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ABSTRACT

The low power criticality behavior of the HRE has been experimentally
investigated and in general, the theoretical predictions were confirmed. The
HRE, which is fueled with an aqueous solution of highly enriched U0,504 in
an 18-inch diameter spherical core and reflected by heavy water, was the first
prototype of a circulating aqueous homogeneous power reactor and was intended
to demonstrate stable operation at high power densities. Criticality was here
achieved for the first time in a reactor through which a fluid fuel circulated
with the attendant loss of delayed neubtrons in the external cireuit, It was
demonstrated that except for the loss and recovery of reactivity on starting
and stopping the circulating pump, the low power behavior of the HRE was quali-
tatively no different than in a-static homogeneous system.

In the main, the criticality data and the various reactivity coefficients
agreed well with predictions based on two-group diffusion theory. At room
temperature the critié&l concentration was 24.8 gm U-235/Kg Ho0, and the value
of the reflector was 6.5 percent in keorp; which supports a calculated extrapo-
lation distance of 4 cm on the unreflected core radius. The temperature coef-
ficient of reactivity at room temperature was minus 0.37 x 1073 kerp per degree
centigrade while at 220°C the value was minus 1.15 x 10"3 keff per degree
centigrade, The temperature coefficient for the reflector was only minus 2.5
X 10_5 keors per degree centigrade. The pressure coefficient of reactivity for
the core was 0,18 percent kepe per thousand psi.

The effectiveness of the control, shim, and safety rods together in ZSkeff

was 1.3 percent at room temperature and 1.6 percent at EOOOC, The decrease in
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the effective delayed neutron fraction on circulation was 0.20 percent Korr
as indicated by direct measurement of the change in reactivity and as also

indicated by the inhour relationship.
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I. INTRODUCTION

The Hbmogeneous Reactor Experiment was the first reactor prototype
incorporating a circulating homogeneous aqueous fuel operating at high specific
pover and temperature, with the reactor coupled to a steam turbine generator.
The resctor was built for the purpose of demonstrating the feasibility of this
concept; primarily to show that the reactor was self-regulating and inherently
stable,

The reactor consisted essentially of an 18-inch diameter spherical core
inside a 39-inch diameter reflector vessel, a circulating pump, and a heat
exchanger where steam was produced for the operation of the turbine generator.
The design conditions were 250°C temperature, 1000 psig pressure, and 1000 Kw
reactor power. The material of construction was type 347 stainless steel. A
low pressure system contained dunp tanks for the storage of fuel solution, an
evaporator and condensate tanks for changing concentration, and recombiners for
the decomposition gases released in the core. The fuel was a light water solu-
tion of UOQSOu with a U-235 enrichment of 93 percent and the reflector was
heavy water. Extensive calculations hed been made for the purpose of predicting
the nuclear behavior of the reactor, and these served as a gulde in the building
and experimental testing of the reactor.

Ixperimental Program

An experimental program was formilated for the purpose of investigating
the important problems assoclated with the HRE:

1. Nuclear Control and Stability. Of special interest were the effects of

coupling the reactor to an electrical power production unit, effects of circu=

lating the fuel with the resulting loss of delayed neutrons, and the effects of
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gas production from the dissociation of water. Owing to the predicted large
negative temperature coefficient, it was expected that the reactor would be
self-gtabilizing, capable of absorbing large reactivity changes, and also
capable of being controlled by power demand alone. The dynamic properties

of thé reactor could only be checked under conditions of high power operation
where significant quantities of heat and gas are generated, and this was the
ultimate objective of the experimental program. An analysis of the operation
of the reactor at design power will be given in later reports.

2, Low Power Static Measurements. To facilitate the operation of the

reactor at high power and also to interpret the high power performance, it was
decided to obtain such fundamental reactor physics data as the reactivity con-
trol of the rods and reflector level, temperature and pressure coefficients of
reactivity, and effective delayed neutron fraction. For example, the tempera-
ture coefficient of reactivity and effectiveness of the reflector determined
the temperature at which the reactor would again become critical, as it cooled
after & shubdown in which the reflector was dumped. Another objective of these
experiments was to check the reliabllity of the two-group diffusion approxima-
tion and constants which were used in the design calculations. The bulk of
the calculations for the HRE appear in the feasibility and progress reports.
However, some are more recent snd are presented in somewhat more detail in this
report along with the results of the earlier calculations.

These measurements could best be obtained with the reactor critical at low
power (less than one watt) to avoid the complicating factors of gas bubbles,

temperature distribution in the core, and anomolous fuel concentration effects.
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Additional sdvantages of low power operation were anticipated in the relative
ease of making repairs and revisions to the system in the absence of induced
activity and also the higher accuracy in the énalytical determinations of fuel
concentration which is possible when the fuel has not been activated., The
present report is primarily concerned with the experiments on reactor statics
which were performed at low power,

3. Engineering Performance. The performance of pumps, heat exchangers,

valves, and instruments in the chemical and radiation environment of the
reactor are important to the designers of large plants. This information will
be issued in a separate report,

4, Chemical and Corrosion Data. At the same time that the above infor-

mation was obtained, studies were made of the chemical stability of the fuel
solution, the corrosion of the 347 stainless steel, an% the internal recombina-
tion éf thé:radiolytic gases by copper in solutioh. This information will
also be reported separately. |

Basic Philosophy for Low Power Experiments

The basic philosophy in programming the reaétor ﬁbysics experiments called
for performing the simplest experiments first in a'straight~£orward‘manner,
This wasrdicéated by considerations of safety and of ease in interpreting the
data, In line with this phil@sophy, the initial criticel experiment was per-
formed at room temperature oan & static system consisting essentially of the
reactor vessel and thg circulating pump for mixing purposes only., Next, criti-
cality was achieved with the fuel solution circulating at 120 gpm, corresponding

to & residence time of 6 sec inside the core and 2 sec outside. In due time,
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the reactor system was connected together as intended for high power opera-
tion and made critical with the additional complexity of recirculation of

the fuel between the high pressure system dump tanks, injection of oxygen
into the fuel stream, and with the operation of the concentration control sys-
tem,

In following sections are presented a description of the essential fea-
tures of the reactor, data obtained on the effectiveness of the rods and
raflector, critical concentration as a function of temﬁerature, pressure coef-
ficient of reactivity, and inhour‘data. A comparison is made between the
experimental data and the theoretical predictions, It is intended to report

in a later document the experiments at high power operation.
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II. DESCRIPTION OF THE EXPERIMENT

A detailed description of the engineering design, instrumentation, and
construction of the HRE as a power producing machine has already been given in
previous re;;_:)c)rtsa.l"z”a"')+ A brief description will here be given only of the
features which are pertinent to the discussion of the low-power critical experi-

ments,

The Reactor System

The chain reaction occurred in a light water solution of enriched uranyl
sulfate contained in a 50 liter spherical core vessel, 18 inches I,D, and 3/16
inch thick, Figure 1. This was surrounded by a heévy'mild~steel pressure ves-
sel, 39 inch I.D. and 3 inches thick, accommodating a reflector region of DO,
10 inches thick. The fuel solution was normally circulated at 120 gpm through
the core and then through the tubes of a heat exchanger by means of a centrifu-
gal pump constructed with a canned rotor, Figure 2, All equipment in contact
with the solution was made of type 347 stainless steel. The solution entered
the core near the equator with a tangential flow velocity creating a rotational
flow pattern for the purpose of centrifuging towards a central vortex the gas
bubbles which were formed at high power. Gas and solution were removed from the
top of the vortex to the low-pressure system, the rate being controlled by the
liguid level in the pressurizer stem directly above the core. For low-power
experiments, the fuel solution was hested to any temperature up to 25000 by
admitting steam tp the shell side of the heat exchanger. This of course was just
the reverse of normal operation at high power when water was injected and steam

removed from the heat exchanger.  For the earliest experiments--up to the time
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that the low-pressure and high-pressure systems were tied together--the
desired reactor pressure, usually 100 psig, was maintained by means of helium,
Later, the reactor was pressurized with steam by heating the pressurizer stem
with steam at the appropriate temperature.

The low-pressure fuel system consisted of storage tanks; an evaporator,
condenser, and condensate storage tanks for controlling concentration; recom-
biners for the radiolytic gases produced at high power; cold traps for drying
the waste gas; charcoal beds for absorbing and delaying the fission product gases,
and finally a 100 £t stack for venting to the atmosphere. All water not retained
in the éondensate storage tanks was returned to the fuel storage tanks from
which fuel solution was continually pumped into the high pressure systenm at one
gpm. Normally, oxygen was injected into this stream at 20 standard cc/sec for
the purpose of keeping the uranyl ion in its oxidized (soluble) state.

Volume of Equipment

The capacities of the major items of equipment in liters were as follows:

Core 50.0
Pressurizer and connecting stem 5.1
Mein heat exchanger 5.5
Circulating Pump 1.3
Pipes in circulating system 8.8
Miscellaneous lines 1.3

Total in high pressure system 72.0 liters
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Fuel dump tanks 285 liters
Condensate storage tanks 150 liters
Reflector region around core 480 liters
Reflector dump tanks 61k liters

FPuel Solution

The isotopic content of U-235 in the uranium was nominally 93 percent by
weight., In the course of the initial critical experimént at room temperature,
the U-235 content decreased from 93.13 percent to 92.54 percent, which was
attributed primarily to the pick~-up of approximately 10 gm of normsl uranium
which hed been deposited in the film on the piping during the period of pre-
operational testing with anso& solution of normal isotopic content. This
hypothesis is supported by measurements on the uranium content of films
developed during out-of-pile corrosion tests.* No further decrease in U=235
assay was ever observed, although the system was later operated at temperatures
up to 250°C.

The U0580), solution was of relatively very high purity. The mole ratio
of U0, to 50, was within one percent of unity. The total macroscopic absorp-
tion crossméection for thérmal neutrons of extraneous ions in the fuel, as
determined from spectrographic analysis, was only five percent of that for the
sulfate idns and was therefore negligible, This data is given in some detail
in Appendix I. In the course of the low-power experimental program, the nickel
which accumulated in solution from the corrosion of the stainless steel cone

tributed no more than 6 percent of the sulfate cross-section.

*
Personal communication from J. C, Griess, Corrosion Section, Homogeneous

Reactor Project
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Since the concentration of U~235 in solution was the fundamental measure
of reactivity, considerable effort was made to obtain high accuracy in the
sampling and analysis., In the course of the fundamental reactivity callbra-
tions for the reactor, samples of the fuel solution from the high-pressure
circulating system were removed in 25 ml sample bombs after allowing for adeguate
flushing of the bomb and sample connections., This arrangement; temporary in
nature, was installed for the purpose of removing large samples and also for
adding concentrated UOoS0) solution to the high pressure system to increase the
U=235 inventory. Aliquots were analyzed in triplicate by gravimetric determina-
tions of U30g. Often duplicate sample bombs were withdrawn, and also aliquots
from the same sample were checked at different analytical laboratories. From
an analysis of the variability of such data and also the variability of results
on a standard solution of U0550), the accuracy in the sampling and analysis com-
bined is estimated as 0.4 percent probable error for any one sample.

In preparing the reactor for high-power operation, the temporary sampling
equipment was removed on October 13, 1952 and a sampler which provided for remote
menipulation was installed., Although the iscolation chamber in. this sampler
had a capacity of 20 ml, only one-half ml could be withdrawn with the sampling
mechanism, The uranium content of the small sample was determined by potentio-
metric titration. In an effort to improve the accuracy for the critical experi-
ments at core temperatures from 217°C to 230°C, the entire contents of the
isclation chamber were removed with & pipette by hand operation., The error here
however was still found to be several times greater than obtained earlier with

the sample bombs.
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It was also possible to estimate the fuel concentration from the inventory
of U-235 and water and hold-up of condensate. However, when the leakage of
solution and steam from the reactor to the outer dump tanks through worn valve
seats became troublesome, it was no longer feasible to infer the concentration
by this method,

Heavy Water Reflector

The.Dgo in the reflector system was monitored for changes in light water
content by density measurements on samples. No significant trend was detected
in the nine analyses made which gave‘a mean value of 96f6% Do0 with a standard
deviation of l.l%. It is believed that density measureﬁents would give signifi-
cant indieations of trends but not necessarily of the absolute value of the
purity. A determination by mass spectrométer at the conclusion of the reactor
program gave 99.1 weight percent DpoO. The effect at 20°C of a one percent HoO
impurity was calculated to be only 0.10 gm U-235/Kg Ho0 or 0.15 percent Keppe

Reactivity Controls

The reactivity in the HRE was controlled in any of several ways: tempers-
ture and concentration of the fuel, level of the reflector, and position of
poison rods,

Fuel Concentration. As described earlier, the fuel solution could be con-

centrated by removing condensate at rates up to 0.5 Kg/min and storing the
condensate in two tanks which are suspended from weighing cells. The equiva-
lent réactivity increase at 20000 is 0.005 percent per sec. Dilution was
achiefedrby éraining the condensate back into the dump tanks.

Reflector Level. The reflector level was raised by pumping DoO from the
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dump tanks with a diaphragm pump at a rate up to 2 gpm, corresponding to 0,36
inches per minute in level or 0.003 percent k. pp per sec, The D50 could be
drained slowly through a let-down valve or dumped completely within 8 seconds
by opening & two-inch dump valve, A liquid-level vrecorder and conbtroller wers
provided for routine operation. During the low power experiments, when greater
accuracy was desired, the reflector level was also measured directly by means
of a manometer,

Control Plates, Three poison plates, designated as conbrol, shim, and

safety rods were located vertically in the reflector region, adjacent to the
core. The rods were constructed of boral sheet--weight composition: 80.1% 28
a2luminum and 19.9% BquuOoO625 inches thick, enclosed in a jacket of type 347
stainless steel which was 0,038" thick. The ﬂurf%ce density of boron was 0,063
gm/cm2 yielding a capture cross-section for thermsl neutrons ab QOOC of 2.5
cmg/cmg of surface, The shim snd safety rods were identical, Figures 3 and k,
consisting of four plates, each curved about a 120 degree sector, with succes-
sive plates recessed in sﬁch a manuer as to follow the contour of the core, Each
rod, when fully inserted, coversed approximately one-sixth of the core, with the
bottom of the rod 3 inches below the eguator. In the withdrawn position, the
bottom of the rod was at the same elevation as the top of the core. The control
plate was constructed in one piece forming a 105 degree arc of & right cireular
eylinder, 9.5 inch radius and 9 inches high. The bottom of the control rod,
when fully ioserted, was 1-3/8" below the core eguator, and when withdrawn wes
1=5/8" mbove the top of the core.

The rods could be raised and lowered at & rate of four inches per minube
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or 0.004 percent keff per sec by means of a vertical drive screw which was
driven by a gear motor. The number of revolutions of the drive screw--a revolu-
tion produces 0,05 inches vertical travel--was registered at the operating
console., The shim and safety plates were coupled to the drive mechanism through
a magnetic clutch which was energized through the nuclear safety circuits. In
the process of coupling, a spring was compressed with a force of 100 pounds to
provide sufficient acceleration to insert the plates within 0.2 seconds after

release by the magnet.

Fue; Temperature., As mentioned éarlier, the temperature of the fuel solu-
tion in thacbgacouldﬁbe controlled when circulating by introducing either steam
or cold water to the shell side of the heat exchanger.. The temperature was
changed no faster than hOOC per hour which was dictated by considerations of
thermal stresées in the equipment. Since there was no access to the core itself,
the temperature was measured by means of thermocouples attached to the main
circulation pipes, both at the core inlet and outlet, These measurements were
valid of course only'when the fuel was circulating.

Nuclear Instrumentation

The thermal neutron flux was monitored by means of chambers which were
located in six thimbles penetrating the shield and reflector region;3 figure 5
shows the detalls of a typical thimble. The nuclear instruments and circuits are
very similar to those used in the MTR.S

Fission Chambers. Two fission chambers with assoclated type A-lA pre-

amplifiers and A-1 amplifiers were connected both to scalers and to strip

recorders which had a logarithmic scale of four decades. These chambers were
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most useful in approaching criticality since they were sufficiently sensitive
at neutron source power of the order of ZLO""5 watts. The range of the instru-

N by withdrawing

ments was increased as necessary by as much as a factor of 10
the chamber within the thimble,

Safety Chambers., Two ionization chambers containing boron were connected

to linear amplifiers and recorders and were used to monitor the power in the
range from 10°3 to 106 watts. This was achieved by the combination of moving
the chamber in the thimble and selectihg a grid input resistor from the values
b x 10°, 10°, 107, and 10° ohms.

Compenssted Chamber, One boron chamber which was compensated for gamma

radiation was used in conjunction with a logarithmic amplifier and a reactor
period amplifier. The period was indicated on a console meter while the neutron
level was recorded on a logarithmic chart of 6.5 decades. The range of this
instrument was adjusted only by moving the chamber, the lowest power being of

the order of one watt and the highest, of the order of 100 megawabts. During
the high power operation of the HRE, freguent changes in compensation were needed
due to the build-up of gamma sources in the reactor components,

Nuclear Safety Controls

Although calculstions had indicated that the BRE was self-stabilizing and
inherently safe, caution dictated that safety controls be installed. When it
vas later demonstrated that they were not needed, these controls were inactivated,
The outputs from the amplifiers for both safety chambers and from the
period amplifier for the compensated chamber were fed into individual Sigms
amplifiers. The output from these amplifiers independently controlled the cur-
rent to the magnets holding the shim and safety rods and also conbrolled the

dumping of the DO reflector. At the first scram level, the rods were dropped
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and the timer started which in 30 seconds initiated the dumping of the reflector.
The operator could at his discretion prevent the dump from occurring by holding
a8 switch until the situation was rectified. At a second scram level corres-
ponding to higher flux level and/or shorter period, the reflector was dumped

without delay.
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11X, THEORETICAL CALCULATIONS

The more important reactor constants for the HRE had been calculated
from theory for the purpose of designing the reactor and predicting its behavior,
These constants included the critical fuel coneentrati@ﬁg the temperature coef-
ficient of reactivity, the effectiveness of the D0 reflector and rods, and the
effective delayed neutron fraction with the fuel circulating.

A, Critical Concentration of the Reflected Reactor

The critical concentration of the reflected reactor was caleculated from
two-group diffusion theory for the two-region spherical geometry consisting of
the core and reflector, The earliest estimate was made by Steinl who took into
account the stainless steel core tank, 3/16" thick, by including its absorption
of thermal neutrons into the boundary condition for the slow neutron current at
the core-refiector interface. The criticsl concentrations for core temperatures
from 20° to 2500 at a constant reflector temperature of 100°¢ were caleculated
by this methed. The temperature affects the reactor constants in two ways:
through the density of the solution and through the dependence on neutron veloci-
ty, v, of the microscopic cross sections., OStein took the thermal absorption
and fission cross sections to vary as vgl and the hydrogen scattering cross
section to vary as Vm0°6.

Criticalidy caleulations wers also made by We1t0n6 and Wood7 using a short-
cut gpproximation to the tﬁowgroup method, based on the work of R, P, Feynman
and T, A, Welt@n°8 The stesl core shell was treated as an additional region
which attenuated the thermal neutrons but did not affect the fast neutrons.

The macroscopic constants used by Stein and Welton sre given in Table I,

It is significant that for bolth ths fast and slow neutron groups, the diffusion
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constants for the core and reflector enter the calculations only as their
ratio. Stein's diffusion constants had been successfully used previously by
Spinrad and Greuling9 in criticality calculations for U-235-D,0 systems. The
nuclear data for the urenium isotopes were essentially the same as compiled by
the AEC cross-gection group.

The ratio of fast diffusion constants used by Welton and Wood were also
obtained from reference (9). The values at room temperature for the thermal dif-
fusion length, however, along with the thermal absorption cross-section for
water, 5ra(H20), used by Welton were obtained from reported measurements on the
diffusion in-a tank of water of neutrons from a thermal beam.l; In this experi-
menﬁ, the neutrons are not mono-energetic but possess a velocity distribution
which is probably not too different from Maxwellian. It is probably for this
reason that the value obtained for ¢ 4(Hp0), 0.69 barns, is considerable higher
than the more accepted value of 0.64 barns for the néutron speed of 2200 meters
per sec, Woodrﬁsed the same value for the thermal diffusion length as Welton
but tcok the cross-section for H,0 at 2200 meters per sec, as was done for the
uranium, on the basis that the cross-sections enter most strongly into the criti-
cality equation as their ratio. The calculated critical concentrations are

presented in- Table II.
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TABLE I

MACROSCOPIC CONSTANTS FOR HRE TWO-GROUP CALCULATIONS

Slow Diffusion Constant  Square of Slow Diffusion Fast Diffusion Constant Fermi_Age
Temp, (em) Length (cm®) (cm) (em®)
Modersator OS¢ Stein Welton Stein Welton Stein and Welton Stein Welton
20 0.142 0.161 6.62 7.07 1.14 33.0 33.0
Hy0 175 .180 210 11.50 12,77 1.28 b1.1 41.3
250 211 .250 16.39 18,44 1.43 51.2 52.2
4 i
20 .80 .91 1.00 x 10 1.51 x 10 1.13 120 120
D,0 100 .86 - 1.26 x 10" - 1.18 130 -
175 - 1.10 - 2.53 x 10“ 1,27 - 153
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CATCULATED CRITICAL CORCENIRATIONS OF U-235 FOR THE HRE

Critical Concentration with

D,0 Reflector, gm/Kg Hp0

Critical Concentration
No reflector, gm/Kg H,0

Reflector Effectiveness*

k/k, per cent

Tem B » b
ggp , Stein = Welton Wood Stein VWelton Wood Stein Welton’ Wood
20 26.0% - 24, 8¢ 48 52,9 31.2 15.7 - 7.5
b
230 - 40,1 - - 300 - - 24,5 -
250 38.4% - #1? 3P 192 - 59,7 20.7 - 11.2

ﬁate: The effect of the 3-inch thick pressure vessél‘far the refiector, about one,pércent in k. pps 15 not

included in the calculations.

% e B
Reduction in k ee of the bare reactor using the eritical concentration of the reflected reactor.

&. Reflector temperature, 100%
b. Reflector temperature, 17505}

¢. Reflector temperature, 20%
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The calculated critical concentrations are naturally dependent on the choice
of constants, 1In fact, an increase in the ratio of the fast diffusion constants,
reflector to core, from 1.00 to 1.25 increases the critiecal concentration by
approximately 10 per cent.

B, Effectiveness of Reflector

The effectiveness of the reflector is the difference in critical fuel concen-
tration for the reflected and bare reactor. The critical concentration of the
unreflected core was obtained by the usual two-group criticality equation. For
the purposes of this report, the reactivity effectiveness of the reflector is
numerically equal to the reduction in k. pp of the bare reactor when the concentra-
tion is reduced to the critical concentration of the reflected reactor.

For a reactor of the dimensions of the HRE, the results are guite sensitive
to the choiceof the extrapolation distance. From transport theory, the extrapo-
lation distance is 0,71 times the transport mean free path, Agps» Which in turn is
three times the diffusion constant. Apparently, in the calculations by Stein and
Welton, & negligible extrapolation distance was used., However, in subsequent
calculations by Wood, presented in Appendix I, an extrapolation distance of 4 cm
was selected at 20°C based on a calculated value of 1.9 cm for the fast diffusion

*
constant in HQO°

*
The fast diffusion constant was here obtained as the produet of the empirical
age (square of the characteristic slowing down length), and the wacroscopic cross-

section for the removal of neutrons from the fast group by thermalizaetion; this
cross-section belng the ratio of macroscopic fast scattering cross-section to the
average number of collisions required to thermalize a fission neutron., In calcu-
lating the average fast scattering cross-section, the assumption was made that

the sssymptotic distribution of neutron flux with energy holds. Approximately the
same value of De was obtained by assuming that the energy distribution of the flux
is iaversely proportional to the energy.
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The effect on reactivity from the return of fast neutrons to the bare core
by the 3-inch thick steel pressure vessel has been calculated to be approximately
one per cent in keff' The result is to decrease by one per cent keff the reac-
tivity effect calculated for draining the DQO reflector.

The relationship between reflector effectiveness and the Dp0 level in the
reflector vessel can be obtained from elementary considerations. To a first
approximation, the effectiveness of the reflector when the core is immersed should
increase linearly with the level of the DpO in the reflector level since the
surface of the core that is immersed in DoO is proportional to the reflector
height., This follows from the geometrical property of spheres that the surface
area of the sphere subtended by an intersecting plane is linearly dependent on
the distance from the plane to the center of the sphere.

C. Temperature Coefficient of Reactivity

The temperature coefficient of reactivity is the change in k, ¢p for each
degree centigrade., Stein fitted a polynomial of the third degree in temperature
to the critical infinite multiplication constants he calculated in the tempera-
ture interval 20° to ESOOC; and by differentiation, he obtained the temperature
coefficient, Welton and Wood calculated the coefficient from the difference in
kops 8t two temperatures for the same concentration. The temperature coefficient
can also be obtained more directly by differentiating the criticality equation
for an equivalent bare sphere (Appendix III); the buckling of the equivalent bare
sphere is that required for criticality with the same critical fuel concentra-
tion asg the reflected reactor. The variation of U-235 sbsorption cross-sectionl2

~1.2

with neutron energy, E, was taken as E . It is apparent from Table III, where

the calculated temperature coefficients are listed, that at room temperature the
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contribution to the coefficient from the variation in cross-section is compara-
ble to that from the density change. At 250°C, however, the cross-section effect

is less than 10 percent of the density effect.

TABLE III

CALCULATED TEMPERATURE COEFFICIENT OF REACTIVITY

2 kore/C x 10°

Nuclear and Nuclear
Temp, °C Stein Welton Wood Density Effect Only
20 0.12 - 0.4k 0.32 0.21
100 43 - .63 s .19
175 .61 - .86 .93 .16
230 - 0,9k - - -
250 W71 - 1.48 1.56 o1k

D. Safety Plates

The effectiveness of the control, shim, and safety plates were calculated
by Stein by means of a perturbation me*t;hod.:L where the two~-group neutron fluxes
and adjoint fluxes calculated for the reactor without rods were used asg weight-
ing functions. It is to be expected that by this method, the value of the plates
would be overestimated since the presence of boron in the concentration and
gquantity existing in the plates is bound to depress the flux in the region of
the plates. The effectiveness of the plates was calculated by Woodl‘L from the
change in reactivity to be expected when an absorbing curtain, which is black

to thermal neutrons and transparent4to fast neutrons, is interposed between the
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core and reflector, The value for the rods was then obtained from the frac~
tional solid angle they subtend at the core. Results obtained by both methods
are presented in Table IV where it ig apparent that the perturbsation method
gives a vélue 2.5 times greater than the "absorbing curtain" method., The total

value of all rods by the latter method is 3.9 percent at 250°¢,
TABLE IV
THEORETICAL EFFECTIVENESS OF CONTROL AND SAFETY PLATES

Safety Plate, keps

~ Perturbation "Absorbing Curtain" Control Plate, k. pp
Temp. °C Method __ Method "Absorbing Curtain" Method
20 1.05% 0.77
250 4% 1.44% . 1,06

E. Pressure Coefficient

The pressure in the core affects the reactivity in two ways: through the
density of the solution and through the stretching of the core vessel. Both
reactivity éffects have been calculated directly from the criticality equation
for the equivalent bare sphere and are presented in Table V. The effect due to
stretching the core tank is very small and if the radius of the equivalent bare
sphere were arbitrarily taken as equal to the geometrical radius of the core to
obtain an upper bound, the values shown would be increased by no more than 50

percent.
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TABLE V
Xy
CALCULATED PRESSURE COEFFICIENT OF REACTIVITY, T
Temp. Density Effect; Tank Stretching Effect;
°c Core and Reflector Pressure Balanced Reflector Pressure Constant
30 0.16%/1000 psi 0.21%/1000 psi
250 0.57%/1000 psi 0.63%/1000 psi

F. Fuel Concentration as a Measure of Reactivity

The effective multiplication of the reactor is determined uniquely by
the fuel concentration for any specified temperature, reflector, and control
rod position. A change in reactivity produced in any fashion can very con-
veniently be measured by the corresponding change in fuel concentration which is
required to return the reactor to delayed critical. In considerations of reactor
kinetics, however, the reactivity or effective multiplication constant enter
directly.

However, at times it is desirable to use reactivity or effective multi-
plication constant directly since they enter into the kinetics of the reactor.
Furthermore, comparisons with other reactors can be made more convenlently with
these units. Reactivity is a quantity however that cannot be directly measured
but may be inferred from the manner in which the reactor departs from equili-
brium after some change is made in the reactor, Unfortunately, success here
depends on accurate knowledge of the effective delayed neutron fractions--includ-
ing the photo-neutrons from the Dp0O--and the prompt neutron generation time,
Another approach is to determine empirically the equivalence between fuel concen-

1
tration and reactivity by means of a boron bubble experiment 3 where the only
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uncertainty is the value for the absorption cross~section for boron. The
necessary facilities for such an experiment were not available in the HRE,
which was designed primarily as a reactor for producing power at high tempera-
ture and pressure.

The altgrnative, which proved successful, was a calculated conversion
between fuel concentration and k. pp by the Feynman-Welton approximation to dif-
fusion theofy; According to théir formulation, the‘concentration enters primarily
in the tﬁermal utilization, f"énd in the leakage term for slow neutrons
(1 + LZBQ), through the square of the slow neutron diffusion length, Lz. Essen-
tlally, the criticality equation for the reflected reactor can be reduced to that

for a single region with an asppropriate value for the buckling, Bz, thus

where’at constant temperature, the resonance,eséape probability, p, and the
factor Ahgre.éssenéially constant over tﬁe range of concentration of interest
in the HRE. |

After introducing the explicit expressions for L2 and f in terms of the

concentration, C, one obtains

g = .Qli. - 1] = Constant
Kerr
The cohversion between effective multiplication and concentration then becomes,

for k. pp equal to unity,

I¥epr 74 -1
aC ‘erbz A
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where Ccr is the critical concentration and can be obtained by direct measure-
ment. For any temperature, the value of A is obtained from the measurement of

2

eritical concentration and from the value of B calculated from theory. The

2 Bz) and since Lo2 B° for the

dependence of A on B® is through a term (1 + L,
HRE is of the order of 0.1, the effect of approximations in the theory is corres-
pondingly reduced., The applicability of the theory in this treatment is borne
out by the success in predicting the critical concentrations of the HRE., The
values of <9keff/.?c derived by this method are plotted in Figure 6 as a func-

tion of the temperature,
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

A, Initial Critical Experiment

Summary. As is customary in attaining eriticality for the first time with
a new system, a cautious empirical approach was used in bringing the HRE to a
"zero power" critical condition on April 15, 1953. The fuel was added in steps
while finer control of reactivity between steps was obtained with the reactor con-
trols: shim and control rods, and reflector level. A plot was maintained of the
‘neutron multiplication, or rather reciprocal counting rate, as a function of fuel
concentration in order to predict safe values for successive fuel additions, and
alsc to obtain an early estimate of the reactivity controls. The fuel concentra-
tion was obtained from the inventory of U-235 and water in the system and was
checked by chemical analyses of samples removed after each fuel addition. After
‘30 fuel additions over a period of two‘days, criticality wes achieved at a tempera-~
ture of‘BOOC with a %uel concentration of 24.9 grams of U-235 per Kg of water,
which is within one percent of the theoretical prediction. |

Description of Experiment. The initial criticality experiment was performed

in the high pressure circulating system which consisted essentially of the 18-inch
diameter spherical core, the heat exchanger, the circulating pump of 120 gpm
capacity, and temporary lines for filling and sampling. All lines normslly con-
necting the high pressure circulating system to the low pressure system were
blanked off, except for the dump line which was retained as a last resort safety
device,

The pump was used only as & means of mixing the solution in the system after

a fuel addition. The sample bombs were connected across the heat exchanger to
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obtain adequate circulation through the bombs.

Approximately 70 Kg of water were first added to the high pressure system
through the temporary filling line, bringing the level in the pressurizer approxi-
mately six inches above the fuel outlet conmection. In this manner, it was
planned to minimize any mixing effects introduced by the region above this point
which has a volume of approximately 6 liters. The flanges on the two blanked-off
lines were temporarily loosened in order to vent the lines while filling., Earlier
tests with normal uranyl sulfate solution had indicated that the mixing the sys-
tem would be satisfactory, and this was borne out during the critical experiment
where the neutron multiplication was a rapid and sensitive indication of changes
in concentration,

For the purpose of adding fuel, the sample bombs which were of two sizes,

75 ml and 300 ml, were filled wiﬁh a predetermined quantity of stock U0oS0y solu-
tion. After a bomb was connected to the sampling lines, the circulating pump was
turned on for 10 minutes. The sample bomb was then removed from the sampler point
after isolation, containing a representative sample of the fuel solution. In this
manner, the procedure of adding fuel and withdrawing a sample did not change the
volume of fuel solution in the system.

The reactor was prepared for each loading by lowering the reflector to the
top of the core, inserting the control and shim plates, and cocking the safety
plate, In this manner, a reduction was made in reactivity of 1.3 per cent which
is equivalent to 0.9 gm U-235 per Kg of water when critical. This corresponded
to a change in mass of U-235 in the system of 65 gms as compared to limit of 45
gms which was imposed on the size of additions after approximately two-thirds of

the required uranium had veen introduced into the reactor. The earlier additions
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were limited to about 100 gm batches with the neutron count rates determined
between every'fwo or three batches. Data on neutron multiplication was obtained
with the two fission chambers which were connected both to scaling units and
recorders and also with the graphite ionization chamber connected to a recorder,

for the static conditions listed in Table VI,

TABLE VI

CONDITIONS FOR MULTIPLICATION MEASUREMENTS IN HRE
DUBING INITIAL CRITICALITY EXPERIMENT

Condition y Reflector Level Control ggi; — Safety
1 Top ofﬂcéra In | In out
2 Full In In Out
3 Full In out out
4 - Full out Out out
5 X Full  In In In

v

& plot of reciprocal counting rate as a function of concentration was kept for
each of these conditions iqior&erﬁto predict when criticality would be reached
and also to obtain an early estimate of the effectiveness of the controls; On
occasions; the multiplication was followed as the reflector level was varied
between completely empty and full. |

Effect of Circulation. It was apparent fairly early in the experiment

that the decrease in neutron multiplication from the circulation of the fuel was
greater than expected on the basis of the reduction in the effective delayed
neutrons. For example, when a fuel concentration in the reactor of 21 gms per

Kg df water wss reached, the decrease was approximately 7 percent in the
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multiplication factor of about 15, corresponding to a reactivity change of 0.5
percent as compared to 0.2 percent predicted. This anomoly was caused by air
being sucked into the solution from the free surface close to the outlet line

in the pressurizer stem, the air then decreasing the average fuel density in

the core. After an additional 1.23 Kg of water was added, raising the level in
the pressurizer stem by 11 inches, the change in reactivity resulting from circu-
lation was reduced by one-half, bringing it in line with predictions.

Multiplication Data: The apparent multiplication, which is the ratio of

the initial counting rate with pure water in the reactor to the counting rate
observed with fuel solution, is shown in Figure 7 for the reactor with the
reflector full and all rods withdrawn. The solid curve is the multiplication
calculated from two=-group diffusion theory. The agreement between the curves

is remarkably good in view of the fact that the apparent multiplication measured
with the detectors is not the true multiplication of the reactor., The difference
between true and apparent multiplication arises from two factors: the relative
distribution of neutron flux fhrough the reactor which depends on the degree

of excitation of higher modes varies with the reactivity or fuel concentration;
also, the detectors respond to some neutrons originating from the Po-Be source
as well as from the reactor, and the ratio of the two contributions also depends
on the reactivity.

Criticality was reached at the concentration of 24.9 gms U-235 per Kg H50,
with the reactor full, shim and safety plates completely out and the control rod
withdrawn 3.6 inches. From later work on calibrations of the control plate, it
was determined that the quivalent critical concentration with all rods out is

24.8 which is within one percent of the value of 25.1 calculated from two-group
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diffusion theory. For each condition listed in Table VI, the;curve of recipro-
cal counting rate as a function of fuel concentration obtained with the three
detectors was slightly convex toward the origin., From an experimental point
of view, this shape for the curves is to be preferred since the extrapolations
for the critical concentration give conservative predictions.

As mentioned earlier, estimates were made in the course of the initial
eritieal experiment of the value of the resctivity controls from the multiplica-
tion data obtained with the south fission chamber which had the best geometry,
The estimates from differences in multiplication are presented in Table VII along
with estimates made at the conclusion of the experiment from the critical con-
centrations to which the reciprocal count rate curves extrapolated. Also shown
for comparison are the more accurate values of reactivity controls obtained
later by direct calibration in terms of reactor period and critical fuel concen-

tration,
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TABLE VII

EFFECTIVENESS OF CONTROLS AS DETERMINED
FROM MULTIPLICATION DATA

Control Shim Reflector Level
Fuel Conc, Control Rod Shim Rod and Safety Rods From Top of Core
g U-235/Kg H,0 Ak e, % Lkepr, P Akerr, b to Full Akgrp; %
20.0 0.3 1.6 3.5 1.0
21.3 .3 1.3 2.8 3.0
22,8 .2 .9 1.8 1.9
23.9 .2 .6 1.3 1.1
214'98 u2 . -3 '9 '7
Extrapolation
of Multiplication
Curves .3 ) 1.3 o7
Calibration from
Criticality Data .32 48 1.28 .6

In general, the magnitude of the estimates from the multiplication data decreased
with successive fuel additions, approaching the values determined more accurately
later by criticality measurements. The large uncertainty in the estimates st
the lower multiplications undoubtedly reflects the difference between the
apparent and true multiplication and also geometry effects associated with
moving the rods and reflector, both effects decreasing as criticality is approached.
However, the estimates obtained from extrapolations of the multiplication curves
agreed very well with the values from direct calibration.

It was not possible to determine the effectiveness of the entire reflector
from neutron multiplication measurements since large changes in reflector level

radically altered the geometry of the system, changing the relative efficiency
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of the detectors to neutrons eminating from the source and to neutrons multie
plied in the reactor., For example, as the reflector level was raised to a

point above the bottom of the core where the instrument thimble in which were
located the neutron detectors became immersed in Dp0, a sharp increase in count
rate was observed. For fuel concentration as dilute as 16 gms of U-235 per Kg

of HpO, this was followed Ey‘a decrease in count rate as the reflector level

was raised further and finally‘by an increase in count rate as the neutron source,
which was locéted near the top of the core, became immersed.

B. Bod Calibrations

The first step in the experimental program after the initial critical
experiment was the calibration of the control and’safety mechanisms. The control
and shim rods were calibrated at room temperature by two methods: by measuring
the pile period assoclated with a ch%nge in rod position; and by measuring the
change in fuel concentration required to maintain the reactor critical. The
value of the safety rod which was kept in a cocked position'at all times was
ﬁ&ken to be equal to that of the shimsrbd to which it is identiéai in construc=
tion and geometrical location, The effectivgness of the rods at elevated k
temperatures was more conveniently obtained by means of the temperature coeffi-
cient of reactivity. |

Calibration by Period Measurement. This calibration was made with the

core and reflector at 2598 and without circulation of the fuel. Starting with
the regetor critical at low pqwery & rod was withdrawn approximaﬁely two inches,
and the rige in yowef level over several decades was observed on a‘reeording
logarithmic count rate meter., A second rod was then inserted to stop the rise

in power level returning the reactor to critical., In this manner, it was possible

UNCLABSIFIED



UNCLASS IFTED

=3

to calibrate the entire rod in steps from completely inserted to completely
withdrawn. Also; data was obtained simultanecusly on the second rod.

The reactivity change brought about by moving the rod was computed from the
reactor period using & theoretical inhour curve for the static reactor based on
& delayed fraction of 0.755% and a photoneutron contribution of 00033%Q14 In
order to reduce the dependence of the experimental calibration on the value of
prompt neutron generation time which bad been calculated from theory, long periods,
approximately 100 seconds, were used,

Calibration by Fuel Addition, The fuel concentration was increased in steps

of the order of 0.1 gm U-235/Kg HpO by adding concentrated uranyl sulfate solu-
tion, The change in concentration in the reactor was known very accurately from
the quantity of fuel added and the inventory of water, At each concentrationm,

the critical positions of the rods were noted along with fuel and reflector temper-
atures and reflector level. In this way, the increase in fuel concentration was
correlated directly with the change in position of each rod. The reactivity
change from the increase in fuel concentration was obtained from the concentra.
tion coefficient of reactivity, Figure 6, Usually a small correction for tempers-
ture change was regquired. The calibration data for the rods obtained both by
period measurements and concentration change agree very well with each other and
are shown in Figure 8 and 9,

Shim Rod Calibration at 2009@0 After the temperature coefficient of the

reactor was established by measurswments of critical concentration over a range of
core tempsrature, changes in tempsrature proved very useful in measuring reac-
tivity. The shim rod was calibrated by this technigue near 200°C which was close

to the highest temperaturs feasible for low power calibrations. The reactor was
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brought to criticality at 202°C by introducing building steam into the main
fuel heat exchanger. The heat source was then turned off and while the reactor
cooled, it was kept critical by inserting the shim rod. The fuel was of course
circulating during this calibration in order to measure the temperature with
the thermocouples on the circulating lines. The change in fuel tempersture multi-
plied by the temperature coefficieﬁt of reactivity 1s then the reactivity con-
trolled by the shim rod movement, The calibration of the shim rod at 200°C is
also shown in Figure 9,

The experimental values obtained for the total reactivity controlled by the

rods are listed in table VIII,

TABLE VIIT
EFFECTIVENESS OF HRE RODS
AXgre  prreny
Kpry
25% " 200°C 4 250%C
Rod Experimental Calculated Experimental Calculated Calculated
Control 0.33 0.77 O.41 1.1 -
Shim .48 1.1 .61 1.4 L
Safety .48 1.1 .61 1.4 b
All 1.29 3.0 1.63 3+9 8

*calculated by P. M. Wood on the model of a cuftain which is black to thermal
neutrons

5
Calculated by J. S. Stein by zero order perturbation method
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Discussion. The excellent agreement in the results obtained by the two
methods of rod calibration; reactor period and change in critical concentration,
is indicative that the conversion from concentration to reactivity derived from
theory is consistent with the values chosen for the effective delayed neutron
and photo-gamma neutron contributions. The reliability of the reactivity-concen-
tration conversion factor was also strongly supported by the close agreement
between the measured critical concentration and that predicted from theory.

In Table VIII, a comparison is made between the observed and calculated
values of the rods. It should be pointed out that since the bottom of any rods
in its withdrawn position was no further than 10 inches removed from the core,
one would expect, from the shape of the calibration curves, an additional 0.1
in ZXkeff percent for each rod if they could have been more completely withdrawn.
The measured values of each rod at room temperature was approximately one-half
percent lower in reactivity than calculated on the model of an absorbing curtain
ad jacent to the core tank, which is opague to thermal neutrons, The discrepancy
appears somewhat greater at elevated temperatures. An overestimate is made in
assigning a value to the rods which is proportional to the solid angle subtended
when the rods are inserted since the flux distribution is then distorted with
its center shifted away from the plates. Another source of uncertainty in the
calculations arises from the reactivity value of the core shell which is made of
347 stainless steel, 3/16 inch thick. For example, if this had been underestima-
ted by one percent in ASkeff, the safety rod would be overestimated by 0.2 percent
in\ékkeff, Finally, it is apparent that the zero order perturbation method for

calculating the value of the rods results in a very large over-estimate.
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C. Reflector Calibration

Measuregents at Room Temperature. As the fuel concentration in the core
was Increased in steps after the initial critical experiment, criticality was
achieved near room temperature with all rods withdrawn at successively lower
reflector levels. Data were obtained both with and without circulation of the
fuel and were adjusted for the difference in reactivity. The height of the
reflector -was méasured by means of a ﬁanometer connected directly to the pres-
sure vessei as well as the installed liquid level transmitter. It was considered
inadvisable at this stage to lower the reflector for these experiments more than
two inches below the equator of the core in order to retain the only rapid shut-
down dévicés available in the reactor: the dumping of the reflector and the
dropping of rods into the reflector.

The date are listed in Table IX where at each reflector level, the change
in concent;atiqﬁ from the fully reflector reactor has been converted into a
change in reactivity with corrections for changes in temperature and rod position.
The treated data are plotted in Figure 10 where the points with the fuel circu-
lating have been aligned with the static points by adding 0.60 percent keffo
This difference arises from the loss of delayed neutrons on circulation and also
from the difference in the datum for each set of points. In the region defined
by the top and bottom of the core, there is a linear dependence of reactivity
on’reflectof‘level,,as was predicted. By virtue of the symmetry of the calibra-
tionyéufve,,thértotal effectiveness of the reflector is twice the value from
the reflecﬁor full position to tﬁéycdre equator. The resulting value of 6.5
percent k.pe is in good agreement with that predicted on the basis of extrapo~-

1a$ion distance of 4 cm for the fast néutron group.
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TABLE IX

REFLECTOR CALIBRATION AT ROOM TEMPERATURE
Fuel not Circulating

Datum: Shim, control and safety rods withdrawn,
core temperature 25°C, concentration 24,88
gm U-235/Kg Hy0, reflector level 100 per-

cent (full)
Fuel Reflector Core Rod Positions Akepp percent
Concentration Level Temperature Inches Withdrawn From From . From
gm U-235/Kg HyO  Percent oS¢ Control? Shim3 Tempersture  Rods  Concentration Total
2k, 2 100.0 25,3 8.3 10.9 -0.011 -0.025 0,060 0.02
25.28 80,0 25.2 0.0 4,0 - .008 - 574 .596 .01
25.28 70.0 25.2 0.0 6.0 - .008 - 466 .596 .12
25.03 66,3 23.8 12.6 9.0 - 046 - ,070 22k .20
25.28 66,0 25.2 0.0 9.1 - .008 - .311 .59 .28
25,28 60,5 25.4 12,7 11.0 - 015 0 .59 .58
25.48 60.5 25.6 0.7 11.0 - .023 - .300 894 .57
25.48 58,7 25.% 12.7 10.8 - .015 0 894 .88
25.48 58.5 25,1 10.7 11.0 - 004 - ,012 .80k .88
25.63 56,4 24.3 11.4 11.0 + 027 0 1.118 1.15
25.63 54.5 25.0 12.6 10,6 0 0 1.118 1.12
26,1k 49,3 30.0 12.7 11.1 - .190 0 1.877 1.69
26,6k 4h,7 36.0 12.7 11.2 - 418 0 2.622 2.20
27.14 31.5 30.5 12,6 10.8 - .209 0 3.367 3.16
27,14 31.3 27.5 12.7 10,8 - ,095 0 3.367 3.27
27.54 25.6 30.5 12.7 11.2 - .209 0 3.963 3.75

{1) Range of level indicator is 30 inches with zero corresponding to the bottom of the core tank.
(2) Pully withdrawn at 12.7 inches,

(3) Fully withdrawn at 11.2 inches.
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TABLE X

REFLECTOR CALIBRATION AT ROOM TEMPERATURE
Fuel Circulating

Datum: Shim inserted; control and safety rods with-
drawn; core temperature 25°C; concentration

25.48 gm U-235/Kg Hy0

Fuel Reflecpor " Core Rod Positions AKgrr, percent

Concentration Level Temperature Inches Withdrawn From From From

gm U-235/Kg Hy0 Percent % Control Shim3 Temperature Rods Concentration Total
25,48 73.7 25.5 12.7 0.0 -0,019 0,419 0 =0 b
25.48 67.2 25.3 0.0 10.9 - ,011 - .258 0 - .27
25.48 61.2 25.3 12,7 10.9 - 011 o 0 .01
25.63» 57.8 25.8 11.2 11.1 - .030 0 22k .19
26.14 52,0 30.5 12,7 11.1 - .209 0 .983 77
26,1k , 51.5 29.2 12,7 11.1 - .160 0 .983 .82

26,64 48,2 36.6 12,7 11.2 - bl 0 1.728 1.29

-6€-

(1) Range of level indicator is 30 inches with zero corresponding to the bottom of the core tank.
(2) Fully withdrawn at 12.7 inches.

(3) Fully withdrawn at 11.2 inches.
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Reflector Calibration at Elevated Temperature., At 22500, which was

reasonably close to the design operating temperature of the reactor, the effec-
tiveness of the reflector as a function of level was measured in two ways: by
change in critical fuel concentration at constant temperature and by change in
critical temperature at constant concentration. The temperature of the reflector
was maintained at 20000o Since the reactor pressure was kKept at 1000 psig, it
was not feasible to check the reflector level with a manometer; the level being
determined solely by the differential pressure device with compeusation for the
change in density of the D20 with temperature. Due to mechanical difficulties,
the control rod remained permanently inserted during these measurements. Again,
for safety considerations, the reflector level was not tsken more than an inch
or so below the core eguator. The concentration of fuel was determined by gravi-
metric type analyses of the samples which were withdrawn as required in 20 ml
aliguots, The data obtained primerily by change in concentration are presented
in Table XI while that obtained from temperature data are in Table XII.

After the inherent stability and safety of the reactor had been demon=
strated later in the experimenis at high power, a calibration of the entire
reflector was obtained by draining it completely. Because of the radicactivity
of the fuel solution at this time, accurate analysis of the concentration were
not feasible and the reflector was therefore calibrated by the change in critical
temperature., As the reflector level was changed, the reactor automatically
adjusted itselfl to delayed critical by heating or cooling as reguired. The
refléctor temperature was kept in the vicinity of 185003 nowever, 85 will be des-
cribed later, the temperature of the reflector has very little effect on

reactivity. The data obtained here are also displayed in Table XII where the
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TABLE XI
REFLECTOR CALIBRATION AT 220°C BY CONCENTRATION CHANGE
Reflector Temperature: 200°C

Shim and Safety Rods Withdrawn; Control Rod Inserted
Pkope/#T = - 1.35 x 1073/°C at 225°%

Fuel Reflector Core L kgpp, percent
Concentration, Level, Temperature, From From

gm Uw335[§g Hs0 Percent 9% Temperature Concentration Total
| 37,7k 100 228 - - Datum
37.80 %.5 230 -0.30 0.06 -0.2k
37.68 . 100 226 .31 - .06 .25
37,01 51 22k .57 .25 .82
39.19 40 219 1.25 1.39 2.64
41,96 29.5 225 45 3.9% L, 36
37,91 58.5 220 1.08 .16 1.24

‘decﬁease in temperature has been converted to the equivalent Zﬁkeff by méans
of the sppropriate temperature coefficient. It can be easily shown on the basis
of the‘equivalent bare reactor model thet to a good approximstion, this coeffi«
cient is proportional to (1/p){2p/d T) when the concentration remains constant,
Corrections were made to ﬁ&keff for minor changes in concentration and also
for the presence of the inserted shim rod.

A1l the data cbtained at the elevated temperatures were plotted in Figure
11 where again a linear relaﬁionship‘is indicated between reactivity and reflec-
tor level from the top to the bottom of the core. The data taken after high
power operation are in very good sgreement with the curve which was drawn
through the earlier data and éxteﬁded by reflection at the core equator. The

effectiveness obtained in this mamner for the entire reflector with control rod
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TABLE XII

REFLECTOR CALIBRATION BY TEMPERATURE CHANGE

April 1953
Shim and Safety Rods Withdrawn, Control Rod Inserted

Fuel Concentration 37.7 gm U-235/Kg H0
éﬁkeff, percent

W%
=flector Core Condensate ‘9keff Corrected Corrected for
Level Tempgrature Holdup 9T ? for Shim Rod and
b Full C Xg (-1) x 10”3 Uncorrected Concentration Concentration
100" 225 83 1.25 - - datum
80 224 83 1.25 - - 0.13
69 223 83 1.25 - - .25
57 218 82 1.24 - - .87
50 209 82 1.20 - - 1.92
40 201 82 1,14 - - 2. 74
39 201 82 1.14 - - 2. 7h
February 6, 1954
Active Fuel Solution: 100 Kg
9L 22k 92 1.25 0.75 0.08 0.08
0 165 92 .87 6.58 5,91 5.91
Drained 157 9 .84 7.25 6.58 7.18
Drained 157 9”2 .84 7.25 6,58 7.18
Drained 157 92 .84 7.25 6.58 7.18
0 165 9 .87 6.58 5.91 6,51
15 177 2] .2 5.51 L, 84 5ol
30 195 gh 1.03 3.89 3,89 4,19
b5.3 210 oly 1.14 2.36 2,36 2.36
61 22k Oly 1.25 .71 .71 .71
67* 227 9k 1.27 .36 .36 .36
o7 230 ok 1.31 - - datum
93 22k o7 1.25 .03 .03 .03
Drsined 159 92 .Sl 6.l 6.4k 7.04

This point is used as the datum,

¢ The ratio of this coefficient for a partially reflected configuration to that for
the full reflector at the same concentration bul at higher temperature is equal to
the ratio of the values of
1 2
5 5t

where p is the density.
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in is 7.7 percent in zﬁkeff. The corresponding effectiveness when all rods

are withdrawn would be 8.1 percent which agrees reasonably well‘vith the wvalue

of 7,5 percent which is calculated as the reduction in reactivity in the bare
reactor at 224°C when the fuel concentration is reduced from its critical value
to the value which makes a fully reflected reactor critical at the same tempera-
ture. The comparison between theory and measurement can be made in a somewhat
different manner by comparing the final critical temperature observed when the
refiector was completely drained -with the temperature predicted from the fuel
congentration. From the calibrations performed on the HRE, the critical concen-
tration at 224°C with a full reflector and with the control and shim rods
inserted is 37.6 gm U-235 per Kg Hgo.» At this concentration, calculations, using
an extrapolation distance which is consistent with the 4 cm value at room tempera-
ture, indicate that the critical temperature when the reflector is removed should
be 15200 as. compared to the 157°C measured. By the same type of calculation,

one predicts that the temperature reached on a shutdown from the 250°C operating

temperature by dumping the reflector is 1750Cg
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D. Temperature Coefficient of Reactivity

The most important reactivity calibration in the HRE was the relationship
between critical temperature and concentration of fuel since, for a reactor
which is self-stabilizing, a change in reactivity is immedistely reflected by
a change in reactor temperature., Furthermore, from the rate of change of concen-
tration with temperature can easily be obtained the temperature coefficient of
reactivity which is an important parameter in the nuclear kinetics and safety
of the reactor. The critical concentration was measured over the range of
temperatures from 20°C to 23000, the maximum attainable with external heating
sources. The fuel concentration was reported in units of gm U-235/Kg H,0 which
is invarient to the temperature of a sample of solution., Furthermore, the criti-
cal concentration in these units is practically independent of small variations
in isotopic enrichment of the fuel. The reference condition of the reactor was:
reflector full, all rods withdrawn, and the reflector temperature same as of
the core. As it turned out, corrections for reflector temperature were negli-
gibly small, a 40°¢ change in reflector being equivalent to only 1°C for the
core,

The fuel temperature was measured by means of thermocouples attached to
the main circulating lines and for the most part, the output was checked with a
type K potentiometer. The reflector temperature was determined in a similar
manner, To maintain fuel temperatures under approximately 10500, it was neces-
sary to circulate eooling water through the main heat exchanger in order to
remove the heat input from the fuel circulating pump. Between 105°C and EOOOC,
the reactor was heated with plant steam iﬁ the main heat exchanger; and for

higher temperatures, the gsteam source was an auxiliary electric boiler which
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deliversd 40 Kw of steam at 600 psig pressure.

Griticality Data from 2000 to 1GSOG, As in the case of the initisl criti-

cal experiment, the measurements from 20°¢ to 105°C were made only on the high
pressure fuel system which was isoclated from the low pressure system, The
methods of changing and measuring the fuel concentration were .also the same,

In this temperaturs range, criticality measurements were performed both with the
fuel airculating.and under static @ondiﬁioné in order to evaluate the change in
the effective delayed neutron contribution due to circulation. The pressure was
waintalaed at 100 psig with He for proper operation of the circulating pump.

The experiments were more difficult to perform with the main circulating
pump off since the core temperature could not be directly measured. A procedure
was therefore adopted whereby the temperature was measﬁred while the pump w&slrunm
ning, the pump was then stopped, and the reactor brought to delayed criticsl.
The readings of the reactivity controls were noted as well as the time elapsed
after turning off the pump. Due to heat losses, primarily to the reflector, the
reactor temperabure decreased. An empiricel correction was determined for this
zooling as a function of the initisl temperature difference between core and
reflecbor and the time elapsed. In Figure 12 is shown a copling eurve for an
Initlel temperature difference ofvhoﬁg with the core temperature inferred from
thé movement of the shim rod which was regulred to maintain the resctor critié&lu
It should be pointed out that the correction for cooling which was applied to
the static data never exceeded 3°C, The date are displayed in Table XIIT where the
various corrections sre indicated.

The criticality dats obtained with the fuel circulatingare presented in

Table XIV. All the data, both with the fuel static and cireuwlating, for
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CRITICAL FUEL CONCENTRATION BELOW 105°C WITHOUT CIRCULATION
REFLECTCR FULL: RODS WITHDRAWN

TABLE XIIX

Correction for Rods

Measured Corrected Initial Time Fuel Temp.
Fuel Ak Equiv, Change Fuel ‘ Fuel Reflector Pump Temp? when
Concentration, eff, In Cone. Concentration, Temperature, Temperature, was off, Correction, Critical
gm U-235/Kg H0 percent gm U-235/Kg H,0 gm U-235/Kg HpO o ¢ min ¢ o¢
25,13 =0, 2k -0,16 24,97 35.2 35,0 7 0 35.2
25.32 - .30 - .21 25,11 43 40 15 3 40
25.98 - .32 - .23 25.75 66.8 6k 30 2.9 63.9
26,48 - .39 - .29 26,19 78.0 76 i ol 77.6
26,97 - o5k - .40 26,57 %2.8 88 5 1.2 91.6 1
26.97 - .35 - .26 26,71 94,0 91 5.2 N 9344 v
27,37 - .58 - W45 26,92 102,0 97 7 1.3 100.7
27.37 - 255 - .43 26,94 101.7 100 7 5 101.2
27.37 - .36 - .28 27,09 104,2 100 3¢5 .7 103.5
27.37 - .36 - .28 27.09 104.9 101 6.5 .9 104,0
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temperatures under 10500 are shown in Figure 13 where curves were drawn through
the data for the purpose of estimating the slopes. A loss of reactivity is
indicated wpon circulation of the fuel solution, equivalent to 0,12 gm U-235 per
Kg~H20 at 30°C‘increasing to 0,18 gm U-235/Kg H>0 at 100°¢, The corresponding
reactivities in Akgre are 0,18 percent at 30°C and 0.23 percent at 100°C. The
estimated loss in delayed neutron fraction had been predic£ed as 0,20 percent:
0,15 percent loss due to emission of the neutron in the external eircuitls and
0.05 percent due to the mixing of the precursors throughout the core,

Criticality Data from 100°C to 250°C. For the experiments in this tempera-

ture range, the fuel system was comnected together as intended for normal opera-
tion, permitting circulation between high and low pressure components at one gpm
by means of the pulsafeeder type pump. The fuel concentration was changed as
needed by changing the inventory of condensate in the concentration control sys-
tém, For esch critical point in the range from lOO?C to 21700, two samples of
solution were withdrawn from the high pressure circulating stream by mesns of
the sample bombs of 50 nl capecity. However, for the data sbove 21790, the
temporary ssmpling rig was replsced by a remote sampler for radiocactive solution
and as mentioned sarlier, the error in determining the concentration increased,
In order Lo reach the Lemperature of 240%C and higher, the reactor was heated by
raisivg the power level to 50 Kw, and because of the radiocsctivity preoduced in
the fuel sclution, the concentration was inferred priwarily from considerations
of fuel and condensate invenbtory. |

The data are presented in Table XIII while in Figure 14 are plotted all the
dats obtained from 20°C to 250°C with the fuel circulating, The curve caleulated

by the Feynmen-Welton approximation (Appendix I) is also shown for comparison,
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TABLE XTIV
CRITICAL FUEL CONCENTRATIONS WITH CIRCULATION

Reflector Full; Rods Withdrawn
High Pressure System Alone

neactivity Corrections

Measured Rods Pregsure | Reflector Equivalent Corrected

Fuel Cone, zﬁske £ Akes ‘Zkkef Change in Conec, Fuel Conc, Corg Temp. | Reflector Temp, Fuel Pressure

gm U-235/Kg 3,0 | (=) ‘i {+) ; (-) % gm U-235/Kg HoO  gm U-235/Kg HpO c °c psig
25.13 0.59 0 0 0.39 24,73 22 25 100
25,13 .45 0 0 .30 24,82 26 25 100
25.13 40 0 0 027 24,85 27 25 100
25,13 o 3k 0 0 .23 24,90 26 25 100
25,13 027 0 0 .18 24,95 30 25 100
25,13 .11 0 0 .08 25.05 33 25 100
25,13 <Ol 0 0 .03 25,10 3% 25 100
25.13 0 0 0 0 25,13 37 25 100
25,32 0 0 0 o} 25,32 43 25 100 .
25,47 0 0 0 0 25,47 L9 25 w00 &
25,98 .78 0 0 «55 25,44 50 25 100 i
26,48 .76 0 0 055 55.93 67 25 100
25,98 0 0 0 0 25,98 67 25 100
26,48 ‘ .20 0 0 .15 26,33 79 25 100
26,48 11 0 o .08 26,40 80 79 100
26,97 67 0 0 49 26,48 82 79 120
26,48 0 0 o 0 26,48 83 79 120
26,97 022 0 0 .17 26,81 g2 87 260
26,97 .16 0 0] 012 26,86 93 92 100
26,97 0 0 0 0 26,97 % 9k 120
27,37 A1 0 0 031 27,06 100 95 300
27,37 037 0 0 .28 27,09 101 95 300
27,37 .26 0 0 .20 27.17 102 100 300
27,37 .05 0 0 + 04 27,33 104 100 120
27.37 02 0 o} .02 27,36 105 102 120
27,37 0 0 0 0 27,37 105 104 120
25,13 W40 2 0 .27 2k, 85 27 25 100
25,13 .36 0 0 024 24,89 28 25 100
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TABLE XI¥ (Cont'd}

Messured Rode Pregsswre | Reflsetor Bguivalent Corrachbed
Fusl Cone, Dkgpr | NXapp D Xype  |Change in Cons, Fuel Cone, Corg Temp.| Reflechor Temp.| Fusl Pressure
g U-235/Kg H,0 | (<) % («] % (<)% lgm U-235/Kg Ho0 | gm U-235/Kg Ha0 c “ psig
25,13 031 O 0 2L 24,92 29 25 100
25,13 +30 O 0 .20 24,92 29 25 100
25,13 +29 0 0 .19 24,93 30 25 100
25.13 216 0 0 o1L 25,02 32 25 100
25.13 -+ 06 s} 0 o Ol 25,08 33 25 100
25.13 .03 0 3 e 25,11 35 25 100
25.13 .03 0 0 o 02 25,11 35 25 100
25,98 0 0 0 0 25,98 67 6l 100
25,98 0 3 0 0 25,98 67 65 100
26,48 .76 0 0 +55 25,9k 68 60 100
26,48 .13 O o +10 26,38 80 79 120
26,98 0 0 0 o 26,97 96 9l 120
27,37 e 0 0 .32 27.05 99 93 100
27.37 42 0 0 .32 27.05 99 93 100 .
27,37 Jhg 0 0 .32 27,05 99 ol w06 &
27.37 L0 0 0 +30 27,07 100 95 100 ;
27,37 +39 0 0 .30 27,07 100 95 100
27.37 3k 0 0 +26 27.11 100 95 100
27,37 NG 0 0 .26 27,11 101 g5 100
27,37 +31 0 0 .2h 27,14 102 100 100
27.37 .30 0 0 .23 27.1h4 102 100 100
27,37 .35 0 0 27 27.10 102 98 600
27,37 027 0 0 o21 27,16 103 100 910
High.and Low-Pressure Systems Connected Together
27,50 .57 0,06 0 239 27,11 96 89 520
27.63 JTR + 06 0 «50 27,13 o8 90 kho
27,63 69 .06 0 .48 27.15 99 o) 460
27,68 .70 .09 0 o7 27.22 100 93 600
27,68 56 .09 0 ol 27.24 101 93 600
27,63 4G .06 0 <33 27.30 103 Ok k20
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TABLE XIV (Cont?d)

Reactivity Corrections
Measured Rods Pressure | Reflector Bquivalent Corrected
Fael Conc, A kapp A‘l,{ef“ Akef Change in Conc, Fuel Conec,. Core Temp. |Reflector Tewp.| Fuel Pressure
g U-235/Kg 50 | (=) % | {+) % (=) i gn U-235/Kg ;0 gm U-235/Kg Hy0 °c °c psig
\ ]
High-and+Low Pressure Systems Connected Together
27,63 +38 .06 0 o2k 27.39 103 95 430
27,41 SOl .06 0 .20 27,43 105 100 520
22,41 .01 .06 0 o't 27,45 106 10L 530
28,52 025 .07 0 o1l 28.38 120 138 460
28,43 .06 .08 0 LO1 28, itk 126 123 450
29,46 215 .09 v .06 29.41 14h 145 380
29,46 .09 .09 0 0 29,46 145 1h7 440
30,66 o34 +10 0 .22 30,4k 164 165 440
32,07 .56 +10 0 43 31.64 177 184 500
33,00 oOL .28 0 027 32,27 198 178 1000
33.45 o2h o1k 0 +10 33.35 201 176 560
33,43 010 o1l 0 0O 33,39 201 186 540
33.43 .07 W15 0 .08 33.35 201 186 560
33,43 .07 15 0 .07 33.36 201 186 560 ©
33.52 .02 o1 0 0l3 33.58 202 201 580
33.45 ' 002 ol 0 013 33.58 202 201 - 550
33.45 LOL o1 0 013 33,58 202 200 580
33.43 W45 011 0 o3k 35,09 217 203 460
33.43 .30 o1l 0 «19 35,24 217 200 450
- 33,43 o34 okl 0 .23 35.21 217 203 460
28,12 233 206 <5k .66 27,46 102 ol 500
24,37 42 »06 <01 o3 33.94 20k 198 500
37,96 42 .06 .22 .68 37.38 222 200 500
37,96 o2 .06 .22 68 37.38 221 200 500
37,80 o2 .05 0 o6 37,34 229 207 500
37.62 o2 206 0 045 37.17 225 203 500
37.62 42 206 0 o5 37,17 225 200 500
39.42 42 038 o1l 018 39,24 24k 190 1000
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The agreement with experiment is remarkably good indicating the adequacy of
two-group diffusion theory and the reactor constants for predicting the criti-
cél conditions for agueous hombgeneous reactors where fissions occur primasrily
at thermal neutron energies.

‘,Temperatufe Cbefficient'of-Reactivity.k The temperature coefficient of

»yreactivity‘was obtained at intervals of 2590 from the rate of change of fuel
_concentration, C, with critical temperature, T, in Figure 14, The product of
7¢/JT and Jkepp/ 7C approp?iate to each temperature gave Fkepp/&T. In Figure
15 are shown tﬁe mgasuredrcaefficienﬁs along with the theoretical predictions
obtained by differeﬁtiating thentwo~group;criticality equation for the equivalent
bare sphere (Appendix III)@ It 18 to be recalled that the values obtained by
this calculation are very close to those obtained by the method of performing
independent cyiticality calculations at two temperatures a few degrees apart.

The agreémentywith the measured, values of the.temperature coefficient is within
the experimental error. |

Reflector Temperature Coefficient of Reactivity. To evaluate the reac-

tivity coefficient associated with the reflector temperature, criticality data
were taken with the fuel concentration held constant and the core temperature
maintained at 200°C while the reflector temperature was varied from lSOOC to
201?3@ The resulting reactivity changes were measured by means of the movement
of the shim rod which was necessary to keep.the reactor criticéal, The results
are showg in Figure 16 where the slapg éfvthe line drawn through the data gives
minus 2.5 x 1075 kepp/°C as the temperature coefficient for the reflector. A

~ similar experiment at 120°C core temperature gave the value there as minus 1.4

% 1077,
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- 6
4/00 had been calculated for the coeffi-

The value of minus 1.5 x 10
cient at l?SOC, which is six times the value measured at 200°C. The calculs-
tions were then refined to take into account the change in absorption cross-
section of the core tank with reflector temperature and also the change in
dimension of core tank and pressure vessel for thermal expansion. The net result
was to lower the theoretical valuve to only minus 1.2 x lO"q/OCu The discrepancy
most likely arises from the uncertainty in the ratio of the fast diffusion con-
stant in light to heavy water; this quantity being somewhat arbitrary in two-
group diffusion theory.

E, Pressure Coefficient of Reactivity

The effect of changing the pressure in the high pressure fuel and reflector
systems on the multiplication constant of the reactor was measured at EQOBQC
with the high pressure loop isolated from the balance of the reactor systenm.
The experiment was performed with both the fuel and reflector circulating pumps
off. The pressure in the core was regulated with helium supplied to the top of
the pressurizer while the reflector pressure was controlled by the regular
pressurization system, The pressures in the core and reflector vessel were
varied together from O to 1000 psig and the reactor kept critical by adjusting
the control rod. Measurements were also made with the reflector pressure reduced
to 100 psig and the core ﬁressure maintained at 1000 psig. In both cases, the
effect of pressure was to compress the water; but the important difference
between the two sets of measurements is the stretching of the core tank.

The data are listed in Table XIV. The control rod movement was converied
to reactivity change by means of the control rod calibration curve and the result-

ing relationship between pressure and reactivity is shown in Figure 17. The
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slope of the curve gives the value of the pressure coefficient of reactivity

at 23.5°C as 0.16 percent kope/1000 psi, with core and reflector at the same
pressure. The effect of a pressure differential of 880 psi across the core

tank is 0.18 percent zlkeff, which extrapolates to give 0.20 percent for 1000
psi. These measurements are in excellent agreement with the values calculated by

means of the two-group diffusion equation for the equivalent bare sphere.
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TABLE XV
EFFECT OF PRESSURE ON REACTIVITY
Reflector full: Shim rod inserted; Safety rod withdrawn

Fuel Concentration: 25.28 gm U235/Kg Hp0
Temperature: 23.5 C

Control Rod

Core Reflector Position
Pressure Pressure Inches Reactivity
psig psig Withdrawn % kKers
0] 100 4.9 -0,0L
0 100 b7 Datum
170 267 3.6 Ol
0 150 ) .01
180 207 3.7 ol
390 435 3.0 .07
595 575 2l .10
780 810 1.5 A3
1000 1000 0.8 .15
980 100 0 .18
800 100 0.9 .15
0 100 4.7 0
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F.'Inhour Eﬁperiménts

The pugpoée of these experiments was to establish the relationship

bé@ween1ex¢esé~reactivity and the stable period of the resulting exponential
- rise in pqwerwlevel. At low power whefe there is no appreciable fission
heating, this relationship for small .reactivity increases depends primarily on
‘thg delayed neutrons in the reactor core. There is also the small contribution;
' 0,0Qngeréant; of the photoneutronsugenerated in the D0 re.»f’le.ac:tc;»rllL from: gamma
photonsfemipted by the fission products in»the core. On circulation, there is
“ 5axdecf¢ase in-ﬁoth the effective delayed neutrbns and photoneutrons owing to
the emissionvéf neutrong and gammas in the external system.15 There is the
additionél~lqss in effectivgnéss‘of 0.0k percent from the net transport of
deiayed:néutron emitters in the4cofe ffom.regions of higher to lower nuclear
importanqe.. $he loss of prgcurgors of the delayed neutrons from the fuel solu-
'tiiénfor?chem{ic'al;ﬁeasons,_eo g iodine,.which could be influenced by changes
;h tempgrature;and by gas generation‘aﬁ higher power levels was a possibility.

"- The inhohr experimeﬁts are performed under both static and circulating
conﬁitions and at several temperaturés: 250, 100°, and 200°C. After it was
eétabliShed that the reactor was in a stéady critical state, the control or
shim rod was withdrawn to add réaétivity. The rise in ﬁower level was recorded
on 8 logarithmic coﬁnt—rate meter comnected to a fission chamber enabling one
tofestablish the period from the straight portion of the curve. The measurements
‘inagénéral‘were rather difficplt to meke since, in a reactor with a temperature
yéoéffiéieﬁt of reactivity of the order of 0.1 percent k. ps per degree Centigrade,
a éﬁall change in temperature would invalidate the measurements. The only

experiments accepted were those in which it was possible to return the reactor
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to critical after the rise in power by inserting the rods to thelr previous
positions. The reactivity which had been introduced by the rods was determined
from their calibration in terms of fuel concentration. Periods as short as
eight seconds were recorded corresponding to a maximum reactivity increase of
0.28 percent in kepps With the fuel circulating at 120 gpm, the residence times
in the high pressure system is 6.6 sec in the core and 2.1 sec outside.

The data obtained at room temperature without circulation of the fuel are

listed in Table XVI and all the data with circulation are . in Table XVII.

TABLE XVI
STATIC INHOUR DATA AT 28°C

Reflector Full; Fuel Concentration: 25.3 gm U235/Kg H;0

Reactivity, Period
percent gec
0.077 102
.200 26
.065 - 129
.22k 19.7
.213 19.3
.28k 13.5
.072 110
.130 h7.2
.105 63.2
.050 251
.058 155
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TABLE XVII

INHOUR DATA WITH CIRCULATION OF FUEL

Fuel
Temperature, .- Reactivity, Period,
o¢ Percent Sec
27 . 0.077 64 4
27 L 054 132
27 .058 95.8
27 .065 9l 7
27 . 066 100
27 .061 o4, 7
26 LOlly 113
27 .158 19.5
29 ezl 298
30 .065 80.8
30 .030 189
30 019 311
30 JOLk6 138
30 .023 297
26 126 21.1
26 .109 28.5
25 .180 12,1
100 L071 81.3
100 .135 22.1
101 177 12.5
100 O3 103
102 043 95 .4
102 L022 214
100 .038 126
101 .030 149
99 .020 180
200 .105 29.9
200 .196 9.4
200 .196 11.3
200 .068 2.7
202 175 9.5
202 078 38.8
202 .050 57.5
202 Okl 17k
200 LOu8 5l .2
202 .131 19.1

UNCLASSIFIED



UNCLASSIFIED
-58-

All the experimental inhour curves are plotted in Figure 18 along with the
theoretical curves based on an effective delayed neutron fraction of 7.55 x 10-3
and a photoneutron contribution of 0.23 x 10'3 or combined fraction of 7.78 x

10”3 for the static condition. The very good agreement for the static case sup-
ports the above estimates and is not surprising in view of the earlier observation
concerning the agreement between the calibration data of the rods by period and
concentration measurements, There is no significant difference in the inhour dats
for the circulating reactor obtained at the three temperatures, indicating that
the relative gquantity of delayed neutron precursors remains essentially constant
in the temperature range from 25° to EOOOC. The experimental data however does
fall somewhat below the theoretical curve which would indicate that the effective
value of the delayed neutron fraction with circulation is somewhat smaller than
the calculated value of 5.87 x 10”3. This is supported by the criticality data
on starting and stopping the pump which, it will be recalled, indicated that the
change in reactivity, which is numerically equal to the change in effective delayed
neutron fraction, was between 1.8 and 2.3 x 1073 k.pp 88 compared to the calcula-

ted value of 1.7 x 1075,
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V. SUMMARY AND CONCLUSIONS

The HRE was first made critical on April 15, 1952 in a static condition
at room temperature with the reactor fully reflected by D50, with rods withdrawn,
and with a fuel concentration of 24,8 gm U-235/Kg Hgo; Shortly thereafter,
eriticality was reéched with the fuel circulating, demonstrating for the first
time a nuclear chain reaction in a reactor through which a fluid fuel circulates
and where there is an appreciable léss of delayed neutrons in the external circuit.
No unusual problems came to light in the course of this demonstration aside from
the loss and recovery of reactivity on starting and stopping the pump.

It proved feasible to measure all the important reactivity constants and
coefficients for the reactor and these afe summarized as follows:

1. Critical Concentration.  The critical fuel concentration increased with

temperature as shown in Figure 14 from 24.8 gm U-235/Kg HpO at 20°C to 38.9 gm
Um235/Kg H,0 at 23500. The experimentally determined concentrations follow the
theoretical curve very well but are sbout two percent lower.

2, Temperature Coefficient of#Reactivity, The measured values of the

temperature coefficient are in good agreement with that calculated by differentia-
ting the two=-group criticality equation for the equivalent bare sphere, The
coefficient is negative and its magnitude increases with temperature; 0.37 x

1073 k_../°C at 20°C and 1.15 x 1073 kpe/°C at 220°C.

3. Reflector Effectivensss., The value of the reflector 1nA£Xkeff was

messured as only 6.5 percent at room temperature and 7;5 percent. at 225°C, These
values were predicted when an extrapblation distance of 4 cm was used in the criti-
cality caleulation for the unreflected reactor at QOOC, The earliest estimates
without any extrapolation distance gave 25 percent for the effectiveness of the

reflector at 250°C, Whereas on this erroneous basis, a shutdown of the reactor
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at 250°C by draining the reflector would have insured a sub-critical state

should the reactor cool to room temperature, the later results, supported by
experiment, indicate that the reactor would again become critical while unreflected
if cooled to 170°C. It was demonstrated in one experiment which started at 22500
with the reflector filled and the control and shim rods inserted, that the reactor
became critical at 157°C after the reflector was dumped, This would imply that

in order to maintain the reactor sub-critical after the reflector is dumped, one
of the following courses of action were necessary: diluting the fuel, keeping the
temperature above the critical temperature, admitting house steam into the hest
exchanger readily permits holding 200°C which is ﬁore than adequate; or finally,
dumping the fuel from the core.

4, Effectiveness of Rods. At room temperature the value of the control rod

in Z&keff was O.4 percent and of the shim and safety rods, 0.5 percent each, At
200°C, the value of the rods was increased by about 20 percent, The calculations
by perturbation methods overestimated the value of the rods by a factor of 5.

The method where the rods are considered to be a portion of a curtain sbout the
core, which is a perfect absorber of the thermal neutrons but is traunsparent to
fast neutrons, gave 2.9 percent as the value for all rods together at room temperaw
ture as compared to the observed value of 1,4 percent,

5. Effective Delayed Neutron Fraction, It was shown that under static

conditions, the value of 0,755 percent for the ordinary delayed neutron fraction
and 0.023 percent for the delayed photoneutrons gave rod calibrations and inhour
relationships which were consistent with the calibration of the rods by change in
eritical concentration., With the fuel circulating at 120 gpm=-corresponding to

a residence time of 6.6 sec inside the core and 2.1 sec cutside-~it had been
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predicted that the total effective delayed neutron fraction would decrease by
0,20 percent. This was confirmed by diiect measurements of the change in resc-
tivity on starting and stopping the circulating pump. The observed inhour
relationship with circulation agreed well with the predicted curve although
there are indications that the best fit>to experimental data would require a
decrease in the effective delayed neutron fraction of 0,25 percent. In any case,
there still remained an effective delayed neutron fraction of at least 0.50 per-
cent which, together with the sizeable negative temperature coefficient of reac-

tivity, was more than adequate to insure stable operation of the reactor,
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APPENDIX I

PURITY OF FUEL SOLUTION

The fuel solution was analyzed spectrographically for impurities, and
the nuclear poisoning from the impurities was compared to that of the sulfate
ion associated with the fuel as UO,504. In Table XVIII are calculated, for a
typical batch of fuel of 29,24 weight percent uranium, the values of the macro-
scoplc absorption cross~section for thermal neutrons for each element., The total
macroscopic cross~-section of the impurities is 17.07 x 10“6/cm as compared to

6

the value of 351.6 x 107° for the sulfate ion in the solution; the ratio of the

two is only 0.05.
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TABLE XVIII
CHEMICAL IMPURITIES IN FUEL

Wt. Percent Uranium = 29,24

Mecroscopic Sulfur Capture Cross-Section = 351.6 x 10”6 em™t

Absorption
Cross=Section,
barns Concentration, pd X lO+6,
Element Atomic Wt. | (20°¢) ppm ® el
Al 27 .22 .6 . 0029
As 75 b1 6.6, 217
Au 197 96 .6 .176
B 10.8 718 .3, 12,00
Ba 137 1,1 1.37 ,0063
Be 9,0 Roit . ogé . 0000k
Bi 209 L015 .3 . 00001
Ca 4o .5 3« ,0226
cd 112 3170 . og 1.022
Co 59 36 .3 L110
Cr 52 2,9 1 L0336
Cu 63.6 3.6 2 L, 0680
Fe 55.9 2.5 8 . 216
Ga 69.7 2.8 37, ,073
Ge 72.6 2,2 ,l_é . 0024
Hg 201 349 1.3° 1.360
In 115 191 6% 602
Li 7 65 . 06%* .335
Mg 2k .06 1 . 0015
Mn 55 12,8 .3% L 0420
Mo 96 2.6 2.6 .02k
Na, 23 .5 .5 . 0066
Ni 59 k7 1 .0480
P 31 .2 33* ,128
Pb 207 19 .3 , 0166
Pd 107 6.6 .3* L0111
Sb 122 5.3 1.3% L0340
Si 28 .1 8 * ,0172
Sn 119 .58 .3 . 0009
Sr 88 1.3 6.6% , 0587
Ti 48 5.3 6.6 439
TL 204 3.27 1.3% L0125
v 51 5 ,016 . 0010
Zn 65 .9 3 . 0250
5 (Total) = 17,07 x 1070 cu™l
*

Concentration reported as less than value given. For calculation purposes, this
upper. Limit was used,
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APPENDIX IT

Calculations of HRE Criticality by P. M. Wood

Subsequent to the calculations made by Stein and Welton and just prior
to the initial criticality of the HRE, calculations using new constants were
performed for predicting the critical concentration of the bare and reflected
reactor. The essential difference in the calculation of the bare reactor is the
cholce of an appreciable extrapolation distance which is supported by an analysis
of experimental criticality data and which leads to an estimated reflector effec-
tivenéss substantially smeller than previous estimates. Separate extrapolation
distances were used for each neutron group., For the reflected reactor, the results
are very similar,

Reactor Constants (at 20°C unless otherwise indicated)

Constants for HpO

T o (Hp0) = 0,64 b/molecule Density, p(20°C) = 0,9982 gm/cm3

Age, 7" = 33 cm® p(250°C) = 0.7940 gm/cm3

Square of diffusion length, LO2 = 7.068 cm Scattering cross»section,ég(aooc) =
-1 52,2 b/H atom

;Za(ﬁgo) = 0.02136 cm

7(250°C) = 43,2 b/H atom

Fest diffusion constant, D = 1.9 cm

Slow diffusion constant, Dg = 0.1614 em

Constants for D0

7,(Dp0) = 0.00182 b/molecule p(20°C) = 1,103 gm/cmd
:Ea(mgo) « 6,02 x 1077 en”t at 20% 0(175°C) = 0.9775 gm/cm3

7= 120 ex® at 20°C 7 (20%) = 14,5 v/molecule
ng = 1.513 x lO4 e at, 2000 J§(175OG) = 13,8 b/molecule
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Constants Ffor Stainless Steel (347) at 20°C
2

Za = 0.24 em~l L2 = 1.0 em

Constants for Uranium at 20°C

0g(25) = 546 b v (25) = 2.5
g (25) = 64k b 7Z(fuel) = 2,119 (93.4% U-235)
0:a(28) =2,9D Resonance escape probability M 0,996

The value for the fast diffusion constant is obtained as follows: let

7 bve the experimentally determined sqhare of the slowing down length and 2Z£ be
the macroscopic cross-section for the removal of neutrons from the fast group by
thermalization, . Then Dg :-72}, Now' the quantity <§£ is the ratio of the average
fast scattering macroscopic cross-section to the average number of collisions
for thermalizing a fission neutron, . The fast scattering cross section is averaged

. , . : ; ‘ o 4aE
over the(gsympﬁftlc gnergy distribution of thg filux given by @(E)dE —'ZgTﬁjﬁmgﬁ .
This method of obtaining Dy is preferred for a hydrogeneous moderator as it uses
theﬁexperimenﬁal "age"” 77 and théreberliminates‘some of the errors in the Fermi
”égé” model which are'inherent in the alternative method of averaging the trans-
| poirt mean free path for the fast group.

Unreflected. HRE

In order:to check the constants and extrapolation distance to be used for
caleulating the HRE criticality, an analysis was made of the criticality experi-
- ments by Beck, Callihan, et al on bare cylindersal6 The fuel was & solution of
93 per cent enriched UCoFp in light water, and the cylinders were made of stain-
lGSS‘Stéelvtypé‘3@7, 1/16 inch thick. Ordinary two-group diffusion theory was
used withraﬁ extrapolation distance of 0.71 A - where the value of Ay Tor each

t
neutron group is three times the appropriate diffusion constant,
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Analysis of Criticality Data for Unreflected Cylinders

Reactor Experimental Theoretical
Dismeter, Reactor Critical Concentration, Critical Concentration
inches Height, Cm gm U-235/Kg H,0 gm U-235/Kg Hy0

20 26,7 34.3 35.36

20 20.5 52.2 50.57

15 h1,7 34.3 35.18

15 27,0 52.2 50,57

12 48.9 52,2 49,30

12 30.3 80.5 81.08"

10 46,6 114,0 106,55

‘%,
Hydrogen displacement taken into account,

Additional calculations were made for comparison in the case of the cylin-
der of 15" diameter and 41.7 cm height which had a critical concentration of
34,3, with the following changes in constants:

1. Using the same extrapolation distances as in the preceeding calcula-
tions but teking 0 ,(20°C) of Hy0 as 0.69 molecule, the critical
concentration is 37.4 gm(25)/Kg HyO.

2, Using ¢ _(Hp0) = 0,64 b/molecule but teking Dy = 1,143 cm from
MonP-402 instead of 1.9 cm, the critical concentration is 42,8
gn 25/Kg 0,

It is evident that the values of 0.64 b for 0 4(HpO) and 1.9 cm for Dy,

with which the critical concentration of 35,2 gm U QS/Kg Ho0 was obtained, give
the best agreement with experiment, The critical concentration for the bare HRE

was then calculated using these constants and extrapolation distances, The
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effect of the 3/16" stainless steel core shell was included as & reflector
savings. The results as a function of temperature are shown in Figure 20,

The effect of the 3I-incgh thick steel pressure shell was computed by first
caloulating the return of neutrons by the shell to the core and applying an
effectiveness factor of 1/5 for neutrons returned by the shell. This effect
lowered the critical concentration by 0.83 gm 25/Kg or 0.9% kepr, the decrease
being directly proportional to the effectiveness factor assumed. The critical
concentration of the unreflected reactor corrected for this effect is also
shown in Figure 20,

Reflected HRE

Using the method of Feynman and Welton,8 calculations were made for the
HRE reflected with D,0 for the temperature range from 20° to 250°C. The effect
of the 3/16" stainless steel core shell is 2% kopp at 20°C and 3.2% k.pe at
QSOQC, The results are plotted in Figure 14 where the experimental results are
also shown,

A plot of kepe as a function of fuel concentration is given in Figure 19
for the HRE, bare and reflected, at 20°C and 250°C core temperatures, This plot
shows that the effectiveness of the reflector is:

7.5% kepp 8t 209C core and reflector
11.2% kopp 8t 250°C core 175°C reflector

The reactor core, containing 41.3 gm 25/Kga«the critical concentration for
the DEO reflected reactor at 25090 core temperature and 175°C reflector temper-
ature=--will be critical, with the reflector completely drained, in the neighbgr.

hood of 170°C.
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APPENDIX III

Calculation of Temperature Coefficient of Reactivity

The temperature coefficient of reactivity of a bare reactor can be ob-

tained directly by differentiation of the two-group criticality equation,

(1) k = e
ot (1 + I12B2) (1 + 7B2)

where
7 = number of neutrons obtained for each neutron absorbed in the fuel
P = resonance escape probability
f = thermal utilization:

P Zz(fuel)

2 (fuel) + ) (moderator)

7" = Fermi age
L = thermal diffusion length in fuel solution,

2 - Dg
2 (fuel) + 5 (moderator)

Dg = diffusion constant for thermal neutrons

B2 = buckling

For the case vhere P is essentially unity, one obtains on differentiation,

(o) % HKerr 1 If B® 12 8P 59
Kere JT £ 4T 1+ L2B® 4T 1 +7B° I
Now by definition
Y fEUfCQ
(3) ¢ Ny oy

where J is the microscopic absorption cross-section and N is the atomic density.
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By differentiation,

1 Jf 1 2% 1 g%%
W F oS00 & %T -7 ST

Since Jy a T'Oas, we have

1 2% _ _ 0,500
(s) @E FT = T

From the observed energy dependence of the thermal absorption cross-section of

U-235,
Iy @ T»OQ614 and therefore

1 9% 0,61k
(6y v T - - T T
We now obtain
(1) 25 - - 2 -0

0,11k 7- Koo
o

The dependence of 7" on the temperature is only through the square of the density,

D3

!F

J

& 2p
(8) 7 4

m—cau,

7

N

i

!
TS

1

In the case of La; the temperature dependence is not only through the density
but also through the thermal scattering cross-section of light water

( 5; o Zfdwjz X 10—3 T) and the absorption cross-sections of water and uranium,
If Ly is the thermal diffusion length in plain water,

(9) ¥ =12 (1-r1)

2
1o g2 o1 d 1t
(10) {7 3T ~ Loa 5T (T-1f) 2T
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Now,
e TT ot o e N X
(11) 2 I°T P I T
and from (7)
19t _ _ ook o _ _ 011k Koo
(12) [@-F) 4T T T Z.
On substituting (11) and (12) into (10), we obtain
2 k
1 JL -3 2 oo, L
-_— . = 1, 1072 - 2 48 . . —_) =
(13) 7 77T 1.12 x pﬁ,l,ﬁu(o5+ouu ) &
Finally, _
k 242
I ¥err .. kgpp Oel1h 1 -%¥o 1% 1.12 x 1073 4
(1) TIT T 7. 1 + L2B°
k 2 o
o 1 27B° 1 [(Jdp
+ 0.5 + 0,114 —=— = - - |~
7 T 1 4782 P I ,
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