of the plate as a function of time as described below. Figure
23 shows a view of the upper region of the 1ift tube. During the tests
a plexiglas plate was bolted to the face of the test tank, which was
filled with wéter at room temperature., All working parts were thus
immersed in water,

In order to measure plate position vs times, a Fastax camera running
at 2000 frames/sec was used to photograph simultaneously the graduated
edge of.one of the control plates and the face of a disk rotating at
3600 rpm., In addition, two lamps were placed in the field of view of
the camera, One lamp flashed when the magnet current was cut off, and
the other flashed when the clutch switch opened, thus indicating that
the control-plate assembly had begun to move., The time interval between
the flashing of the magnet lamp and the clutch switch lémp represents the
time required for the magnet to release plus any overtravel in the clutch
switch,

A record of the motion was thus obtained. The film could be read with
sn accuracy of 19.15 turn of the timing disk and, since each full turn of
the disk represents 0.0167 sec, the accurac& with which the motion could
be detérminéd wag +0.0022 sec. The position of the control plate could be
read on most .of the films with an accuracy of i;/l6 in. or better, The
plates were dfopped under the following conditions:

1. Initial spring compression to a force of 66 1b, decaying to

zero in 3.3 in. (8.2 g) (design case);
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2, Initial spring compression to a force of 86 1lb, decaying to
zero in 4.3 in. (10.2 g);

3, Fall under force of gravity only;

4, Fall undef force of gravity only, with one control plate removed
from the assembly;

5. Fall under force of gravity_only, with both control plates
removed from the assembly; that is, only the 1ift tube, yoke,
piston, and magnet armasture were dropped.

In addition, the tests were further divided imto two parts, with
different details for the upper guide tube and the plate 1lift tube. In
the first tests the upper guide tube had no openings in the lower 6 in.
of 1ts length, and the 1ift tube had no openings et its upper end, so that
the water inside‘the 1ift tube was trépped. ' Since it was felt that the
lack of openings for water passage might affect the motion of the plate
assembly, énd particularly the performance of the decelerator, the ad-
ditional holes were cut and the tests repeated. The results showed that
this induced only an insignificant change in the control-plate motion.

The main results of this experiment‘ére»embodied in Fig. 9 in
Section IV of ‘this report. Figure 24 shows the. velocities as a function
of time dftér the scram signal for several cases of interest.

A further series of tests with the final design of the control
plate will be carried out, as well as a series of drops in order to life-

test the system., It is planned to provide for an automatic cycle of

i
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raising the control system, scramming, lowering the magnet to re-engage
the system and raising it anew., A large number of these cycles will be
carried out in order to assure the reliability of the design. This

test will precede construction of the reactor.
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Appendix 6

ANALOG SIMULATION TO DETERMINE THE EFFECTIVENESS OF THE BSR-II
CONTROL PLATES IN SUPPRESSING A POWER SURGE

A determination was made of the shortest reactor period that the
proposed BSR-II control plates will counteract before excessive power
excursion occurs, The study technique used was based upon the simulstion
system described in ORNL-2318, in the article "Analogue Simulation of
Corrective Action for a Nuclear Excursion.”

In this technique, the reactdr is initially maintained critical
at a low power level., A calibrated positive reactivity step function
is inserted, and at an arbitrarily predetermined power level a pro-
grammed reactivity decrease is initiated., By a sequence of runs, the
exact step function 1s found which can just be reversed within a power
excursion of three decades rise. It is then convenient to repeat and
record the excursion with no corrective action in order to measure the
stable period induced by the step function,

The variation of reactivity removed with control plate insertion
follows the standard sensitivity curve typical of the BSF type reactor.
A parameter study was mede using total worth in terms of Ak/k in the
control plates of 4, 6, 8, and 10%, and rod position versus time curves
for two initial spring forces of 66 and 86 lb, The latter two curves

are shown in Figs. 25 apd 26.

>

¥By F., P. Green.
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Fig. 25. Position of BSR-1l Control Plate Lower Edge as a Function of Time After Start of Drop, as Measured

with Timing Disc and Fastax Camera. The accelerating spring had an initial force of 66 tb.
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Prompt neutron lifetimes of 10, 15, 20, and 25 psec were simulated
to cover the probable range of the experimental value to be measured
later. However, considerations discussed in the body of this report
indicate that even the‘maximum lifetime simulated 1s conservative, 1i.e.,
-shorter than the reactor neutron lifetime. Therefore, simulation of
larger neutron lifetime cases is planned. However, for evaluation of
the safety aspects of the control system the conservative assumption
calculations reported here suffice, Maximum contro; plate withdrawal
corresponds to l-in, insertion on the sensitivity curve, This initial
position was used in the following determinations glven in Table 5.

In Figs. 27 and 28 solitary points are plotted for comparison for
the case of gravity rod drop in water, a = 20 ft/secz, at the initial
plate position of l-in. insertion. The results on these two figures are
plotted from additional data taken to show the effects of coptrol plate
worth and control plate upper limit settings upon minimum pefiod pro-
tection. In all tests, the period figures stated apply to a maximum
power overshoot of three decades occurring during control plate in-
sertion “ollowing a scram signal. The maximum excess reactivity figures
are calculated from the inhour equation as those amounts necessary to
initiate the periods indicaped in the tables,

The simulation diagram of the corrective action is illustrated

in Fig. 29.
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Table 5. Period and Excess Reactivity Associated with a Transient Excursion of a Factor of lO3
Obtained by Analog Simulation of the BSR-II Contrql System for Various Reactor Conditions

Prompt Neutron

Total Reactivity Worth of the Control Plates (%)

4

6%

&%

10%

66-1b Initial
Spring Force

66-1b Initial
Spring Force

86-1b Initial
Spring Force

66-1b Initial
Spring Force

66-1b Initial
Spring Force

H

Generation Time, |Period, T |ak/k Period,T| Ak/k Period, 7| ak/k Period,7 ak/k Period, T'Ak/k

L*(psec) (msec) (%) (msec) | (%) (msec) | (%) (msec) | (%) (msec) | (%)
25 7.8 1.06 6.4 1.13 6.0 1.17 5.8 1.19
20 7.5 1.03 6.3 1.08 6.2 1.09 5.8 1.11 5.5 1.1k
15 7.1 0.96 6.2 1.01 6.0 1.02 5.6 1.03 5.4 1.0k
10 6.9 0.91 5.8 0.94 5.6 0.94 5.3 0.96 5.0 0.96
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Control System, as a Function of Initial Insertion of Control Plates. Totol control plate worth is assumed to be 6%,
and various prompt neutron generation times from 10 to 25 microsec are considered. The solid curves represent the
result with o spring of initial force of 66 |b, the dotted curves represent the result using a spring of 86 Ib initial

force, and the dashed lines represent the result assuming uniform acceleration with a force of 66 |b during the
entire stroke.
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Appendix 7

AFTER-HEATING IN AIR

The calculation of the temperature rise in the BSR-II due to fission-
product heating after shutdown has been carried out on the basis of an

12
on a

extrapolation of an experiment carried out by K. M. Henry et al.
single BSR-I fuel element.

The experiment proceeded as follows: A single fuel element was
exposed so that the power level for the element was0.035 Mw for a period of
263 min. The element was then quickly withdrawn into an air chamber above
the reactor core, and the temperature of several points on the fuel plates
observed. Heat loss from the element through its-support was estimated to
be negligible. Figure 30 shows the temperature history at the hottest
point observed. This point was 10 in. up from the bottom of the middle fuel
plate. The dip in the temperature at about 12 min is judged to be due
to loss of the adhering water film by repid evaporation. The maximum
temperature this point of the element reached was 102°C, at a time 43 min
after withdrawal into the air space.

In order to extrapolate from this experimental information to the
case of the BSR-II, a calculation was made of the heat transfer from the
BSR-I element at the time of its maximum temperature. With this information
the heat transfer in the central ﬁSR-II element was calculated on the basis
of two different models of the heat transfer mechanism.

At the instant of constant temperature in the experimental element
this element was producing heat at a rate of 877 Btu/hr. This number is

81
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obtained from the Way-Wigner formula which states that the heat produced t
seconds after shutdown following operation at power P for time T seconds

is given by:

Q =cP [t'O'Q - (t + T)'o'z] Btu/hr

The quantity cP was estimated to be 1.3 x lQh Btu/hr on the basis of an
experiment performed on the LITR.15> This equation yielded the result of 877
Btu/hr at the time of temperature equilibrium.

In the experimental element heat was lost not only by convection in
the interior air passages, but also from the outer surface. The heat loss

rate from the latter effect was calculated by the equation:

. Qext = Ahc.AT
where
A = surface area, ftz,
h, = hest transfer coefficient given by h_ = 0.162A7°%
according to McAdams' "Heat Transmission" for the case of
a warm plate facing a cold one,
AT = temperature difference between_the element and the

surrounding container.
This ylelds a heat loss rate of 130 Btu/hr.

The heat dissipated through the interior channels at the time of

. equilibrium was therefore 747 Btu/hr.
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Two models were then used for the calculation of the temperature in
the BSR~II element. First the assumption was made that a film coefficient

for heat transfer could be stated as h = kszo'as

» leading to an equation
of the form

_ .25
Q, = kA AT

Using this equation with a value of k = 0.1045 determined from the experi-
ment with the BSR-I, a temperature vs. time curve for the case of the BSR-II
central element was constructed by a step-wise approximation to the differential
time behavior of the system. The time after shutdown was divided into intervals
of 50 sec, and the heat produced during each interval calculated by integrat-
ing the Way-Wigner equation. The heat loss during each interval was con-
servatively estimated by assuming it to be governed by the temperature at
the beginning of the interval and assuming it to be given by the equation
above. Dividing the net heat-content change by the thermal capacity of the
system, a temperature change during each interval was calculated, and the new
temperature used as initial temperature for the next interval.
This step-wise procedure was carried out under two assumptions:
l. Operation for an infinite length of time at full power prior to |
shutdown; 15-sec delay before withdrawal of water.
2. 20-hr operation at full power prior to shutdown; l5-sec delsy
before withdrawal of water. i
The effect of the adhering film of water was taken into account by

calculating the power produced during the time of the temperature dip in the
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BSR-1 experiment, the heat taken up in cooling the element, and the hesat
leakage during the same time interval. After allowing for the smaller
surface area of the BSR-II element, a result of 55 Btu removed by water
film evaporation in the BSR-II element was obtained; this is equivalent to
a 52°F temperature drop, and this was subtracted in the time interval
during which the temperature passes the boiling point of water.

The maximum temperatures reached after shutdown in the center element
of the BSR-II were found to be according to

Assumption 1: 450°C at 19.5 min after shutdown,

Assumption 2: 305°C at .15.2 min after shutdown. .

These numbers are far below the melting point of steel at about
lhOOOC, and they represent conservative calculations, since the assumption
that the test element was uniformly at the highest temperature measured
leads to an underestimate of the heat transfer coefficient, and thus an
overestimate of the temperature. Radiative and conductive heat losses
were also neglected.

The second model for the heat transfer from the elements is based on
the assumption that the air flow rate through the channels, rather than the
film transfer coefficient, limits the convective heat loss. In this model
it was assumed that the alr in the channel reaches equilibrium with the metal
temperature in the channel and that the temperature profile is the same in
both the BSR-I and BSR-II elements.

Using this model one arrives at the following expression for the heat

flow from a single fuel channel:
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Q., = VCABAT) .

ch ~v
where

V = flow velocity, in ft/hr, given by:

b = plate separation distance, ft,

/u = viscosity of the air, assumed to be proportional t& the upper
air temperature, cp,

T, = air inlet temperature, oF,

T, = metal 'I:eux‘pera:l:ure,l)+ oF; -

C = flow area of the channel, ft2
= ab, where a is the channel width,
A = gir density at the high, or metal temperature, proportional to
o]
1/*1'2( R), 1b/f~t;,3
B = specific heat of air, Btu/lb, assumed to be constant,
AT = T2 - Tl'
Combining these terms one arrives at an expression for the heat loss
from the element given by the equation:
kabjgﬂTze
Q. = N  (Btu/hr)
B (r,)(,)’
172
where

N = the number of interior channels per fuel element. -
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As in the previous case, k was obtained from the BSR-I experiment,
and a step-wise calculation was made of the temperature of the BSR-II
central fuel element. The same two assumptions concerning the prior
operating history were made as in the calculations with the first heat
transfer model. The results for the maximum temperature of the central
fuel element are:

Assumption 1: 26300 at 10.25 min after shutdown,

Assumption 2: 177°C at 7.75 min after shutdown.

It 1s therefore concluded, on the basis of the experimental extrapolation
described here, that there is no danger of a fuel element melt-down in case
of coolant loss from the elements immediately after shutdown if air is

rermitted to circulate through the BSR-II core by naturel convection.
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Appendix 8

MECHANICAL STRESS CALCULATIONS

To calculate the stresses to which the fuel elements and control
elements of the BSR-II will be subjected under applied forces, it is
necessary to obtain the moments of inertia about the axis of symmetry
of the cross section of the fuel element. The element may then be
considered to be a beam with this moment of inertia, fixed at one end
and subject to a lateral load at the other. The formula for the

stress at a point k inches from the free end of the beam is:

S = Eg§
I
where .
F = applied force, lb,
S = stress, lb/in.e,
C = distance from the neutral axis to the furthest fiber, in.,

k = distance between the end of the beam and the point where
the stress is wanted, in.,

I = moment of inertia of the cross section of the beam about.
the neutral axis and perpendicular to the direction of the
applied force, in.

It 1s evident from the equation above that the maximum stress in

the plates occurs at the point at which the side plates are welded to

88
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the lower end box. Table 7 gives the calculated moments of inertia
applicdbié to the célculation of the maximum force permissible within
the elastic limits of the fuel elements. The moment calculation does
not take the fuel plates into account, since these are not attached to
the lower end box and therefore do not contribute to the strength at
the Junction point. The force needed to cause yielding at the lower
end box fitting was then calculated assuming a yield strength of

type 347 stainless steel of 30,000 lb/in.2 So:

F = 30,0001
Ck

where the symbols are defined as in the previous equation. The results
are quoted in the body of the report.

In order to calculate the deflection of the control plate element
as a result of the force applied laterally, the equation for a beam
loaded at one end and fixed at the other is used. This equation is:

Fic®
8EI

where
O = deflection of the end of the beam, in.,
F = lateral force on the free end of the beam, 1lb,
k = length of the beam, in.,

E = elastic modulus of the material Ib/in.2

and I is defined above. In applying this calculation to the control plate
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Table 7. Calculated Moments of Inertia of BSR-I1
Fuel and Control Plate Elements

L
Moments of Inertia (in. )

Standard Fuel Elemeﬁt Control Fuel Element
*
I 0.646 0.L4hy
XX :
I 0.224 0.858
YY

¥The x-axis is defined

to be parallel to the side plates.
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element of BSR-II for loads perpendicular to the control plate channel,
the effect of fuel plates on the moment of inertia was included, since
these plates do stiffen the element against bending. However, only the
cladding of the fuel plates was included, since the "meat" portion has
insignificant strength.

The moment of inertia, including the fuel plate cladding material,
is Ixx = 1.218 in.h The deflection needed to produce binding was
calculated to be 0.046 in. in the worst case, i.e., if the control plate
has the maximum thickness permitted by the dimensional tolerances, and
the channel has the mimimum width permitted. The average value of the
deflection required to produce binding is 0.059 in. The force is thus

found to be:

- 6
p o ZELT _ 0.046 x 29 x 10° x 1.218 _ 995 1b

K (16.9l+)5

in the case of mimimum clearance.
The calculation of the deflection caused by concentrated force
against the ceﬂter of the cover plate over the control plate channel

15 In the calculation

was carried out by a method given by Timoshenko.
it was assumed that the plate'is a rectangle simply supported at all
edges. The effect of the free ends is negligible in the case under
consideration, as will be shown below.

The deflection w(x,y) at any point (x,y) of a rectangular plate
simply supported at the edges under a concentrated load P at point (A,7)

is given by:
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ao Qo
wix,y) = —EEE- 2 E a_ nsin EEE sin 2%1

x 8bD ?

m=1 n=1

where
1 . I\ nxy
*mn ~, 7 2Ne M T
' 2t
a b

The other terms are defined as follows:

i

w(x,y) deflection from the unstressed position, in.,

P

fl

load, 1b,
a = length of the plate in the x direction (plate extends
from x = 0 to x = a), in., R
b = width of the plate in the y direction (plate extends
fromy =0 toy =b), in.,
D = "flexural rigidity" givenvby Eh3/12(1‘- ve),
E = elastic modulus, lb/in.z,
v = Poisson's ratio, taken tobe 0.3."
A and 7y are the X and y coordinates of the point where the load P is
applied. In the special case under consideration here, the ioad is

applied at the center; therefore A = a/2, y = b/2, and the deflection

at the center is desired. The equations then reduce to:

, o ao
w(x-a y__b) Lp E E 1
- T — 2N 2
2 2 n abD m=1,3,5... n=1,3,5... EE + B
. az b2
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The following numbers were used in the calculations

a = 2389 ino
b = 15'75 in.
h= 0,025 in,

E =29 x 10° ro/in.2

w(maximum permissible deflection) = 0,046 in,

The result is a force, P, of 14 1b, In this case the ratio of
length to width of the plate, b/a, 1s 15.75/2.89 = 5.45. Timoshenko
points out16 that the difference between the result calculated for a
rectangular plate and one for an infinitely long plate diminishes
rapidly as the ratio of b/a increases, This difference is of the order
of 0.5% for a ratio of b/a = 5. Therefore, in the case considered, the
effect of the ends of the plate is negligible, and the fact that these
are not suppor#ed will not affect the result of the calculation.

If it isassumed that the plate is rigidly clamped at all edges,
rather than simply supported as was supposed above, then an equation

given by Timoshenko17

may be used for a completely built-in rectangular
plate; this equation is:

wcen.ter =a Ehj
where the quantities are defined as previously, and P is a force applied

at the center of the plate., The coefficient, «, 1s a function of the
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ratio.b/a, and becomes almost constant for b/a greater than 2. The
case under discussion is therefore essentially the case of an infinite
plate, and the free ends do not perturb the result appreciably. The
value of @ is 0.0788, which leads to the result that the force to
deflect the plate sufficiently to bind the control plate is 53 1b.
The case of force distributed along the centerline of the control
. plate was also calculated. In this case the plate may be considered
to be a beam of thickness 0.025 in., width 15.75 in. and span 2;891 in.

Again assuming simple support, the formula18

Pk

W= —

L8ET
applies. Here P is the load in pounds applied at the center of the beam,
k is the span of the beam in inches, E is the modulus of elasticity, and

I is the moment of the beam about the neutral axis of the cross section

of the beam. I is given by:

a.h3

I=

where

a

1]

the width (15.75 in.),

h

the thickness (0.025 in.).

The result of this calculation is 54 1b to deflect the plate 0.046 in.,
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which is the deflection that will produce binding of the control plate.

If the assumption is made that the plate is rigidly held at the welds,

., then the case of a beam with built-in ends and a center load is

represented. In this case the equationl9
ij

W o=
192ET

applies. The quantities are identical to those defined for the
previous.equation, and the result is 210 1b to cause binding of the

control plate.
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