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ABSTRACT

A new reactor, called the TSR-II, has been constructed to replace the
TSR-I at the Tower Shielding Facility. The TSR-II consists of MIR-type
uranium-aluminum plates shaped into a spherical fuel annulus from which a
symmetrical flux is emitted. The fuel annulus contains 8.1 kg of U235 and
is moderated and reflected by light water flowing between the fuel plates
and through a spherical internal reflector region. The reactor control
devices operate inside the internal reflector region and are supported by
an sluminum matrix. Reactivity adjustments are accomplished by replacing
aluminum plugs in the matrix with other materials. The design power for
the reactor is 5 Mw, but before a safeguard report for this power can be
prepared it will be necessary to perform a series of low-power (100 kw or
less) experiments to establish its nuclear characteristics. This report
describes the mechanical features of the reactor, the nuclear parameters
that have been determined by caleulations, three simulated kinetic tests

used to evaluate the reactor safety, and the proposed preliminary tests.
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INTRCDUCTION

Since the construction of the Tower Shielding Facility (Fig. 1) at
Oask Ridge National Laboratory in 1954, a 500-kw MTR-type Tower Shielding
Reactor I (TSR-I) has been ussd successfully for extensive nuclear experi-
ments in which it was required that the radistion source be positioned at
altitudes as high as 190 ft above the ground. In future experiments, however,
it will be necessary to use a higher-powered reactor which will emit a
symnetrical flux. Since neither of these requirements could be met with
the original reactor, a second reactor, designated as the Tower Shielding
Reactor II (TSR-II), has been constructed to replace the TSR-I.

Iike the TSR-I, the TSR-II core consigts of MIR-type uranium~-aluminum
plates cooled and moderated with light water. However, the shapes of the
plates in the TSR-II are such that the assembled core is a spherical fuel
annulus from which a symmetrical flux will be emitted. The control devices
for the reactor are contained in the central fuel-free region inside the
fuel annyius. The design power for the TSR=-II is 5 Mw, ten times greater
than the power of the TSR-I.

The deviations of the TSR-II from the usual pool-type design make it
necessary to check out the reactor with a series of low-power experiments
before a meaningful safeguard report can be prepared. From such tests the
nuclear characteristics of the reactor can be determined and certain values
which have been derived by calculation or by individual component testing
can be confirmed. These will include a determination of the reactivity worth
of the control plates and determinations of the void and temperature coef-
ficients. Mappings of the thermsl-neutron flux distribution and temperature
distribution throughout the core will also be included.

A1l of these preliminary tests will be performed with the actual reactor
in its complete and final geometry. The reactor power will be limited to
100 kw, and the total operating time at this power will not exceed 500 hr.

The tests will be performed at the TSF site, which is located on a hill
about 1 mi from ORNL, 6 to 13 mi from the city of Oak Ridge, and 17 to 2k mi






from the city of Kndkvilleg(see Fig. 2). As was pointed out in the safeguard
report for the TSR--I,l the low population density and the seismological
history of the region make this a fayorable location for a reactor. Since
complete descriptions of the TSF geography and the elimatology were included
in the earlier report, they will not be repeated here.

This report includes a description of the TSR-II and its control system,
a discussion of those nuclear characteristics which have been established
either by computations or with some very preliminary experiments with the fuel
annulus, and a discussion of the safety of the reactor as determined from a
series of simulated kinetic tests. The planned low-power experiments are also

described.

I. MECHANICAL DESIGN OF THE REACTOR
Core Assembly

The core assembly consists of three regions: the spherical fuel annulus;
the internal reflector, including the control mechsnisms .aiditheir’ spherical
housing; and the stationary shielding around the fuel annulus. As shown in
Fig. 3, all three regions are located in the lower section of a cylindrical
aluminum tank with a hemispherical bottom.

The spherical fuel annulus, which is 5.5 in. thick with a 29-in. outside
diameter, consists of 21 fuel elements fabricated so that the plates in
adjacent elements join to form many concentric cylinders. Inside and outside
views of the partially assembled core are gshown in Fig. 4. As is apparent
from these photographs, the spherical contour of the core was accomplished
by varying the lengths of the fuel plates.

Each fuel plate consists of & sandwich of uranium-aluminum alloy clad in
aluminum,* the total thickness of the plate being 0.060 in. Groups of fuel
plates were welded and peened into aluminum side plates 0.120 in. spart to form
elements. Three types of elements are used: annular elements, so-called
because they form a cylindrical fuel annulus when assembled together; central

elements, which are used in the upper and lower sections of the core; and one

*The fuel plate thickness and spacing are basically the same as those of
the pool-type Bulk Shielding Reactor.

1. C. E. Clifford and L. S. Abbott, The Tower Shielding Facility Safeguard
Report, ORNL-1550 (1953).
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of dished, hermetically sealed plates of stainless steel filled with boron carbide.

The total thickness of each rod is 1 in., the stainless steel plates each being
1/16 in. thick. Five of these rods, four that move radially outward and one
that moves downward toward the lower fuel elements, are shim-safety rods operat-
ing as a unit. Four removable aluminum plugs extend through each of these

B

during the plate traverses. (As discussed later in Sections II and IV, the

hC«filled plates, which are keyed so that no contact is made with the plugs

plugs are incorporated in the design to allow for reactivity adjustments.

They can be replaced with plugs of other materials or removed completely. )

The sixth rod, which moves upward, serves as the regulating rod. All cavities
within the spherical control mechanism housing are filled with water. The
reactor is thus controlled by varying the thickness of water between the
control rods and the inner surface of the fuel anrulus. (The rod movement is
achieved by a combination of mechanical axd hydraulic forces as described in
Section III.)

The lower central fuel elements are bolted to the internal cylinder at
the horizontal reactor midplane. The upper central elements are bolted to
the tube extending up from the control mechanism housing. The upper ends of
the twelve annular elements are mounted on the cutside of the internal cylinder
by means of screw-operated wedges which expand into beveled rectangular open-
ings. The lower ends of the annular elements fit into rectangular guides
which hold the elements against thé outside of the cylinder but do not
restrict vertical movement caused by thermal expansion. The water layer
between the spherical control mechanism housing and the inner surface of the
fuel annulus is 1/4 in. thick.

Outside the fuel annulus, but separated from it by 1/2 in. of water, is
a spherical shell of lead shielding 2 in. thick, followed by a l/umino-thick
shell of boral (aluminum-clad suspension of boron carbide in aluminum). This
lead~-boral region is canned in aluminum, the lead being bonded to the
aluminum. Gamma-ray shielding immediately above the central fuel elements is
provided by a permanent 2-ft-layer of lead shot and water contained within
the inner cylinder. This shielding is penetrated by 133 helical tubes
through which the cooling water enters the core. Shaped shield plugs that

Y



can be filled with any specified material are mounted sbove the outer elements.
Additional shielding is provided by water which floods both the inner cylinder
and the reactor tank above the core. During many of the experiments in which
the TSR-II will be used a specially designed shield will be mounted on the
outside of the reactor tank, in which case the material in the shaped shield

plugs will match the materials in the special shield.

Reactor Control Chambers

The reactor control chambers consist of one fission chamber, two
compensated ionization chambers, and three uncompensated safety chambers.
All are located in the central cylinder sbove the central fuel elements as
shown in Fig. 3. The fission chamber, which is used for observing the nuclear
activity during reactor startup, is initially located about 1/2 in. from the
fuel region and is gradually withdrawn into a boron carbide coffin as the
neutron count rate increases. The five other chambers are in stationary

positions in shielded regions farther from the reactor core.

Heat Removal System

The water used for cooling and moderating the reactor enters the central
cylinder near the top and follows the path shown by the arrows in Fig. 3
(p. 5). It flows downward through the 133 helical ducts in the lead-water
shield, through the upper fuel elements, around the spherical control mechanism
housing, and through the lower fuel elements, after vwhich it turns and flows
upward through the annular fuel elements to the region sbove the core, and
then out of the assembly. As the water flows upward it also cools the lead-
boral region since some of the flow is between the outer surface of the fuel
and the inner surface of the aluminum can holding the lead and boral. A small
portion of the flow is bypassed through a hole in the bottom of the lead-boral
region and flows upward between the outside of the aluminum can and the
reactor tank.

A general layout of the closed-circuit heat-removal system is shown in
Fig. 6. The water is pumped into the central cylinder by a 60-hp pump which is
capable of pumping at a rate of 200 to 1000 gpm, depending on the setting of
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a three-way bypass valve. (The lower flow rates are desirable for low-power
operations.) A 5-hp battery-operated emergency pump operates parallel to the
main 60-hp pump. The emergency pump runs continuously, and, in the event of
an electric power failure, will pump water to the reactor at a rate of

4O gpm. By means of a bypass valve, the flow rate of the 5-hp pump can be
reduced to as low as 10 gpm, which is convenient for certain special low-power
runs.

When the water leaves the reactor assembly it flows to a 5-Mw forced-
draft air cooler which removes the heat from the water by means of two
large variable-pitch fans blowing air across aluminum tube-and-fin radiators.
The pitch of the fans and the position of the radiator louvres are controlled
thermecstatically so as to maintain a fixed temperature for the water leaving
the cooler.

Most of the water from the heat exchanger flows to a 1500-gal aluminum
detention tank and eventually returns to the reactor. However, 50 gpm of the
cooled water is diverted to a plastic-lined mixed-bed demineralizer which
removes both anions and cations. The water that leaves the demineralizer is
then pumped back into the main system with a 5-hp demineralizer pump. This
pump may also be used to circulate water from the pool through the demineralizer
when the reactor is not being used.

When the electrical conductivity of the water leaving the demineralizer
rises to a predetermined value, the unit shuts off and a signal light indicates
the need for regeneration of the bed. The water flushed through the
demineralizer for this purpose is retained in a 5000-gal holdup tank until
its radioactivity is reduced sufficiently for it to be disposed of.

A special water circuit feeds a small portion of the water from the heat
exchanger through & fission break monitor.* This instrument monitors a part
of the gamma-ray spectrum of the water and will annunciate the presence of
iodine, which indicates that fission products are present in the coolant. In

the event that this occurs, the reactor will be shut down.

*Victoreen Model No. 900-69.



The pressure in bthe heat removal system is maintained by a head pump which
during operation maintains a low flow through the detention tank and a constant
pressure valve, A 250-gal water level tank which is open to the atmosphere is
connected to the above loop between a check valve and the constant pressure
valve. The water level in this tank is maintained aubtomatically by level
switches which open either a drain valve to the storage pool or a f£ill valve,
The water level in the pool is higher than it is in the level tank.

The water flowing from the detention tank to the reactor is first pumped
to the 12C-ft level of tower leg No. 2 through a 6-in. schedule 40 aluminum
pipe (see Fig. 7). A 6-in. necprene hose then carries it to a sling bar above
the reactor. (In addition to its own internal steel wire support, the neoprene
hose 1s supported by a l/e-in. messenger cable.) Another 33-ft section of
6-in. neoprene hose carries the water from the sling bar down to the reactor.
Swivel fittings at the 120-ft level on the tower leg and also at the sling
bar permit the various hose movements needed as the reactor is hoisted.

Similar hoses, swivels, and pipes carry the water from the reactor to tower
leg No. 1 and back down to ground level.

All of the major compounents of the heat removal system, e.g., the
demineralizer, radiators, filters, pumps, and valves, are located in small
buildings which are equipped with automatic electric space heaters to prevent
freezing. As mentioned above, the emergency pump rumns continuously and an
automatic 40-kw water heater in this circuit provides heat for the water as

required.

Reactor Suspension System

As explained above, the core assembly is mounted within a cylindrical
aluminum tank with a bemispherical bottom. This tank, which was fabricated
from 3/b-in.-thick type 5052 aluminum, is 8 £t long. It has a 37-in. inside
diameter at the hemispherical end and a 40O-in. inside diameter at the open
end. The larger diameter near the top is to facilitate removal cf the
shielding, fuel elements, etc. from the tank. The tank was designed, fabri-

cated, inspected, and tested in accordance with the latest published ASME
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code for unfired pressure vesselsg and deviates from it orly in that the
yield strength of the aluminum in the hemispherical head is 89,000 to 91,000
psi instead of the specified 95,000 psi. The hemispheré will still withstand
the design pressure of 150 psi at 180°F wist a safaty factor of 4,

For most in-air operations the resacstor will be suspended from the support
platform shown in Fig. 8. This platform is, in turn, suspended by shackles
from the hoist cables of tower legs Nos. 1 and 2. In the center of the plat-
form is a b-ft-dia ball bearing, the outer race of whi@h is anchored to the
platform. The reactor (and also ite shield if one is used) is supported
from the inner race. This permits the rzacior to be rotated around its
vertical axis for certain experiments. {In Fig. 8 the reactor is encased
in a "beam' shield. In experiments in which this shield is used a beam
from the reactor will sweep a horizontal plane.) The inner bearing race
extension, shield support collar, and reactor support rim are equipped with
a series of discontinuous interlocking ledges. This bayonet-lock arrange-
ment permits the support platform tc be used for lifting the reactor alone or
the reactor and shield together as a unit, the mode of lifting depending on the
angular position of the inner bearing race.

A second type of support will be used for some in-air operations in which
a bteam from the reactor will sweep a vertical plane. In this case the reactor
will be firmly clamped inside a shield, and the shield will be supported by
two girder-like members as shown in Fig, 9. The reactor cooling water will enter
and leave the shield through swivel Jjoints at the large hollow bearings.

The suspension of the TSR-II and its acéessory equipment from the tower
legs will result in greater stresses in the tower structure than the TSR-I
and its equipment have caused. Specifically, the 6-in. reactor water hoses
attached to the 120-ft level sling boxes on tower legs Nos. 1 and 2, and also
the additional electrical cables attached to these boxes, will add loads to
these two legs. In order to avoid excessive side loads, guy lines leading
from these junctions have been attached to the tower dead men, thus cancelling
out practically all of the horizontal forces (see Fig. 10). Since these

2. ASME Boiler and Pressure Vessel Code: Section VIII. Unfired Pressure
Vessels, Part UNF, Revised 1956.
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additional hoses and cables also cause a greater vertical locad, a new analysis¥
was undertaken to determine the stresses in the tower structure under maximum
loading conditions, which were assumed to be as follows:

(1) Reactor assembly weight = 55 toms.

(2) Instrument compartment weight = 30 tons.

(3) Wind velocity = 80 mph.**

(4) Weight of two water hoses = 25 1b/ft (each hose is 170 ft long).

(5) Weight of four electrical cables = 2.75 lb/ft (each cable is 170 ft

long).

The results of this investigation showed that the stresses in the tower

structure would be within the maximum allowed.
II. REACTCR PHYSICS

Many of the nuclear characteristics of the TSR-II have been determined from
a series of calculations performed concurrently with the mechanical design. The
validity of the critical mass calculation for the completely water-reflected
TSR-II fuel annulus was later verified by a preliminary experiment performed at
the ORNL Critical Experiments Facility. A second preliminary experiment with the
completely water-reflected fuel annulus to investigate the temperature coef-
ficient of reactivity demonstrated the necessity for performing full-geometry
low-power experiments (see Section IV) to firmly establish all the nuclear
characteristics of the reactor. This section is devoted to a discussion of the
calculated parameters with references to the results of the preliminary experi-
ments. The calculations were performed on the Oracle computer with either the

3

Corn Pone Code” or with the Cornwash Code (modification of the Corn Pone Code
in which the Goertzel-Selengut approximation and cross sections from the Eyewash

L
Code are used). (An exception to this is the calculation of the heating in

*¥By John A. McCarthy, McPherson Co., Greeneville, South Caroline, and
F. L. Hannon, ORNL.
¥¥QOperating procedures require that the reactor be lowered and stored when
the wind is expected to reach 40 mph.

3. The Corn Pone (consistent P-1) Code has been described by W. E. Kinney
et al. in ORNL-2081, Appl..Nuclear Phys. Ann. Rep. Sept. 10, 1956, p. 133;
in ORNL-2389, Appl. Nuclear Phys. Ann. Rep. Sept. 1, 1957, p. 145; and ‘in
ORNL-2609, Neutron Phys. Ann. -Rep. Sept. 1, 1958, p. 8L,

L. J. D. Alexander and N. D. Given, A Machine Multigroup Calculation: The
Eyewash Program for Univac, ORNL-1925 (1955).
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the lead-boral region, which was determined by an Oracle Monte Carlo calcula-
tion.) Except where noted otherwise, the information presented is for the
case in which a 20-cm-thick light-water shield-reflector surrounds the control

rod-fuel=lead-boral assembly.

Critical Mass and Reactivity

The TSR-II fuel elements contain a total of 8.1 kg of U235° Both the
calculations and a preliminary experiment have shown that when the assembled
fuel elements are completely water reflected, both internally and externally,
with water at 70°F3 they are slightly subcritical even in the absence of the
control rods. Since the design of the fuel annulus will meke it impossible
to increase the reactivity by adding elements, reactivity is added to the
assembly by displacing the water in the internal reflector region with the
spherical aluminum housing for the control mechanism. The control rods
operate within water-filled pockets inside the housing. The volume not
required for the control mechanism is filled with aluminum in which plugs of
various materimls, such as boron carbide or air, can be inserted to adjust the
reactivity (see Fig. 5). For the proposed low-power experiments the reactivity
will be adjusted to a O.7%Ak/k excess. This should be sufficient since there
will be no appreciable burnup of fuel or buildup of xenon during the experiments.
This amount of reactivity will also be sufficient to permit a measurement of the

temperature coefficient at powers up to 100 kw.

Control Rod Worth

As discussed in Section I, the TSR-II is controlled by six radially operated
control rods: five shim-safety rods and a regilating rod. Each shim-safety rod
is worth 0.32% Ak/k in its fully withdrawn position and 0.83% Ak/k in its most
effective position. Inserting all five shim-safety rods should, therefore,
effect a 2.55% reduction in reactivity. Figure 11 shows that the reactivity change
is nearly linear over the operating range. The effect of the regulating rod,
which will operate independently and will not scram, will be comparable to
the effect of & shim-safety rod.
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Temperature Coefficient

The results of a calculation
of the reactivity of the completely
water-reflected TSR-II fuel annulus
as a function of the bulk water
temperature are compared with the
values from a preliminary experi-
(To make the

fuel annulus critical for this ex-

ment in Fig. 12.

periment the separation distance
between the upper and lower fuel
elements was decreased by 0.5 in.)
The calculated reactivity change
as a function of bulk water tem-

perature for the full-core geometry

(that is, the complete core assembly with the control mechanism housing and

lead-boral shield) is also shown.

If the actual reactivity for the full-core

geometry follows that for the experimental water-reflected case, no excess
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loading will be required for higher temperstures even .though the reactor will
be protected by 'a negative temperature coefficient at the proposed mean operating
temperature of 137OF° It is apparent from examination of these curves, how-
ever, that the temperature coefficient of reactivity should be measured with
the completely assembled reactor before any attempt is made to specify the
amount of reactivity required for 5-Mw operation. A temperature coefficient
calculated for a rapid rise in fuel plate temperature before a significant
amount of heat can be transferred to the water was -4.8 x lO°6,Ak/k per °F.
Since the calculated temperature coefficient is not in agreement with
the experimental measurement for the single case investigated, it is assumed
that the calculation for the complete reactor is also in error in magnitude
but correct in trend. On the basis of this reasoning, the two negative temper-
ature coefficients chosen for the simulated kinetic studies presented in
Section IV (+4.28 x 107 Ak/k per OF and -6.5 x 10™° Ak/k per °F) were both
larger than the experimentally observed temperature coefficient. If the
measured coefficient for the full-geometry case differs from these values

significantly, the simulated kinetic tests will be rerun.

Neutron Lifetime

The prompt thermal-neutron lifetime in the TSR-II core is L0 pseco
Assuming a 1lO-psec slowing-down time results in a neutron generation time of
50 psec. This is a conservative figure because no correction was made for
the additional time spent by neutrons diffusing in the internsl aluminum or

the external lead.

Void Coefficients

Void coefficients for the core were computed from changes in the multipli-
cation constant produced by deleting the water (but not the aluminum or uranium)
from thin spherical shells of the core. The result%:nlAk/k per cubic esnti-
meter of a void, are shown as a function of the radial position in the core
in Pig. 13, The volume-averaged mean void coefficient is -2.15 x 10'615k/k

per cubic centimeter of void in the core.
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Thermal-Neutron Flux Distribution

The neutron flux digtributions in the core were calculated on the Oracle
computing machine with the Cornwash code for 30 fast groups, one epithermal
group, and one thermal group. The resulting thermal-neutron flux distribution
for a 5-Mw operation is shown in Fig. 14. For this calculation it was assumed
that the control device was a spherical boral shell positioned 4 cm from the
inner surface of the fuel annulus. The calculations indicate that the thermal-
neutron distribution in the core will be affected only slightly when the

external shield and internal reflector are changed.

Power Distribution and Heat Flux in the Fuel

The results of a Cornwash calculation of the distribution of neutrons born
in the core during a S5-Mw operation are shown as a function of the distance
from the center of the reactor in Fig. 15. Again the controcl device was assumed
to be a spherical boral shell positioned L4 cm from the inner surface of the fuel
annulus. From this neutron distribution the power distribution for each fuel
plate was determined. Results for several plates in a central fuel element are

shown in Fig. 16, and results for plates in an annular fuel element are shown
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in Fig. 17. An integration over each fuel plate gave the totael power generated in
the fuel plate. The total power generated in each fuel plate of a central slement
is shown in Fig. 18 and that in each plate of an annular element in Fig. 19.

The maximum heat flux at 5 Mw is 41,200 Btuohrml-ftmey and the average heat flux
is 26,000 Btu.hr ™~

plate, the numerical value of the heat flux at a point is just one-half the value

172, (Since heat is removed from both sides of each fuel

of the power generation.)

Heating in the lLead-Boral Shield

The gamma-ray heating in the 2-in.-thick lead shield outside the core reglon
was computed in two steps. A hand celculation of the gamma-ray heating at the
core~-shield interface was first performed. Then the heating as a function of
depth in the lead was determined by Monte Carlo technigues. The results ars
shown in the histogram of Fig. 20.% A later Monte Carlo calculation has shown
the initial values of heating at the core-shield interface to be too high by a
factor of 2. The conservative value was used and no attempt was made to estimate
neutron heating. The total gamme~ray heating in the lead was calculated to be
114 kw at 5 Mw.

The heating due to neutron absorption in the boral was calculated to be
26.5 kw at 5 Mw.

ITI. REACTOR CONTROLS AND SAFETY SYSTEM

The reactor controls and safety system for the TSR-II was designed in ac-
cordance with the same basic philosophy used for other solid-fuel water-moderated
research reactors constructed at ORNL. There are, of course; many instrumenta-
tion problems peculiar to a reactor that is to be suspended in air, but since
most of these were described in the safeguard report for the TSR-I (Ref. 1) they
will not be repeated here. There are some additional problems which are unique
to the TSR~II, however. For example, 1t was required that the control and safety
system be designed so that it will operate whether the reactor is in a vertical
position or a horizontal position. It was also required that the perturbation of
the flux in the reactor by the comtrol rods be as spherically symmetric as pos-
sible in order to insure the emission of a symmetrical flux from the surface of

)

the reactor.

*This analysis was performed when the design of the lead region called for
two layers of lead separated by a water layer. The heating in the solid
lead layer would be approximstely the same, however.
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The control system designed to meet these requirements utilizes five shim-
safety rods and one regulating rod, all of which are contained within the in-
ternal reflector region. These so-called "rods, " which, as shown in Fig. 5 of
Section I, are actually thick plates containing boron, move radially within
water-filled pockets ingide an aluminum sphere in the internal reflector region.
Four of the shim-safety rods move horizomtally and one moves downward, all five
operating as a unit to provide the shim-safety rod (coarse contreol) action.

The top rod moves independently and serves as the regulating rod (for fine
control).

The mechanical construction of a typical shim-safety unit can be seen in
the photographs of a disassembled unit shown in Fig. 21. The operation of this
mechanism is more clearly presented in Figs. 22 and 23. The central drive shaft
rotates the horizontal worm by means of miter gears, causing the non-rotating
drive nut to move horizontally. The piston, rigidly attached to the rod,
maintains firm contact with the nut because the hydraulic pressure of the
water to the left of the piston is greater than that to the right of the nut.
This water pressure is supplied by a special pump located on the reactor tank.
As the piston and control rod move farther to the right, compressing the spring,
the force exerted by this spring on the rod approaches the force produced in
the opposite direction by the differential water pressure across the piston.

A scram is triggered by a drop in water pressure at the left of the piston,
permitting the spring to separate the piston from the nut and drive the rod
radially outward. Rotating the drive shaft in the proper direction will
traverse the nut outward until it contacts the piston, at which position the
hydraulic pressure differential is re-established to again cause the piston and
nut to cling together and operate as a unit. The other four shim-safety rod
units operate in the same manner, the total trével of each control rod being
about 2 in. It should be noted that the scramming motion is caused by the
force of springs rather than gravity; therefore, scrams are independent of the
reactor orientation.

A prototype of the control mechanism has undergone a life test of 5000
cycles. (It is expected that the control mechanism in the TSR-II will be
operated less than 2000 times in its normal life.) The prototype was mounted

on a test stand which was placed in a stainless steel barrel. The mechanism was
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operated at twice the proposed frequency in raw water which was heated part of

the time. At various times during the tast the c¢ycling action was stopped for

43 nr to simulate normal shutdown. No noticeabls wear was apparent at the con-
clusion of the test. Nor were there any signs of clogging or scoring by foreign
materials. The wiper ring on the traveling nut had accumulated some debris, which
indicated that it had cleaned the cylinder wall as intended. In the reactor,
demineralized filtered water will be used, whizch shouwld reduce the bulldup of

the debris.

Separate water lines lead from a commopr manifold to the five indepsndent
shim-safety rod mechanisms. Each line contains a flow-limiting orifice and a flow-
regulating solencid=-controlled valve which responds to electric signals from a
standard ORNL magnet amplifier circuit. When the solenoid is de-energized, an
internal spring closes the valve (see Fig. 24). At reactor startup the solencid
current is at its maximum and the valve stem, integral with the solenoid plunger,
assumes the fully withdrawn position, permitting about 1.8 gpm of water to flow to
the control mechanism where it leaks past the loose-fitting piston. As the reactor
power increases, the solenoid current is reduced and the valve opening is reduced
a corresponding amount, resulting in lower flow and a lower pressure drop across
the piston of the control mechanism. The system is adjusted so that at 150 percent
of the maximum permissible reactor power the water flow becomes so restricted
that the scramming spring overcomes the hydraulic forces on the piston and drives
the shim-safety rod outward to produce a scram. The reactor operator may read
the solenocid currsnt and hydraulic pressure at the reactor console, a monitoring
feature which contributes to the safe operation of the reactor.

The shim-safety rod drive permits the addition of reactivity at a rate of
0.1% lxk/k per second. For greater operating convenience, a slower spea=d giving
an addition of 0.02% .Ak/k per second is also provided. Full motion of the
shim-safety rods changes the reactivity a total of 2.55% ‘Ak/k.

Since the regulating rod operates independently of the shim-safety rods, it
is fastened directly to a nonrotating tube which is concentric with the geared
shaft to which the five shim-safety rods are attached. There is no quick-
release scramming mechanism associated with the regulating rod, its only move=-
ment being a slow rising or lowering by means of an electric motor drive. The
regulatfhg rod has a total worth of approximately 0.5% ,Ak/k and a sensitivity
of 0.03% Ak/k per second.
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A signal from each of the five shim-safety rods indicates to the operator,
by means of panel lights, when the rod is in the fully extended (scrammed)
position. The signal is initiated when a tiny nozzle at each rod is blocked.
Water pressure is supplied to the nozzle by a pump located in the control
turret, and blocking the nozzle reduces water flow in the line connecting it
to the pump, thereby actuating a pressure-sensitive seat switch connected
across the nozzle of that particular control rod.

Upper and lower limit switches are actuated directly by the rod drives
to indicate the fully inserted or withdrawn rod positions. A dual synchro
system is used to indicate the position of the shime-safety rod drive while a
single synchro indicates the regulating rod pesition. Shim-safety rod pickup,
a magnetic operation in most reactors, is a function of the differential
hydraulic pressure in this reactor, and such "clutch" information is indicated
individually for the five shim-safety rods by flve pressure gages located at
the reactor control comnsole.

The TSR~II safety system5 is designed so that it shuts down the reactor
whenever it receives a signal that the power level is too high or the reactor
period ig too short. A block diagram of the primary system is shown in Pig. 25.
The neutron level is sensed by the three 2-in. PCP ion chambers.¥ The signal is
then amplified and presented to the sigma bus which responds to the highest
amplifier output signal. If any one of these amplifiers indicates the neutron
level is too high it causes all magnet amplifiers to reduce the current flowing
in their respective solenoid-controlled valves and thus a scram is produced.
Similarly, a period that is shorter than 3 sec, will, by the period and sigma
sectioﬁs of the composite amplifier, reduce the solenoid current and cause a
scram.

The following control and/or safety information is presented to the
operator at all times during an operation:

(1) The neutron population from source level to full power is obtained
from a fission chamber*¥* and associated electronic equipment. The information

is presented in logarithmic form and covers five decades from any given

5. Given in detail in ORNL-2609, Neutron Phys. Ann. Prog. Rep. Sept. 1, 1958,
p. 20.

¥Parallel circular plate ionization chambers, designed and built at ORNL.
**This fission chamber was congtructed from ORNL design drawing No. Q-201h.




UNCLASSIFIED

2-01-060-62
ORNL 2-in. PCP ION CHAMBER Q{8944 WESTINGHOUSE NO. W 6377
COMPENSATED ION CHAMBER
NO. 4 NO.2 NO.3
LOG N
LPRE-AMP PRE-AMP PRE-AMP PERIOD AMPLIFIER
RC9-11-4
SIGMA SIGMA SIGMA PERIOD AMP
AMPLIFIER AMPLIFIER AMPLIFIER | | — — ] COMPOSITE AMPLIFIER
Q947 Q947 Q947 SIGMA AMP
l ,' l l
SAFETY I
TROUBLE . — , —_— ]
MONITOR
SIGMA BUS
MAGNET MAGNET MAGNET MAGNET MAGNET
AMPLIFIER AMPLIFIER AMPLIFIER AMPLIFIER AMPLIFIER
0889 Q889 Q889 0889 Q0889

SOLENOID VALVES

Fig. 25. Block Diagram of TSR-|| Primary Safety System.

8¢



29

position of the fission chamber. The chamber may be moved remotely to cover
the full range of reactor power,

(2) The power level is presented on two chennels: (a) A Westinghouse
WL-6377 compensated ion chamber and a Log N amplifier provide a five-decade
logarithmic presentation of power level; and (b) a Westinghouse WL-6377
compensated chamber and a micromicroammeter provide a linear power indica-
tion from the limit of compensation of the chamber, approximately 10"'5 full
power, up to full power.

(3) Period information is obtaiﬁed by differentiating the output of 2(a)
above, vhich gives d Log N/at.

(4) The safety chamber currents may be read from monitor instruments.
All chambers used in the reactor are sealed and require no purge gas.

A servo system is provided to maintain the power level at any point
within the operating range. The servo is of the on-off type used in the Bulk
Shielding Reactor and the Pool Critical Assembly.

Design improvements have made it possible to remove virtually all the
electronic instruments from the vicinity of the reactor and relocate them in
the control room. The only electronic chassis remaining at the reactor is
the pulse preamplifier in the fission chamber circuit.

A time delay interlock prevents starting the reactor until the main
pump has circulated water through the reactor at full flow for a period of
3 min. This allows the water to meke one complete pass through the system;
such mixing will help smooth out any temperature gradients. After startup,
reduction of main pump flow to below approximately 100 gpm will produce a
scram. ILikewise, if the emergency pump flow falls below 10.'gpm, & reverse is
produced causing automatic insertion of the control rod. Both of these
minimum water-flow requirements may be bypassed for special low~power reactor
tests, and the aerial hoses to the reactor may be left disconnected if
desired. For such operations an additional control command prevents the

power level from rising ebove 500 watts.
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IV. REACTOR SAFETY

The performance of the TSR-II safety system has been predicted on the
basis of three analog computer tests simuiating the reactor kinetics and
heat transfer system. Each test represents the limiting case for the type
of accident considered. The configuration assumed for these tests included
the reactor tank and the associated inlet and outlet pipes. It did not
include the water coolant system external to the reactor tank since the
choice of the initial conditions for the tests precluded the need for an
analysis of the external system. The test parameters and consitions are
shown in Fig. 26.

In the first test, a simulated rod-drop test, it was found that for
100-kw operation the safety system is capable of reversing a 1li4.5-msec
period with a power excursion to a peak power of 20.2 Mw without the advantage
of the negative temperature coefficient being considered. By comparison, the
peak power in the Spert I Reactor,6 which was limited only by the inherent
safety mechanisms of water-moderated reactors, was approximately 350 Mw for
a 15.8-msec period.

The second simulated test was run to determine the effect of suddenly
reducing the temperature of the inlet ccoling water while the reactor is
operating at a power of 5 Mw, and the third test was carried out to determine
the effect of a sudden stoppage in the water flow.

It is apparent from the results of these three tests that if the excess
in the reactor does not exceed l.O%zﬁk/k, no reactor excursion could occur
that would result in damage to the reactor, and if the power level is limited
to 100 kw there would be no afterheat problem and possible meltdown in the
event the cooling water is lost. As stated previously, the excess for the
low-power experiments proposed in Section V will be limited to 0.7% Ak/k.

A more detailed discussion of the three simulator tests is presented in
the paragraphs below and is followed by a brief discussion of the TSR-II as

compared with the Spert I Reactor.

6. J. C. Haire, Subcooled Transient Tests in the Spert I Reactor - Experimental
Data, (D0-16342 (1958).
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Analog Computer Tests

Rod-Drop Test. The TSR-IT rod-drop test was performed to determine the

minimum period for which the safety system could reverse an excursion in less
than a three-decade power rise from the instant the instruments first detected
7

the excursion. 1In the analog technique used,  the reactor simulator (computer)
at time t = 0 is clamped in transient at a low level represented by a voltage
of 0.1 to G.5 v. This voltage is proportional to reactor power or flux and,

by proper adjustment of the computer parameters, can be made to represent a
nuclear power. At t = O the clamp is removed and the safety system is given
the information that an excursior is in progress. The simulation allows for
the safety system delay, provides the corrective action, and shows the reactor
behavior, heat transfer characteristics, and component temperature rises during
the complete transient.

In the TSR-II test the initial power of 0.5 (Fig. 27) corresponds to a
power of 5 Mw. A three~decade rise then would yleld a peak power of 5000 Mw.
Since the level safety of the TSR~-II is intended to actuate a scram at
150 percent of the maximum power, the level safety was assumed to be 7.5 Mw.
At 7.5 Mw information was supplied to the safety actuator requesting a scram.
A delay of 37 msec in the safety device was simulated, during which time the
excursion continued unaltered. The corrective action was then initiated,
after which the‘excursion was reversed and the simulated reactor was shut
down. $Since the test was for the safety system, the effect of the negative
water coolant temperature coefficient, which would only have improved the
performance of the safety system, was not comsidered.

The power excursion curves obtained in this test are shown in Fig. 27,
along with the safety rod reactivity profile. The associated reactor period
is noted alongside each power excursion curve. From these data it can be
seen that the TSR-II safety system is capable of reversing a power excursion
caused by a 1h.5-msec period with a maximum power rise of 2.02 x 102 above
the initial power; that is, with a peak power of 1010 Mw.

T. E. R. Mann and F. P. Green, "Analogue Simulation of Corrective Action for
? Nuclear Excursiom, " Reactor Safety System Response, ORNL-2318, p. 83
1958).
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The mean temperature increase of the fuel in the annular elements and the
temperature rise of the water in the annular fuel region are shown in Fig. 28
for each of the power excursions plotted in Fig. 27.

For the proposed low-power experimsnts, the level safety will be set at
150 kw. The peak power for an excursion caused by a 1l4.5-msec period then would
be 20.2 Mw.

"Cold-Water Slugging" Test. Because of the negative coefficient of re-

activity of the TSR-II, an analog simulator test was performed to investigate
the effects of a sudden drop in the reactor inlet cooling water temperature.
Figures 29 and 30 show the effects on the reactor powsr and tempsrature of
suddenly changing, within 0.5 sec, the inlet cooling water temperature from
lh5.8oF to 52OF while the reactor is operating at 5 Mw., Figure 29 is for an
assumed coefficient of ~4.28 x 107° & k/k per °F and Fig. 30 is for an
assumed coefficient of -6.5 x 10'5 é&k/k per OF. Prompt gamma-ray heating was
included in the simulation. No safety rod action or control rod action was
permitted.

The simulation has no validity in the cross-hatched areas of the figure
since no attempt was made to simulate boiling conditions within the reactor.
An assumed pressure of 10 psig was used to calculate the boiling temperature
of 239°F.

The "cold-water slugging” analysis was carried out without actuating the
safety system. It should be noted that there is far more than adequate time
for the safety system to shut the reactor down before the fuel temperature
rises appreciably since the safety system can complete its action in less
than 150 msec (Fig. 27).

Water-Flow Stoppage Test. Mechanical conditions inherent in the design

of the TSR-II cooling water system prompted a test to determine the effects of
a sudden stoppage of the coolant water flow. Figure 31 shows the results for

an assumed temperature coefficient of -4.28 x 10-543 k/k per p, Prompt gamma-
ray heating was again included in the simulation, and no safety or control rod

action was permitted. The simulation included only the annular fuel region
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of the reactor since this is where the highest temperatures are most likely

to be located. Again the simulation has no validity for the cross hatched

area in Fig. 51l. As before, the test showed that the safety system could easily
shut the reactor down before any appreciable change occurs in the temperature

profile,

Comparison of TSR-II to Spert I Test

The excess loading of 0.7% Ak/k to which the TSR-II will be limited for -
the low-power experiments falls well below the 1.5%.Ak/k where instabilities8
became evident with saturated water conditions in the Spert I Reactor. The
subcooled Spert I tests, however, provide an additional basis for evaluating
the effectiveness of the TSR-II safety system in limiting an excursion. For
a 50-usec prompt thermal-neutron generation time, which is the generation time
in both the Spert I Reactor and the TSR-II, the stable period for a reactivity
insertion of 007%Agy%:is 25 msec. In the unlimited Spert I tests, a 23-msec
period resulted in a maximum power of approximately 110 Mw, and neither the
pressure nor the temperature rise was sufficient to cause damage to the core.
For a 20.0-msec stable period in the simulated 100-kw TSR-II rod-drop test,
the safety system limited the excursion to approximately 3.3 Mw (Fig. 27),
which is more than a factor of 30 lower in peak power than that observed in
the Spert I Reactor. Maximum temperatures and pressures are correspondingly
lower. In the simulated TSR~II rod-drop test the minimum period which was
examined was 14.5 msec. For a 100-kw operation this gave a pesk power of
20.2 Mw. In the Spert I Reactor tests the peak power for a 15.8-mgec period
was approximately 350 Mw, which is very close to a factor of 17 higher.

V. PROPOSED LOW~-POWER EXPERIMENTS

As mentioned previously, several low-power experiments with the TSR-IT
core assembly will be required before the nuclear characteristics of the
reactor can be firmly established. The initial experiment will, of course,

be performed to determine the critical condition of the reactor and to test

8. 8. G@. Forbes, F. Schroeder, and W. M. Nyer, Nucleonics 15, No. 1, k4l
(1957).
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the safety system, after whick the adjustment to the 0.7% zﬁk/k EXCOSS Tre=
guired for the remaining experiments can be made. Experiments tc calibrate
the control and safety rods, to measurs the bulk temperature coefficient of
reactivity, to determine the woid coefficients, etc. will then be carried
out.

All of the proposed experiments wiil be parformed at the Tower Shielding
Facility. A power of 100 kw will be required for some operatiocns, although
most of the experiments will be carried out at a power comsiderably lower
than 100 kw. The total operating time at 100 kw will not exceed 500 hr.

The various experiments ars described briefly in the following

paragraphs.

Reactivity Adjustment

Since it will not be necessary for the water coolant to flow through
the core assembly during the initial low-power critical experiment, the
assembly will not be mounted in the TSR-II reactor tank. Instead, the fTuel
elements, internal reflector, and comtrol system will be supported by the
central cylinder in an open-top tank that can be slowly filled with water.
The lead~boral shield will receive separate support from a stand in the
tank. The water for the controls will be obtained directly from the experi-
mental tank so that the water level in the tank will remain constant. Water
will be circulated through the control mechanism at approximately 8 gpm.

The experimental tank will be a 4-ft-dia stainless steel cylinder placed
about 5 ft above the floor of the drained 25-ft-deep reactor handling pool
as shown in Fig. 32. Water will be provided for the experiment in a second
tank which will be placed at a lower level in the pool than the experimental
tank. This second tank will be equipped so that accurate measurements of the
guantity of water it contains can be made at any time. The water will be
transferred to the experimental tank by a constant displacement pump, the
water level in the experimental tank being observed continuvously through
closed-circuit TV cameras with additional monitoring by a float-actuated upper

and lower level indicator. Automatic dumping of the water from the tank will
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be initiated either by a level scram or by a pericd zcram. (There will be no
danger of the handling pool being acclidentally filled with water during the
experiment since the drains will be locked open. The maximum filling rate is
6 in./hr, whereas the dreining rate is atout 1 ft/min.)

The procedure used for the initial critical lonading will follow the
technique employed at the CRNL Critical Experiments Facility. Before the fuel
is loaded, the control and safety systems will be installed in a fully operat-
ing condition. The reactor core will then be completely assembled in the
drained experimental tank, and additional low=level chambers, which will be
connected to the safety system, will be positioned near the core, Operation
of the chambers will be checked in paraffin with a Po-Bs source, after which
the source will be moved to a position adjacent to the Tuel elements. The main
dump valve in the experimental tank will then be closed and a small amount of
water will be pumped into the tank. (The water level will be below the fuel
elements.) The pump to operate the control mechanisms will then be started,
and the operation of the mechanisms will be checked. The control and shim-
safety rods will then be withdrawn halfway, and the water required for the
critical experiment will be pumped into the tank.

As the water level in the experimental tank rises, the change in the count
rate from the fission chamber will be observed continuously. Although it is
not anticipated that the reactor will become critical before the water fills the
tank, provision for rapid reduction in criticality is provided during this period
by the large dump valve at the bottom of the experimental tank. When the level
of the water in the tank is approximately 20 cm above the core assembly, the
shim~safety rods will be carefully withdrawn to the critical position. The
criticality point will be checked by obtaining two power levels for the same
position of the rods. When it has been established that the reactor and its
controls are operating satisfactorily, the power level will be raised slowly to
test the level scrams, which will be set at the lowest practical level.

If in the first attempt it is not possible to reach criticality, some of
the solid aluminum plugs in the control mechanism housing in the internal
reflector region (see Fig. 5) will be replaced with air-filled plugs to

increase the reactivity, and the approach to criticality will be repeated as
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described above., More probably, it will be found that the excess in the
reactor 1s more than the 007%,Ak/k required for the low-power experiments,
in which case some of the solid aluminum plugs in the control mechanism
housing will be replaced with ‘boronuloaded‘plugso Before any plug exchange
can be made, however, the experimental taﬁk will have to be drained and the
upper fuel elements and control housing removed from the assembly. It will

then be reassembled for snother critical experiment.

Regulating Rod Calibrations

The regulating rod will be calibrated with the core assembly still in
the experimental tank by taking period measurements for a given rod movement
and then calculating with the inhour equation the reactivity worth of that
movement of the rod. By adjusting the position of the shim-safety rods, the
full travel of the regulating rod will be calibrated.

Shim-Safety Rod Calibration and Excess lLoading Measurements

Since it is not possible to move the shim-safety rods independently, the
calibration of these rods must be done by two different methods to cover the
entire rod travel. The worth of the shim rods from the critical position to
their fully withdrawn position, and also the excess loading of the reactor,
will be measured by adding solutions of boric acid to the experimental tank.

A known amount of boric acid solution of a specified concentration will be
placed in a known volume of water in the supply tank. After it has been
thoroughly mixed the solution will be pumped into the experimental tank and
the control rods will be withdrawn until the reactor is critical. The process
will be repeated for several rod positions until the reactor is just critical
with the rods completely withdrawn. The reactivity for a given rod movement
will be calculated from the change in thermal utilization within the core,

and the excess k of the reactor will be equal to the integral of the
measurements.

Since all rods are ganged together, it will be necesary to remove all but
two of the rods from the system in order to calibrate them over their full

travel. Boric acid solution will again be pumped into the experimental tank
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until the reactor is just criticsl wifth the regulating rod seated and the safety
rods completely withdrawn. The safety rods will then be calibrated versus the
regulating rod to within approximstely 1/2 cm of thelr full travel. The worth

o»f the rods in the completely insarted position wiil be extrapolated.

The approach to critical with the boric acid sulutions will always be
carried out ass described for the initisl critical loading. The two safety rods
and the automatic water dump valve will be available for an emergency shutdown

should one become Necessary.

Meagurements of Void Coefficients

Measurements of the coefficient of reactivity for various positions of
voide in the fuel and the internal reflector regior will be handled as separate
critical experiments. Voids will be simulated by displacing water with styro-
foam and observing the reactivity change with rod positions. The core assembly

will remain in the experimental tank for these measurements.

Measurement of Temperature Coefficient

For the measurement of the temperature covefficient of reactivity a heater
and an agitator will be placed in the water of the experimental tank, and the
regulating rod position will be measured as a function of the ftemperature of the
core. The core temperature will be determined from thermocouple measursments a%
seversl locations in the fuel elements. The temperature coefficient can then he
determined from the control rod calibrations and the observed temperatures.

It will also be necessary to determine the effect on the reactor cpsration of
a temperature gradient through the core. This will be ¢bserved in later Ytests
after the core assembly has been placed in the resacter tark. The reactor will be
operated at powers up to 100 kw and the cocling waber will flow through the reactor

at a low rate.

Determination of the Effect of Adding Reactor Shields

During some of the shielding experiments at the TSF the TSR-II will be ussd
in specially designed shields. Since each shield may affect the operation of

the reactor differently, two low-power experiments will be performed with the
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ISR=-II in a shield. For these experiments the core assembly will remain in the
reactor tank, which will stay positioned in the experimental tank. In one experi-
ment the effect of a water shield will be determined by observing changes in the
reactivity az water is pumped into the experimental tank to a level approximately
20 cm above the core. The second experiment will be performed to determine the
effect of a lead and water shield. Small lead cylinders will be poured in the
experimental tank arocund the reactor tank to a height approximately 20 cm above
the top of the core, and changes in reactivity will be observed as water is
pumped into the tank to the same height as the lead. The resulting shield will be
50% lead and 50% water, which is the same lead-water ratio used in the specially
designed TSR-II beam shield (see Fig. 8).

Measurements of Flux Distribution and Leakage Spectra

Measurements of the thermal-neutron flux distribution in the core will be
made with the reactor encased in the TSR-II beam shield. The flux distribu-
tion will be determined by the neutron activation of foils that will be inserted
in the fuel elements with a foil stringer. Gold foils will be used for the
first low-power { ~ l-wati) runs, and cobalt foils will be used for higher powers.
The spectrum and intensity of the leskage radiation from the beam shield
as a function of direction from the reactor will also be measured during the
low-power experiments. This information is needed in the shielding research for

which the reactor is intended.
VI. COPERATING PROCEDURE

The same procedure used for operating the 500-kw TSR-I will be used for
the TSR-II (see F. N. Watson et al., Manual of Routine and Emergency Operating
Procedures for the Tower Shielding Facility, ORNL~CF-57-11-3%9). The low-power
experiments proposed in this report will at all times be directly supervised

by an engineer or scientist experienced both in reactor operation and in the
performance of critical experiments. Two additional experienced technical persons
will be present during the critical experiments, and one additional technical
person will be on duty during normal operation. Reactor and hoist operation will
be limited to technical persons who have been qualified by experience or training.
Skilled technicians and electronic specialists will complete the staff.
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Although the proposed TSR-II experiments will be performed in the
handling pool, the pool will be drained; therefore, all operations must be
treated as in-air operations. That is, all persons present must be inside

the shielded underground building before any operation begins.
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