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ABSTRACT

High Flux Isotope Reachtor physics studies were conducted to estahlish a core
design that would permit the atltainment of sbout 5 x 1012 neutrons/cm™-sec unperturbed
thermal flux at a power level of 100 Mw. The proposed reactor is a cylindrical flux-
trap reactor; having a light-waler island surrounded by a fuel annulus containing
fully enriched uranium, wabter, and alumimim. A vertical-plate control sysbem separates
the fuel region from the water-cooled beryllium side reflector. The island diameter is
14 cm, the fuel-annulus outer diameter 38 cm, and the active core length 45,7 cm. It
is estimated that this core, with enough fuel for 10 days of operatign at 100 Mw, will
produce a maximam unperturbed thermsl flux of 6.6 x 1ot neutrons/cn“~sec and an aversage
thermal flux of 3.7 % 1082 in a 200~g sample of Pu-242. The corresponding maximum heat
flux was esbimated to be 1.6 x 10° Btu/hr-i‘t2 for a fuel element conbaining 0.050-in.-
thick plates and 0,050-in.-thick coolant channels.
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HFTIR PRELIMINARY PHYSICS REPORT

B, D. Cheverton
SUMMARY

Specifications for the High Flux Isotope Reactor éHFTR) call for a maximum un-
verturbed thermal-~neutron flux of 5 x 1015 neutrons/cm“~sec at a nominal operating power
level of 100 Mw. The reactor proposed to meet these specifications is a cylindrical
[lux~trap type consisting of a light-wabter island that is surrounded by an ammular fuel
region containing fully enriched uranium, aluminum fuel plates, and light-water ccolant
and moderator. A light-water~cooled beryllium side reflector is separated from the fuel
region by an annular control region.

The purpose of the preliminary physics studies was to determine a combination of
reactor parameters that would result in the attalnment of the desired neutron flux level
without exceeding the permissible heat flux. Parameters considered in the stbudles were
island diameter, length and thickness of the fuel anmilus, fuel loading, radial distri-
bution of fuel in the fuel anmulus, burnable poison concentratlon in the fuel, control
surface effects, metal-to-water ratio, weight and size of a Pu~242 feed-material target
to be inserted in the water island, and a few others. The studies also included fuel-
cycle analysis, investigation of xenon instability, and the calculation of reactivity
coefficients and neutron lifetime,

The results of the studies indicate that a core having a lh-cm~diameter island; a
fuel anoulus 45.7 em long and 12 cm thick containing radially graded fuel and burnable
poison, and containing enough fuel for a l0-day cycle can achieve a maximum thermal flux
in the island of 6.6 x 1015 neutrons/em®-sec at a power level of 100 Mw. The corre=-
sponding maximum heat flux is estimated to be 1.6 x 10° Btu/hr—ftg for a fuel element
containing 0.050-in.~-thick coolant chamnels and 0,050~in.-thick fuel plates., During the
fuel cycle the maximum power density is essentially constant, while the thermal flux in
the island decreases by about 2%.

For several calculations a quantity of Pu-2i2, which is to be irradiated in the HFIR
for the purpose of producing transplutonium isotopes, was included in the island region
in order to determine the weight of Pu~242 and the size of the target that would result
in the maximum production of Cf-252 in a one-year period. Using a homogenized target
consisting of water, aluminum matrix and cladding material, and plutonium, the optimum
weight and diameter (for a core-length target) were determined to be about 300 g and
10.6 ecm, respectively. The corresponding volume-averaged thermal flux and the maximum
heat generation rate in the target were 3.3 x 10> neutrons/emg—sec and TLO kw, respec-
tively. A 200~-g target, having a corresponding flux of 3.7 x 1 5 and a heat generation
rate of 540 kw, is tentatively being proposed for the HFIR.

The control system selected for the HFIR is a mechanical system consisting of two
thin (approximately 1 cm thick) concentric cylinders located in the annular space bebween
the fuel annulus and side reflector. Both cylinders are three core lengths long, being
made up of three equal-length vertical sections: a "black” section for emergency shut~
down, & "gray" region for shim and regulation, and a "white" region. As a fuel cycle
progresses, the control cylinders are withdrawm in opposite directions so as to maintain



symmetry about the longitudinal axis and the horizontal midplane. At no time during the
fuel cycle does this method of control result in excessive power~density peaking.

Temperature coefficients of reactivity were calculated for the composite core,
assuming all regions to be at the same temperature, and also for the water island and
fuel region separately. The calculational and limited experimental resultls indicate that
below about 110°F the over-all coefficient (811 regions at the same temperature) is posi~
tive with a meximum positive reactivity addition of about 0.2% when the temperature is
increased above TO°F. The caleculated roowm~temperature coefficients for the island and
fuel region separately are +1.0 x 10™% and ~0.8 x 10™% Ak/k/°F, respectively. At an
average operating temperature of about 150°F, the over~all coefficient 1s approximately
-1.0 x 107" Ak/k/°F at the beginning of the fuel cycle and ~0.2 x 107 Ak/k/°F near the
end of the cycle.

Void coefficients of reactivity were calculated for the composite core, assuming
all regions to contain the same void fraction, and for the all-water island region and
the Tuel region separately. Void coefficients were also calculated for cylindrical voids
in the center of the island. For the case of a cylindrical void in the island equal to
the active length of the core and reflected on the ends by water the coefficient was
positive up to a cylindriecal void diameter of about 9 cm in a lh-cm-diameter island,
The corresponding maximum change in k was about +1.2%. In the case of uniform voids
the over-all and fuel-region coefficients were negative, while the all-water island
coefficient was positive up to 45% voids with a maximum positive reactivity addition
of 2.5%.

The prompt-neutron lifetime was calculated for the beginning of the fuel cycle with
the shim control plates fully ioserted, and for the end of the fuel cycle with the shian
control plates completely withdrawn. The lifetimes were 50 and 100 psec, respectively.

Xenon instability was investigated by both digital and analogue computer techniques.
Step changes in reactivity up to 2% were inbroduced in the form of local perturbations,
and these did not cause significant oscillations in power distribution.

Figure 1 is a schematic representation of the HFIR showing typical flux distribu-
tions. Pertinent characteristics of the core are listed in Table 1.

Table 1. HFIR Characteristics

Nuclear
Reactor power, Mw 10Q
Neutron fluxes, neutrons/cmewsec
Maximum unperturbed thermal. flux in the island 6.6 x lO15
Maximmm totsl fast flux in fuel region 5T x lolp

Maximum unperturbed thermal flux in beryllium
side reflector

Beginning of cycle 1.0 x lO15
End of cycle 2.0 x lO15



Table L. (Conbinued)

Average thermal fiux In island target
(200 g of Pu-2L2)

Temperature coefficient of reactivity (no target in island),

Ak/k/°F
Average core temperature, °F 70

Beginning of cycle
Water island #1.0 x 107
Fuel annulus 0.8 x 107"
Over-all ~ 0.8 x 107"

End of cycle
Over-all -

Void coefficient of reactivity (no target in
island; voids confined to volume within
active core length)

Cylindrical void in island, (Ak/x)/(Ry/R.) < +0.002 at R _/R
; v/ Ry Ry/Ry

Max Ak/k = +0.012 at RV/RI =

Uniform voids (beginning of cycle), (ak/k)/(Ap/p)
Island +0.08 at Apfp =
Max Ak/k = +0.025 at Ap/p =

Fuel -0.h at Apfp =
Over-all -0.3 at Ap/p =

Prompte-neutron lifetime, psec
Beginning of cycle
End of cycle

Length of fuel cycle, days

Heat Removal

Fuel-plate thickness, in. 0,040
Power density (97.5 Mw in core), Mw/liter
Average 2.18
Maximun 3.90
Heat flux (97.5 Mw removed from plates), Btu/hr~ft2
Aversge 7.89 x lO5
Max imum 1.1 x lO6
Ratio of maximum~to-average power density 1.79

B

3.7 x 10°7

150

N
L
"

+1.1 x 107
-2.0 x 10~
~1,0 x 10~

0.3 % 10"lL

0.6

0
0.45
o]
0

50
100
10

0.050

2.18
3.90

8.77 x 105

1.57 % 106

1.79



Table 1. (Continued)

Burnout heat flux, Btu/hrmftg

Nominal

Minimum

Burnout-heat~flux reduction factor

Temperatures, °F
Coolant inlet
Coolant outlet

Maximum surface

Drop across aluminum oxide film

Maximum metal

Coolant velocity, ft/sec

Pressure drop across core, psi

System pressure at pump discharge, psi

Core Design and Size

Type of core

Type of fuel elements

Fuel~plate thickness, in.
Cooclant~channel thickness,
Length of fuel plates, in.

Length of active core, in.

in.

Inside diameter of fuel amnulus, in.

Outside diameter of fuel annulus, in.

Volume in fuel annulus {(active portion), liters

Outside diameter of side reflector, in,

Core Materials
Fuel
Fuel loading, kg of U235

Coolant
Island moderator-~reflector

Side reflector

3.5 % 106 3.5 % 106
3.0 x 10 3.0 x 107
0.86 0.86
120 120
184 192
343 365
W 52
399 430
4o e}
67 67
500 500

Cylindrical annulus, flux trap

Alunminum plates, involute
geonetry

0.040 or 0.050
0.050
24
18
55
1b.9
Ll .8
b

Enriched uranium (~90%)
~6

Hz0

Hz0

Be + 5% Hs0




PREFACE TABLE FOR FIG. )

Code calculation, GNU Active core length, 45.72 en
Cross~section set, GNU 34 groups (ORNL revised set) Axjial buckling, 0,002591 cm™2
Thermal temperature, 80°C K ppr 0,992
Region Outer N°2 x 107 N2 x 107
No. Radius (cm) Composition (atom/barn~cm) (atom/barn~cu)
1 7 Hs0
2 7.5 U-235 + AL + Hz0, M/W =1 15
3 8 18.03
L 8.5 21.60
5 9 25.53
6 9.5 29,91
7 10 3hke3
8 11 39.12
9 12 b7.75
10 13 54,50
11 15 60.00
12 16 57.72
13 17 50.88
14 17.5 L6.02
15 18 ¥1.13
16 18.5 1 35.97
17 19 31.13
18 21 Be + 5% HpO + Fxp + B 200
19 51 Be + 5% Ha0 + Exp

UNCLASSIFIED
ORNL-LR~DWG 50303

N
THERMAL FLUX |
6} Dt 1| E S S

o
FUEL REGION |5 BERYLLIUM
w \

- 5 | E— ‘,_l_ugﬁ,.,,u ,,,,,,,,,

/ \ <

NEUTRON FLUX (arbitrary units)

w

T

|
|
|
i

| IGRAY

EPITHERMAL FLUX L~ FAST FLUX
{0.16-100ev) {ABOVE 100ev)
- S b

L) - . o R, -

o L RL/ S

o] 5 10 15 20 25 30 35 40
RADIAL DISTANCE (cm)

Fig. V. Radial Flux Distribution at Horizontal Mid-
plane of Clean HFIR Core.




INTRODUCTION

The primary purpose of the High Flux Isotope Reactor (HFIR) is to produce milligram
quantities of americium, curium, berkelium, and californium by 1965, the quantities and
date being consistent with projected needs for basic research. Considering the time
required for design and construction of the reactor, the time available for irradiation
of the feed material and the subsequent production of the transplutonium isotopes is
about one year. A secondary purpose of the HFIR is to produce an unperturbed thermal-
neutron flux of about 5 x 1012 neutrons/cm2msec that can be used for irradiation and
production of other special isotopes.

The possible feed materials to be used for the production of the transplutonium
elements are Pu-242, americium, and curium, their use depending on how much of each
one is available and what end product is desired. For these studies Pu-242 was speci~
fied as the feed material and C{~252 as the desired end product.* (Californium is
probably the highest~atomic-number element and Cf~252 its heaviest isotope that can be
produced in significant quantity in reactors operating at flux levels less than 1017 nv
becanse of the very short half lives of the heavier nuclides.) As shown by the isobope
chain in Fig. 2, ten successive nevtron capbures are required Lo transmube Pu-242 to
Cf-252, indicating that for a specified irradiation period Cf-252 production has a
strong dependence on thermal flux. Solution of the isotope equations indicates that
the total production for a one~year period is proportional to about the third power of
the thermal flux for flux levels between 1 x 102 and 5 x 10%5 neutrons/cmgmsec; and at
a flux level of 3 x 1012 about 30 mg of Cf-252 would be produced in a one-year period
for each 100 g of Pu~242 feed material. Assuming that a 100-g quantity of feed material

¥

The results of the parameter studies reported herein indicate that the basic optimum
core design would not be significantly different with different heavy-isotope feed
materials yielding the desired end products,
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would depress the thermal flux by no more than sbout 40%, it was concluded that a maxi-
mum unperturbed thermal flux of 5 x 100 would ve adequate for the HFIR.

The HFIR requirement of high thermal flux dbut small irradiation space in the high-
flux region (by comparison to general research and materials testing reactors) suggested
the use of a flux~trap-type reactor which provides a high thermal flux in a central
moderator~-reflector region outside of the fuel reglon. A review of previous flux~trap
core designsl indicated that a2 maximum thermal flux per unit of power equal to about
2.5 x 103 neutrons/cnf-sec-Mw could be achieved in a cylindrical Dz0 flux-trap re-
actor;©s3s* the same type of reactor, containing Hz0 instead of DzQ in the island,
could produce a maximum thermal flux of about 5 x 103 neutrons/cm®~sec~Mv., Corre=
sponding flux values for the Materials Testing Reactor (MIR ), Engineering Test Reactor
(ETR), and Oak Ridge Research Reactor (ORR) are 1.25 x 1083, 0.40 x 1043, ana 2.0 x 10'3,
respectively. A further comparison between flux-trap peaking and side-reflector peak-
ing was made in the course of the HFIR studies (refer to Appendix 2). The results in~-
dicated that for the same power and average power density a flux-trap reactor could
produce 2 thermal flux in a light-water island three times greater than in the beryllium
side reflector of a similar core without the central water igland., Thus, in the in-
terest of minimizing capital and operating costs, it was concluded that the HFIR should
be a light-water-island, flux-trap-type reactor.

Cylindrical geometry as opposed to rectangular éeometry was selected for the HFIR
on the basis of experimental work done by Feinberg,® which indicated that the cylin-
drical geometry would result in a 35% lower maximum power density Tor the same maximum
neutron flux and tobal power. For the fuel annulus, aluminum fuel plates and light-
water coolant were selected in keeping with the desire to minimize costs. Light-water-
cooled beryllium was selected for the side reflector to eliminate the need for Dp0
anywhere in the reactor. (Light water alone 1s not a sabisfactory side reflector
because of its comparatively large absorpbion cross section.) As indicated by Fowler,7
the use of Ho0 instead of Do0 as the coolant-moderator in a fuel annulus conbaining a
solution fuel resulits in a peak thermal~flux loss of about 14%, when the comparison is
nade on the bagis of equal power densities. This loss, which would be even less with
about 50% of the fuel annulus volume occupied with cladding meterial, was consildered
insufficient to warrant the use of D30 and the additionsl separate cooling systen.

The previous Tlux-trap-reactor design studies referred tc above indicated that a
pover level of 100 My would be required to achieve the desired thermal-flux level of
5z 1015 neutrons/cn“-sec, Since the estimeted cost of such a reactor was consistent
with the amount of funds expected to be available, 100 Mw was specified as the maximum
normal operating power level for the HFIR.

With this much of the HFIR design tentatively specified, the preliminary physics
sbudies reported herein were conducted to determine a suilbable combination of dimensions
and materials that would result in satisfactory values of neutron flux and heat flux.
The neutron fluxes of greatest interest were the maximum unperturbed thermal flux in
the water island, ¢ » and the volume~averaged thermal flux, ¢E, in the homogenized
heavy-isotope targe%‘located in the center of the water island. The first part of the
parameter sbudy was concerned with determining the opbimum diameter of the water island.
Once this was done, the length and thickness of the fuel annulus were adjusted to ob-
tain the minimum power density for given values of maximum thermal flux and total re-
actor povwer. (These caleulations were made with and without the plutonium feed material
in the central experimental region.) On the basis of these sbudies a typical HFIR core
design was selecbed for further detailed analysis. Some of the parameters considered
in the detailed analysis were radial apnd axial power distribubion, control-surface con-
Tigurations, fuel loading, burnable~poison concentrations; metal-to-water ratio, plu-
tonium feed~-material weight, and size of plutonium target.



The HFIR studies also included the analysis of different types of control systems
in order to determine thelr reactivity worth and effect on maximum power density.
After the control scheme was selected, fuel-cycle-time calculations were made to deter-
mine the core life for a particular loading and to determine how neutron flux and maxi~
mun power density varied with time.

Calculations were made to determine the temperature and void coefficients of re-
activity and the prompt neutron lifetime. A study was also made of xenon instability.

In the process of making the numerous HFIR calculations, several simplifying
assumptions vwere made regarding the island and side reflector, targets, and experiments.
Assuming that the beryllium side-reflector rabbit tubes, beam holes, and associated
experiments would represent about -~2% in reactivity, an approximately equivalent
amount of thermal absorber (absorption cross section of 0.002 em™ ) was added to the
beryllium eross section for all calculations. For the island region it was necessary
to know how production, cross section, and heal generation varied with neutron flux,
time, and type of feed material in order to include the heavywisgtopenbearing target
in the reactor study. The results of studies made by Claiborne, 29,10 Irgen, and
Chetham-Strode indicated that heavy-isotope experiments could be adequately repre-
sented by considering only thermal irradiation of Pu-242, having Cf-252 as a final
product. Claiborne's estimate of the thermal cross section of the heavy-isotope feed
material as a function of thermal-neutron exposure (assuming constant Flux level) was
used to obtain time~averaged and flux-time-product averaged cross sections. (The time-
averaged cross sections were somewhat dependent on the absolute {lux level, whereas the
cross sections averaged over products of flux and time were essentially independent of
flux., Actually, the differences in the two types of cross sections for the range of
exposure times and fluxes considered were small enough to be coansidered negligible.
Therefore only one value of the feed-material cross section was used in the parameter
studies. )

Another simplifying condition imposed on many of the parametric calculations was
the omission of control surfaces. Most of the cores were compared on ‘the basis of
Kepp = 1.20 with the core clean and at 80°C. (This included enough reactivity for a
proposed fuel cycle of about ten days.) After a typical core design was selected, the
effects of control surfaces and fuel burnup were considered.

It should be emphasized that the studies reported herein are of a preliminary
nature, having been made to demonstrate the feasibility of the HFIR and to establish
a typical core design. The majority of the calculations were made using two~group,
one~dimensional, multiregion, diffusion~theory reactor codes in order to reduce to
practical proportions the time and money required for the very extensive parameter
study that was undertaken. At various times the results for particular cases were
checked with more sophisticated methods such as two~group, two-dimensional, multi-
region, diffusion theory; thirty-four-group, one~dimensional., multiregion, diffusion
theory employing the Selengut~Coertzel term for neutron slowing-down by hydrogen;
thirty-four-group, one-dimensional, multiregion, consistent P theory euploying
hydrogen~like slowing-down for four elements; and miltigroup, one~dimensional, multi-
region, transport theory. Provided that spectrum-averaged Tast-group constants were
used, the two~-group results compared favorably with multigroup diffusion- and transport=-
theory results. Therefore most of the results reported are considered to be satis~-
factory for alt least the preliminary analysis. The final HFIR nuclear design will be
based on the calculational model that most nearly reproduces the results obtained frou
HIFIR criticality experiments.



GENERAL PARAMETER STUDIES

In the initial parameter studies, 1t was assumed that the maximum neutron

flux was limited only by the maximum permissible power density and by the specified
nominal power level. Thus the quantities of particular interest were the flux per
unit of meximum power density, ¢/(P/V)", and flux per unit of power, ¢/P, where the
flux in this case was elther the maximum unperturbed thermal flux in the 1oland, L
or the volume-averaged thermal flux in the island terget (Pu~242 target), ¢g. Within
core~volume limits of interest Tor the HFIR, decreasing the size of the fuel annulus
(while maintaining a constant island diameter) to increase ¢/P results in a decrease
in ¢/(P/V) since the decrease in volume more than offsets the increase in ¢/P. Thus,
in the deSLgﬂ of the HFIR core, it was necessary to compromise between the maximum
achievable values of ¢/P and ¢/(P/V),, taking into consideration all the practical
aspects of resctor design.

The general parameter studies dealt wainly with the optimization of the island
diameter, the investigation of beryllium as an alternate or supplementary moderating
material for the island, and the selection of appropriate thickness and height dimen-
sions for the fuel annulus. All cores used in the calculations here contained enough
fuel for kypp = 1.20 with the core ulean and at 80° C, the fuel veing distribubted uni-
formly throughout the fuel annulus; no control pOL»Ono were included in any of the
regions., Results from a lesser number of calculsations, which included sufficient
control poison to make kK pe = 1.0, indicated that the exclusion of the control surfaces
would not significantly change the optimum core dimensions,

A schenatic representation of a typical cylindrical core used in the general

parameter studies is presented in FPig. 3. The figure also includes two-group neubron
flux distributions for a core conbaining no island target and no control surfaces.

Island Diameter

The function of the central water island is to slow down to thermal energiles
nonthermal neutrons leaking from the fuel anmilus into the island and to retain them
for some time so as to build up their density. Such a scheme provides thermal fluxes
in a non~fuel~bearing region sigupificantly higher than in the fuel region and the
side~reflector region. For a given current and spectrum of neutrons into the island
region, the magnitude of the peak thermal flux is determined by the moderating proper-
ties of the island and therefore the size of the island, and the neutron slowing-down
and absorbing characteristics of the material in the island. If the island diameter
is too small, insufficient moderation will take place, thus resulting in a thermal-
neutron density that is less than the maximum achieveble for the particular entering
current. If the island diameter is too large, absorption in the moderator and the
inecreased ratio of volume to neutrom-emitting surface area will depress the thermal
flux, 'The effect of changing core paraneters oubtside the ilsland region, such as thick-
ness and height of the fuel annulus, is to change the energy spectrum of the nonthermal
current entering the island, and to change the distance a neutron must travel through
the fuel to reach the island. Changes in the energy spectrum change the effective
neutron slowing-down and absorption properties of the island moderator, and also change
the probability of a neutron leaking out of the fuel region into the island. Thus, in
optimizing the island diameber on the basis of ¢/A, several Tuel-anoulus thicknesses
were consldered,
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PREFACE TARLE FOR FIG. 3
Code calculation, Wanda Active core length, 45.72 em
Cross-section set, No. 2 (GNU averaged tWo-group ) Axial buckling, 0.002591 cm™@
Thermal. temperature, 80°C K pps 1420
25
Region Outer w7 x 105
No. Radius (cm) Composition (at.om/barn~cm)
1 7 Ha0
2 19 U-235 + HaO + Al, M/W =1 25
3 hg Be + 5% Ho0 + Exp
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Fig. 3. One-Dimensional Schemoatic Representation of
the HFIR Cylindrical Core Showing Typical Two-Group
Flux Distributions.

Figures 4 and 5 show the results of the calculations made to determine the
optimum radius of a water island containing a 2-cm~radius Pu-242 target. As indicated,
the opbtimum island radius was essentially independent of fuel-anmulus thickness for
the particular cores investigated and it was assumed to also be essentially independent
of core heights considered for the HFIR. The optiwmum radius based on ¢/(P/V) was
greater than that based on ¢/P because increasing the island radius of a flxed~
thickness fuel annulus increases the annulus volume sufficlently, over a small range
of radii, to more than offset the decrease in ¢/P and the increase in the ratio of
maximm to average radial power density, (dpax/dsy)R. When both the power and average
power density and therefore the volume of the reactor are specified, a curve of flux
vs island radius should be plotted with fuel~annulus volume rabther than fuel-anmilus
thickness as a consbant. As shown in Fig. 6, such a plot produces an optimum island
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PREFACE TABLES FOR FIGS. 4, 5, 6, AND 8

Code caleculation, Wanda
Cross~section set, No, 1 (two-group)

Active core length, 30.5 em
Axial buckling, 0.004568 cm™2

Thermal temperature, 80°C K pps 1010
Region Outer
No. Redius (cm) Composition
1 2 100 g Pu~2l2, Al, Ho0, M/W = 1
o¥ Be + 5% Hz0
3 Hz0
b U-235, Al, Hz0, Equilib, Xe and Sm, M/W = 1
5 r4+.50 Be + 5% Hz0 + Exp

*
The dashed curves in Figs, U and 5 represent cores containing the opbimum amount of
beryllium in region 2 (as determined from Fig. 8.) The cores represented vy the
£0lid curves in Figs. 4 and 5 used Ho0 in regions 2 and 3.
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Fig. 6. Average Thermal Flux in Experiment per Unit
Power vs Inside Radius and Volume of Fuel Annulus.

radius equal to about 6.5 cm® as compared to values of 5,7 and 7.0 cm obtained by

plotting ¢E/P and ¢E/(P/Vxﬂ} respectively, using constant-fuel -~annulus thickness as a

parameter. If the maximum power density instead of the average power density is

specified, the optimum radius could be different yelt., However, as indicated by the

curves in Fig. 5, (qmax/qav)R is very nearly constant for island radii in the range N
of 6 to 10 em and for the fuel-region volumes considered. Therefore the optimum radii ’
based on average and maximun power densities would be essentially the same.

In selecting the island radius for the HFIR, two other factors were considered:
effect of the Pu-242 target size, and the effects of nonuniform fuel burnup and initial -
radial fuel distribution. Increasing the amount of Pu=-242 in the target increases the
volume of the associated aluminum matrix and cladding material and decreases the volume
of water in the island. The resultant decrease in island moderation and thermal flux
cap be partially compensated for by increasing the diameter of the island as the size
of the target is increased, although this would result in a lower unperturbed island
thermal flux.

Variations in (q,../agyJ)g 8180 have an effect on the optimum diameter of the island,
thus requiring consideration of the initial fuel distribution and uniformity of fuel
burnup. Since neutrons born close to the island have a greater probability of entering
the island than those born farther out in the fuel anmulus, increasing (qmax dgv )R in-
creases ¢/P, provided that the maximum power density always remains at the island-fuel

*
The validity of this value was substantiated to some extent by critical experiments
conducted on flux-trap-type cores by PFeinberg et al. The cores consisted of a
square water island surrounded by a square fuel annulus that was 14 cm thick and
contained fully enriched U=-235 (U308), hydrogen (polyethylene), and aluminum. The
fuel annmulus was 25 cm long and was surrounded by a beryllium oxide reflector. Of
all the variations of uranium-water cores investigated, a water cavity 10.6 by 10.6 cu -
proved to be the best from the viewpeint of eritical dimensions and relative neutron
density in the center of the island. Assuming that an equivalent circular radius -
can be derived solely on the basls of equivalent areas, an optimum cylindrical island -
radins would be 6.0 em. 'This agrees very well with the HFIR calculations from the
standpoint of both peak flux and minimum critical mass.
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interface. Therefore, with reference to Fig. 5, it might be suspected that the in-
creasing value of (qmax/qav)R with increasing island diameter had the effect of making
the optimum island radius larger than that which would have been obtained with all the
radial power distributions the same. TFor reasons that are discussed later, an essen~
tially wiform initial radial power distribution is desirable in the HFIR. Thus the
optinum island diameter associated with the beginning of the fuel cycle is somewhat
smaller than predicted by Fig. 6. FEven if the initial values of (qmax/qav>g are as
shown 1n Fig. 9, the optimum diameter associated with a time-averaged value of
(g q . )o will be less, since nonuniform burnup of the fuel tends to flatten the
max/ 2av /R, . ?
pOWer d%strlbutlon for all cores.

The above qualitative analysis implies that in order to obtaln the meximum un-
perturbed thermal flux per unit of power the island diameter should be less than that
indicated in Fig. 6, whereas larger dlameters are required for maximm CF-252 pro~-
duction. Considering californium production to be of greatest importance initially,
the inside diameter selected for the actusl fuel-bearing anmular area was 14 cm.
Allowing about 1 cm for a non~fuel-bearing inner cylindrical side plate, the water-
island diameter was 13 cm.

Island Composition

In comparison with other moderators, HpO has a large absorpbtion cross section
and short neutron-slowing-down distance, Thus resulting in a comparatively small
opbimum islend diameber. Should the water island be smaller than desirable, the
optimun diameter can be increased by replacing some or all of the water with a differ-
ent moderator such as beryllium. To investigate this aspect, calculations were per-
formed to determine the optimum diasmeter of a solid beryllium cylinder inserted in the
middle of a fixed-diameter water island. This was done for several islend radii and a
fixed fuel-apmilus thickness, As shown in Fig. 7, the opbimum ratio of berylliume
cylinder diameter to island diameter ranges from zero for island radii less than about
T cm to uniby for island radii in excess of sbout 16 cm. The greatest thermal flux
was obbtained with the optimum~diameter island that contained no beryllium. However,
the results in Fig. 7 indicate that the use of berylliium in the water island tends to
broaden the range of essentially optimum island radii. To further illustrate this
point, beryllium cylinders of varying diameters were placed in the center of one of
the cores associated with Figs. 4 and 5. As shown in Fig. 8, the optimum radius for
a berylliua cylinder placed in the center of a lO-cm-radius water island was about 6 cm.
The results of these caleulations determined the dashed curves in Figs. 4 and 5 and
illustrated that by making use of beryllium in the island, it is possible to increase
the island radius from say 7 cm to 10 cm with only about a 5% decrease in ¢/(P/V),,
although there is a 20% decrease in ¢/P. This assumes that the same fuel-annulus
thickness is retained. Decreasing the fuel-annulus thickness in order to maintain
aﬁproximately the same fuel volume will decrease ¢/(P/V)m some more but will increase
/P,

The results presented in Fig. O indicate that all cores containing the optimun-
size beryllium insert have approximately the same value of (qmax/qav)R‘ The presence
of the beryllium apparently is nobt responsible for this since, as shown in Fig. 5,
cores containing no beryllium and having water-island radii in excess of 6 cm, also
have nearly equal values of (QmaX/qav)R' It is concluded, therefore, that the optimum
beryllium-cylinder diameters determined using uniform fuel distribution in the fuel
anmulus are the same as would be obtalned using essentially uniform radial power
distribution, as proposed for the HFIR,
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PREFACE TABLE FOR FIGS3. 7 AND 9
Code calculation, Wanda Active core length, 45.72 cm
Cross=-section set, No. 1 (two-group) Axisl buckling, 0.002591 em™?
Thermal temperature, 80°C in fuel, 100°C elsewhere keff’ 1.20
Region Outer
No. Radius (cm) Composition
1 Be + 5% HgO
2 Hz0
3 rp 4+ 10 U-235 + Al + Hg0, M/W =1
I ry + 50 Be + 5% HpO + Exp
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Fig. 7. Maximum Thermal Flux in Island per Unit
Maximum Power Density and per Unit Power vs Island Fig. 8. Average Thermal Flux in Target per Unit
Radius and Radius of Cylindrical Beryllium Insert in Maximum Power Density and per Unit Power; Ratio of
Water Island. Maximum-to-Average Power Density in Radial Direc-
tion; and U235 Concentration vs Outer Diameter of
Beryllium lasert in Island. (Preface table same as for

Fig. 4.)

Fuel-Anmilus Thickness and Length

For fixed values of power and power density, variations in the thickness and -
length of the fuel annulus affect the number of neutrons leaking into the islamd. If
only the power density is fixed, the maximum leak rate into the island per unit length -
of the core is obtained with an annulus infinite in height and ocuter diameter and with -
uniform power distribution. The power, of course, would be infinite.
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Neutrons that are born more than a few migration lengbths from the island make a
relatively small contribution to the island flux, and therefore ¢/P can be increased
without significantly decreasing ¢/(P/V) by reducing the thickness of the fuel anoulus
from many to a few migration lengths. As the ammulus thickoess is reduced further,
¢/P continues to increase, primarily as a result of an increase in the fuel-region
nowthermal flux. (For some flux~trap core designs a maximum value for ¢/P is eventually
achieved;3’ however, as shown in Fig. 10, if a meximumm exists for the HFIR-type cores,
the corresponding fuel-anmulus thickness is probably less than %-cmn) For a glven annm-
lus thickness, decreasing the length of the core will also increase ¢/P'until the in-
crease in fuel concentration and the increase in neubron leakage from the ends of the
core offset the decrease in volume. The lengths and thicknesses that result in maxi-
wum values for ¢/P are generally too small for practical consideration, requiring ex-
tremely high fuel concentrations and resulting in very low values for ¢/(P V). There-
fore, it is necessary to compromise between ¢/P and ¢/(P/V).

When values for both ¢ and P are specified, the desirable combination of fuel-
annulus thickness and height is that which results in the lowest power density.
Suppose that both length and thickness of the fuel annulus are varied simultaneously
£0 that the same values of ¢ and P, and therefore $/P, are obtained for each core. -
If it were also possible for the power density to be the same in each core, then the
volume of each core would be the same, and the integrated neutron source per unit
length of the core would increase with decreasing core length. However, the neutron
source in a very short, large-radius core is, on the average, farther from the lsland
so that by comparison to a longer, egqual-voluwe core the probability of a neutron
lesking out the ends before reaching the island is greater. To obtain the same ¢ and
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PREFACE TABLE FOR FIG. 10
Code calculation, GNU Active core length, 45.72 cm_
Cross~-section set, GNU 34 group (ORNL, revised set) Axial buckling, 0.002591 cm™=
Thernal temperature, 80°C K ops 1.00
Region Outer
No. Radius (cm) Composition
1 7 He0
2 HoO 4+ Al + U~235, M/W =1
3 20 Be
n Lo Be
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Fig. 10. lIncrease in Neutron Fluxes and Fuel Con-
centration with Decrease in Fuel Annulus Thickness.

P as in the longer core, it is necessary to increase the power densilty and, for a given
length core, decrease the thickness of the fuel annulus. Thus, if ¢/P is maintained
constant as the length of the core is increased from a very short core, ¢/(P/V) will
increase and the fuel concenbration will decrease. For a very long, thin annular core
the neutron path length to the island is short. However, by comparison to a shorter,
equal ~volume core, the fuel concentration is high, and, for the same power density,
volume, and power, the integrated neutron source per unit length of the core is less.
Therefore the peak thermal flux in the horizontal midplane is less bubt can be increasead
by inereasing the power density, although the volume must be reduced to keep the power
the same. Thus, if ¢/P is maintained constant as the length of the core is decreased
from a very long core, ¢/(P/V) and the volume will increase and the fuel concentration
will decrease. On the basis of this gqualitative argument it was comcluded that there
must be an optimum combination of length and thiclkness of the fuel annulus that re-
sults in a maximm value of ¢/(P/V) for a given ¢/P or a maximum value of ¢/P for a
given ¢/(P/V).
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To determine the proper dimensions of the fuel region, a study was conducted on
a core with a fixed water-island radius, considering the core length and outer radius,
target weight, target diameter and length, and fuel concentration as parameters. The
length of the target was in all cases equal to the length of the core, and the fuel
concentration (which was uniform throughout the annulus) was adjusted so that kKepp =
1.20. Three basic cases were considered; a core with no target, a 100-g target, or
a 200-~g target in the center of the water island. The ratio of aluminum matrix
material to plutonium feed material was maintained constant, and for comparison pur-
poses the target dlameter was adjusted in each core to produce the maximum thermal
flux. The inclusion of a target in the island in the manner described above intro-
duced ancther variable affecting the optimum combination of core length and width,
since increasing the length of the target region decreased the macroscoplc absorption
cross section, thus resulting in less flux perturbation within the target. The re-
sulbant greater integrated flux would tend to increase the length of the optimum core
as the target weight increased,

The results of the caleculations for the no-target and 200-g target cases are
presented in Fig. 11l. As indicated by the dashed curves, which represent the locus
of points for ¢/P = 5 x 1013 nv/Mw (5 x 1015 at 100 Mw) in the core with no target,
there is a combination of length and fuel-annulus thickness that results in a waximum
value of ¢/(P/V), for the core with no target, and another combination that yields a
maxim ¢/(P/V), for the core with the 200-g target. The core length for the no-
target case appears to be a little over 46 cm; for the 200-g target case it is about
60 cm. If one chooses to specify a particular value of ¢/P for the 200-g target
case (or values of ¢/(P/V), for either case), the optimum combination of dimensions
comes out to be about the same, although the lower the required value of ¢/P, the
longer and thicker the fuel annulus will be. BSince it was desired to obtain an un-
perturbed meximum thermal flux of at least 5 x 10LD in the HFIR, and since the corre-
sponding ¢/(P/V), curves are mearly flat between 46 and 60 cm, 15.72 cm (18 in.) and
12 cm (%.72 in.) were selected for the fuel-annulus length and thickness, respectively.
(The shorter lengbh core was in part selected because it would result in a smaller
pressure drop across the core.)

If it is desired to use uniform power distribution rabher than uniform fuel
distribution in the fuel apnulus, the results would be slightly different from those
presented 1o Fig. 11. For the case of uniform fusl concentration the rstio of radial
maximun~to-average power densiby decreases as the core length is increased for all
cores represented by the dashed curves. Therefore, 1f the power distribution were the
same for all cores, the optimm-length core would be expected to be somewhat shorter
than predicted by Fig. 11. However, there is a decrease 1n ¢/P associated with a
decrease in (qmax/qav)R which tends to increase the optimum core length. Since these
latter effects appeared to be small, 1t was assumed that the results in Fig. 11 were
adeguate for debermining the optimum core dimensions for both the uniform-fuel-
distribution core and the uniform~power-distribution core.
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PREFACE TABLE FOR FIG. 11

Code calculation, Wanda
Cross-section set, No. 2 (GNU averaged two-group)
Thermal ‘bemperature, 80°C

Active core length, variable
Extrapolated core length,
active core length + 16 am

K pps 1420
Region Outer
No. Radius (em) Composition
+*
1 Optimum 200 g Pu~-242 + Al + HpO, M/W varies,
(g AL)/(g Pu) = 5
2 T Hp0
3 U-235 + Al + Ho0, M/W = 1
n g+ 30 Be + 5% H0 + Exp
*

Cores represented by solid curves contained only Hz0 in region 1.

Note: TFluxes normalized assuming 3.3 x lOlO fissions/w-sec.
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FURTHER STUDIES OF A CLEAN CORE

Several parameters that were assumed to have small and/or predictable effects on
the selection of the HFIR core dimensions were considered in detail in the study of
only a limited number of cores. The parameters treated in this manner included radial
and axial power distributions, control-surface effects, fuel concentration and burnable
poisons as related to power-~distribution control and fuel cycle time, metal-to-water
ratio in the fuel region, Pu-z£i2 target size, and others. Some of the parameters con=-
sidered here in detail were discussed very briefly in the preceding section in connec~
tion with the selection of the core dimensions. In this section the parameters are
discussed in a specific order, although 1t is necessary, at times, to include one or
more parameters in the discussion of another related parameter. The results of these
studies indicated that no major changes were required in the previously selected core
dimensions.,

Radial Power Distribution (Radisl Fuel Distribution)

Typical two~group flux and power distributions in a fuel annulus containing a
nniform fuel distribution are shown in Fig. 12. If the maximum permissible power
density is the main limitation on island neutron flux, it is apparent that flatlening
of the power distribution in the radial direction so as to make the average power
density essentially equal to the maximum power density will increase ¢/(P/V) . How-
ever, the increased number of neutrons being born farther from the island do not
contrivute to the island proportionately as much as those closer to the island because
of their reduced probability of leakage into the island. Thevefore it would be ex-
pected that flattening of the power distribution would reduce ¢/P. The effect is
offset somewhat by an increase in the leakage probability for neutrons near the inner
edge of the fuel annmulus. This is a result of reducing the fuel conceutration near
the edges of the fuel annulus in order to obbtain the uwpiform radial power distribution.
(As a first approximation the distribution of fuel for producing uniform radial power
is the mirror image of the power distribution curve obtalned with uniform radial fuel
distribution because the shape of the flux causing fisslon changes very little with
changes in fuel distribution.) To simulazte varying degrees of uniformity in radisl
power distribution, the fuel annulus was divided into cne, two, five, twelve, and
seventeen radial fuel reglons, the fuel concentrations being adjusted so as to make
the peak power densities about the sawe in all regions, Although this goal was not
achieved in all cases, it was the basis on which the comparison was made. Results of
the calculations are presented in Table 2.

For the two- and twelve-region cores the fuel annulus was divided into equally
thick regions. In the five-region anmalus, four of the regions were grouped in a
hepgm-thick region next to the island, leaving a fifth region 8 cm thick. The seventeen-
region annuwlus was essentially equally divided. The maximum power density in the one-
region annulus was at the inner surface of the annulus. For the two-region annulus
the maximum power densities were at the inner and outer surfaces of the composite fuel
annulus, the two values being so nearly equal to each other that for this type of
comparison the values listed in Table 2 for the two-region annulus were considered
"exact.” As shown in Fig. 13, the individual region maximum power densities for the
five~region annulus were not all the same, although the maximum of all the values
occurred essentially at the inner surface. The same sort of "inexzactness” was also
obtained for the twelve- and seventeen~region anmili, although not to the same degree.
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PREFACE TABLE FOR FIG. 12
Code calculation, Wanda Active core length, 45.72 em
Cross-section set, No. 2 (GNU averaged two~group) Axial buckling, 0.002591 cm™2
Thermal temperature, 80°C K prs 1020
Region Outer Ng5 X 105
No. Radius (cm) Composition (atom/barn-cm)
1 7 H=0
2 19 U~235 + HpO + Al, M/W = 1 25
3 L9 Be + 5% Hz0 + Exp
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Fig. 12. Typical Neutron Flux and Power Distribution
in the HFIR.

This explains, in part, why some of the values in Table 2 do not appear to be con~
sistent; for example, ¢/P for the five~ twelve- and seventeen-region annuli should

be less than for the two-region annuli (assuming each fuel annulus to be divided into
equal~thickness fuel regions.) (However, the value of ¢/P for the particular five-
region core calculated would not be as small as would be expected with all regions
being of equal thickness.) A more meaningful comparison of the results was obtained
by plotting the data in Table 2 against the number of discrete fuel regions. Assuming
that the variables must be smooth functions of this parameter (with each fuel annulus
divided into egqual~-width regions) and further assuming that values for the one~ and
two-region annuli were "exact," the curves in Fig. 1k were obtained. (By more precise
proportioning of the fuel among the various regions, the ratio of maximm-to~average
pover density could be reduced in the annuli whose points do not fall on the curves.
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Table 2. Reactor Characteristics as a Function
of Radial Power Distribution

Number of Fuel Regions

1 2 5 i2 17
CRRWETD 2.080 1.1450 1.42 1.17 1.11
LI 1.205 1.205 1.205 1.205 1.205
¢/P (relative values) 4,735 b.50 h.65 k.55 4,50
¢/(P/V)m (relative values) 0.6279 0.8512 0.90 1.08 1.15

The per cent reduction in ¢/P would be small in comparison with the per cent decrease
in (9pgy/9ay)s vhile the per cent increase in ¢/(P/V) would be nearly equal to the
decrease in (gp,./dgy).) These results indicate that™a 90% increase in ¢/(P/V), can
be obta}ned by changing from one region to an infinite number, while losing only about
8% in o/P.

There are, of course, a few practical considerations associated with obtaining a
prescribved, continuously varying fuel concentration across a fuel plate. By comparison,
the use of Just two discrete regions in two separate annuli or posslibly three regions
in three separate anmuli (in which case a single fuel-bearing plabe would contain a
uniform fuel concenbration) would require essentially no development of fabrication
techniques. However, because of the very strong dependence of transplutonium isotope
production on neutron flux, it was tentatively concluded that the 25 to 0% effective
loss of §/(P/V)_could not be tolerated, provided that there were alternatives.

The next big stgp from the standpoint of plabte fabricastion was to incorporate two

or more dilscrete fuel regions in a single plate. Assuming a three~region plate and
two separate fuel annuli to be a practical limit, thus providing six regions of fuel,
the effective loss in ¢/(P/v)m would be about 15%,

There is another advantage associated with the use of continuously-varying-
concentration plates. At present it is visualized that the plates will be positioned
radially; thus, as shown in Fig. 13, the radial power-density gradients in plates
conbaining several discrete fuel regions would be quite steep. Since there is little
conduction of heat in the plate parallel to the surface of the plate, the radial
temperature distribution in the plate will be essentially the same as the power dis-
tribution. Thus the thermal stresses, which in this case would tend to buckle the
plates, could limlt reactor power. This problem will also exist to some extent
with continuously varying fuel concentration because of nonuniform fuel burnup and
control-plate movement. However, burnable poison can be used within limitations
to reduce the required reactivity worth of the control plates and therefore the
temperature gradients in the viciniby of the control region. Burneble poison can
also be used to some extent to control nonuniform fuel burnup.

The preceding comparison was made on the basis of equal~width fuel regions and
equal maximum power densities in each region; there are many other combinations
one might study. However, the results in Table 2 and Fig. 14 indicate that the
neutrons born deep in the fuel annulus contribube significantly to the flux in the
water island; thus 1t appears that the curves in Fig. 14 would not change signifi-
cantly.
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small decrease in ¢/(P/V)m.
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; ) to improve the reactor performance, a case
a§ wab made comparatively large by using uniform

thé& fgel annulus and by removing the side reflector.

The objective was to obtain a large increase in ¢/P at the expense of a comparatively

Results from the study indicate that a reflected core

PREFACE TABLE FOR FIGS. 13 AND 14

Cross-section set, No. 2 (GNU averaged two-group)

Composition

One Fuel Region

Hz0
U~235 + Al + HpO, M/W = 1
Be + 5% Ho0 + Exp

Two Fuel Regions

HoO

U~235 4+ Al + Hg0, M/W = 1
Same as above

Be + 5% Ho0 + Exp

Five Fuel Regions

Hz0
U-235 + Al + Hp0, M/W =1

Be + 5% Ho0 + Exp

Twelve Fuel Regions

Hz0
U-235 + Al + HzO,
Same as above

MW o= 1

Be + 5% HgO + Exp

Seventeen Fuel Regions

Hz0
U-235 + Al + HpO, M/W =

|
Be + 5% Hz0 + Exp

Code calculation, Wanda
Therma). temperature, 80°C
Region Outer
No. Radius {cm)
1 1
2 19
3 kg
1 1
2 13
3 19
I Lo
1 T
2 8
3 9
by 10
5 1
6 19
7 L9
1 T
2 8
3 to 13 9 to 19
(L-cm
inerements)
1k kg
1 T
2 to 7T T.5 to 10
(1/2~cnm
increments )
8 to 14 11 to 17
(1-cm
increments)
15 17.%
1 18
17 18.5
18 19
19 Lg

Active core length, 45.72 cm
Axizl buckling, 0.002591 cm™2
K_pps 1+205

N25 X 105
{atom/barn~cm)

25

15
35

~l5

~23.8
~31.3
~36.0
~25.3

N25 not determined
specifically for
k = 1.205; ranges

fPom about 12 x 10'9
to 38 x 1070

See remarks above
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with essentially uniform power distribution produces a more favorable combinatlon
of #/P and $/(P/V)  than the unreflected cores. Details of this study are given in
Appendix 1.

All the comparisons above were made with ke = 1,2 and with no control surfaces
present. The introduction of control poison in i 2-cm~thick annular region between
the fuel annulus and the berylllum side reflector (the control~region location specified
for the HFIR) increases ( in all cores that initially have maximum power
densities at the island-fue 1n%er ace, and during the fucl cycle, nonunlform burnup
of the fuel and variations in control poison also change / R Therefore in a
practical sense it 1s nobt possible to mainbtain uniform radqgix ower dlstributlon over
a core lifetime. However, with proper 1n1t1al distribution of fuel and burnable
poison it is possible to maintain ( at or below ebout 1.2; in comparison to
a core with uniform fuel dlstrlbutlon and w1§h an equivalent contraol system the gailn
in ¢/(P/V)m is still zbout 90%.

Axial Power Distribution

Within limitations, peaking of the power at the horizontal midplane of the core
increases P /P significantly without appreciably decreasing ¢ /(P/V . With uniform
fuel distribution in the longitudinal direction, power peaﬁlng of this type generally
oceurs, However, the presence of a light-water end reflector sbove and below the fuel
annulus tends to result in even greater peaking of the thermal flux (and thus power
density) at the longitudinal extremeties of the fuel zone, resultlng in a ulgnlfxoant
decresse in § /(P/V)m Results from two-dimensional calculations predictad a relative
pover denwlty of aboub 1.7 at the ends, as compared to a maximm of 1.2 at the hori-
zontal midplane, assuming an essentially uniform radial power distribution at the
horizontal midplane. Although at this time there are no intentions of deliberately
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increasing power peaking at the horizontal midplane, it is desirable to reduce the
peaking at the ends to a value egual to or less than that at the center.

Further investigations of end peaking were made using a one-dimensional, slab-
geometry core with a light-water end reflector. One proposed method for controlling
the end peaking was to extend the aluminum portion of the fuel plate beyond the fuel
zone so as to increase the effective neutron age in the region adjacent to the fuel.
If necessary, a small amount of poison could be added to the extension to reduce the
flux further. Results of the calculations are presented in Fig. 15. It is observed

PREFACE TABLE FOR FIG. 15

Code calculation, Wanda Geometry, finite slab
Cross-section set, No. 2 (GNU averaged, twowgroup) Extrapolated height and width,
Thermal temperature, 80°C 48 em

Transverse buckling _
(«®/a® + 7&/0%), 0.008567 cn™ 2

Region
No. Outer Boundary Dimension from Midplane (cm) Composition
1 2k Unegg + Al + Hz0, M/W = 1,
Ne2 = 25 x 1077 atom/barn-cm
2 30 (A) Hz0; (B) AL + H20, M/W = 1;
(C) AL + Hz0 + zg = 0.0, M/W =1
th
3 60 Hpz0
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ORNL—LR-DWG 50317
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that for the slab core with no plate extension the power-density peak at the end is
only about 3% higher than the value at the center of the slab. The lower peaking value
obtained from this calculation, as compared to that obtained with the two-dimensional
calculation, is attributed partly to the difference in fuel concentration for the two
calculations. (The fuel concentration in the one-dimensional slab calculation was
about one~hnalf that in the earlier two~dimensional calculation since later calculations
indicated that the smaller value was more representative of the concentration for the
typical HFIR.) GEven so, it was assumed that the power density at the ends would have
to be reduced by about 20%. As indicated in Fig. 15, a 6-cm extension of the aluminum
plates reduced the peak by about 20% while increasing the power demnsity at the center
by only 2% and decreasing Kopp bY only 0.0k%. The use of a neutron poison in the
extension did not appear to be required.

The use of the unpoisoned 6-~cm extension was investigated further, using a two-
dimensional calculation and the latest typical HFIR core design. Since these calcu-~
lations were made in conjunction with the fuel-cycle studies, the detailed results
are discussed under that topic heading. It suffices to say here that the two-
dimensional calculations indicate that the power density at the ends of the core will
not exceed 80% of the maximum power densibty in the core at any time during the fuel
cycle. Thus the length of the extension could probably be reduced some; however,
an extension is reguired for establishing bydrodynamic stability of the coolant and
since manufacturing tolerances on the length of the fuel zone will permit some fuel to
extend into the high flux regions at the ends, the 6-cm extension was tentatively
specified for the HFIR core.

Control~Surface Effects

As mentioned in the introduction; most of the calculations performed in the
general parameter study were based on a core having k¥ .. = 1.20 with no reactivity
controls present. Introduction of the control surfacés will of course perturb the
fluxes throughout the core and will result in redistribution of the power in the fuel
annulus. Since the "optimum" core design was selected on the basis of calculations
made without reactivity control in the core, it is of interest to compare the results
obtained for the supercritical and critical reactors.

In the solution of the steady-state reactor equations for a "noneritical"” core,
the particular calculational methods used in the HFIR studies employed a multiplier,
A, on the neutron fission source in order to balance the equations, or, in a sense, to
make the noncritical reactor critical. Thus, if one considers A to be a multiplier on
only the fuel concentration, the "noneritical" reactor can be interpreted as a critical
reactor with fuel concentration equsl to ANED (vhere Ne2 is the original U-235 concen-
tration) and with sufficient nonfuel poison in the fuel region to make the macroscopic
gbsorption cross sections equal to the original values. (Except for having no fission
cross section, this poison has all the pertinent nuclear characteristics of the tuel. )
It is apparent then that a comparison of the supercritical (keff = 1,20 = l/%) reactor
with the critical reactor containing reactivity control surfaces is really a comparison
of a critical reactor having N°2 = ANS” (ORICINAL) snd %, = T, (ORIGINAL), with a
reactor having N22 = N20 (ORIGINAL), %, = Zy (ORIGINAL), and containing control surfaces,
A comparison of this type was made using a fixed wvalue of NG (ORIGINAL) and with
varying amounts of polson in an annular control region located between the fuel annulus
and outer beryllium reflector. Using one-dimensional, multigroup, diffusion theory,
it was found that increasing the control-region poison concentration increased ¢m/P
and (qyay/day Jg 8nd decreased @ /(P/V),. The increase in @, /P is attributed to the
increase in quax/qav)R and to a hardening of the neutron emergy spectrum, both of
which increase neutron lesakage from the fuel region since the asbsorpbion cross sections
are the same in all cases, As shown in Fig. 16, an increase in (qmax/qav)R of about
35% by means of control-poison addition is accompanied by a 15% increase in f,/P, while
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according to Fig. 14 a 35% increase in (qmax/qav)R by means of radial fuel distribution
results in only a 4 to 5% increase in ¢m P. Thus it appears that spectrum hardening
associated with the increase in control~region poison aceounts for about a 10% increase
in ¢m/P. (Tne change in spectrum as determined from the multigroup calculations is
shown in Figs. 17, 18, and 19. though the spectrum is hardened much more near the
control region when the control poison is inserted, hardening does take place through~
out the annulus. )

The above results tend to imply that increasing the fuel concentration and com~
pensating for the additional reactivity by means of increasing the poison concentration
in the annular control region will result in an increase in ¢m P, It must be remembered,
however, that in these particular calculations a nonifuel abscrber was removed from the
fuel region as the fuel concentration was effectively increased. As will be discussed
later under the subject heading "Fuel Concentration,” an increase in fuel concentration

in the normal sense will decrease ¢m/P.

In view of the results obtained from the above comparison calculations, it was
concluded that the "opbtimum" core design that was selected on the basis of kgpp = 1.20
would be essentially unchanged had the calculations considered a core with a control
poison, the same fuel loading, and kgpp = 1.0.

Fuel Concentration

As will be demonstrated later, increasing the fuel concentration in a particular
core decreases the thermal-neutron flux in the island. Thus,; increasing the fuel-cycle
lifetime by increasing the loading results in a lower time-integrated flux for the
actual operating time, but less down time per unit operating time. Therefore, from
the standpoint of isotope production there would be some optimum loading and associated
fuel-cycle time. However, based somewhat on the desired unperturbed flux level for
the clean core, and on early evidence that the core life might be limited by corrosion,
a fuel~cycle time of ten days was tentatively selected for the HFIR. Assuming about
5% Ak/k for xenon and samarium, 4% for other fission-product poisoning, and 7.5 x 102
U-235 atom/barn-cm for ten days' burnup, the required kepp Was estimated from Fig. 20
to be about 1.18 (with no reactivity compensation by the control system). The calcu~-
lations were for a reactor which contained a 100-g plutonium target in the island
and experiments in the outer beryllium reflector amounting to about 2% in reactivity.

As shown in PFig. 21, the addition of fuel to the fuel region (in a uniform
manner ) decreases ¢m/P even though (qmax/qav)ﬂ is increased and the neutbtron energy
spectrum is hardened some. This particular type of comparison, however, may not
be realistic since in actuality the addition of fuel requires the addition of more
control, and it has already been determined that the addition of control between
the fuel snd outer reflector hardens the spectrum sufficiently to increase @/P.

Thus, if the cores having different fuel loadings are compared on the basis of having
the same kKepp and similar control schemes, a different relationship than indicated
by Fig. 21 is obtained.

To investigate this problem, two-group calculations were performed on two cores
having different fuel concentrations. Both cores were geometrically identical, being
made up of 17 fuel regions with the fuel so distributed as to produce reasonably flat
power distributions consistent with nonuniform fuel burnup during a fuel cycle. Both
cores contained a uniformly distributed burnable poison in the fuel region so that
Keps without any poison in the control region between the fuel annulus and the outer
reflector would be approximately the same for the two cores. As a result the poison
concentrations in the control region were about the same for k py equal to unity.
This was also a practical consideration having to do with the amount of poison that
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Code calculation, GNU

Thermal temperature, 80°C

PREFACE TABLE FOR FIGS. 16, 17, 18, AND 19

Crosz-section set, GNU 34 groups (ORNL revised set)

Core same as that assoclated with Fig. 1 except that for Fig. 16 the boron concentration in
the control region is a variable and for Figs. 17, 18, and 19 the control reglon contained
either 200 x 1072 atom/barn-cm of natural boron or contained no horon.

Active core length, 45,72 cm

Axial buckling, 0.00259L cm™2

K ..y 0.992 Tor Figs. 17, 18

eff 4 ’
and 19
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PREFACE TABLE FOR TIG. 20

Code calculation, Wanda Active core lenmgth, 45.72 cm
Cross-section set, No. 2 (GNU averaged two-group) Axial buckling, 0.002591 cm <
Thermal temperature, 80°C
Region Outer
No. Radius (cm) Composition
1 2 100 g Pu-242 + Al + Ho0, W/W = 1
2 7 Ho0
3 19 U-235 + Al + Hz0, M/W =1
N kg Be + 5% HoO + Exp
UNCLASSIFIED
ORNL-LR-DWG 50322
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Fig. 20. Reactivity vs U235 Concentration for Typi-
cal HFIR Core.

can be added to such a control region without resulting in excessive distortion of

the power distribution during the fuel cycle. However, For turther comparison, this
practical aspect of the core design was disregarded, and the cores were also calculated
with no burnable poison but with sufficient poison in the control region to give the
same value of Kafre

The results of the above calculations arve presented in Table 3, A comparison
of colums 2 and 3, the two cores having burnable poison in the fuel, shows that the
core with the greater fuel loading has lower values of @/P and ¢/(P/V)m. Even if it
is assumed that the ratio of maximum~to-average power density in the more heavily
loaded core can be reduced to the same lower value in the less heavily loaded core
without appreciebly reducing @/P, the velue of ¢/(P/V) in column 3 will still be
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PREFACE TABLE FOR FIG. 21

Code calculation, GNU Active core length, 45.72 cm
Cross-section set, GHU 34 group (ORNL revised set) Axial buckling, 0.002591 cm™2
Thermal temperature, 80°C

Other dimensions and reglon compositions are the same as indicated for the 12-region fuel an-
nulus associated with Figs. 13 and 1k,
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Fig. 21. Maximum Thermal Flux per Unit Meximum
Power Density and per Unit Power, Ratio of Maximum-
to-Average Power Density in the Radial Direction, and
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less., This is also true of a comparison between columns 1 and 4. A comparison of
columns 1 and b4 with 2 and 3 indicates that the addition of the burnable poison in
the fuel region decreases $/P and @/(P/V) . 1Thus, in general, an increase in fuel
concentration decreases the performance oFf the reactor at the beginning of the fuel
cyele., Asg will be discussed later under the subject heading Fuel-Cycle Analysis,
@/P and #/(P/V)_ remain essentially constant during the fuel cycle of the proposed
HFIR3 therefore’ it is concluded that an incresse in fuel concentration will slso
decrease the time-integrated thermal-neutron flux in the island of the HFIR, where
time is interpreted as actual operabling btime.
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Table 3. Effect of Fuel Loading on §/P and 8/(P/V)

m

w7 x 105, atom/barn-cm 23.47 23.47 h5.26 45,26
Burnable poison No Yes Yes No
ZD(control region), em™t 0.321 0.137 0.289 3.00
L (xp = 0) 1.1798 1.1277 1.1217 1.1287
K op (zp # 0) 1.000 1.000 1.000 1.000
(8/P) x .10”13, nv/Mw 5973 5.601 5.120 54565
CHL TN 1.348 1.18k4 1.313 1.589
;Fgé/(P/‘v)m x 10747, 1.223 1.306 1.076 0.967

nv/1r/1iter

Burnable-Poison Effects

The use of a burnable poison in the HFIR has been considered for power-
distribution control and for reducing the reactivilty requirements of the control
system. From a nuclear aspect, however, there 1s in a scense a limit Uo how much
should be added, As indicated by a comparison of columas 1 and 4 with 2 and 3 in
Table 3, the addition of burnable poison to the fuel region can decrease §/P at the
beginning of the cycle. To investigabe this effect further, varying amcunts of
burnable poison were added to the core described in column 1 of Table 3, and the
poison in the control region was regulated to make k_ equal to unity in each case.
The burnable poison was added uniformly in density t6 only the imner half of the fuel
annulus for the purpose of flattening the power in the radial direction. Figure 22
shows the relative radial power distribution in the core with and without the burnable
poison.

When burnable poison is added to a core, control poison must be removed from the
control region to maintain the same reactivity. This will have some effect on the
neutron energy spectrum and thus on neutron leakage. Furthermore, moving the poison
from the control region to the Tuel region tends to erect a neutron barrier between
the island and source. The net effects on @/P and g/(P/V)_ for a core with a fixed
fuel distribution and loading are shown in Fig. 23. The addition of burnable poison
to the fuel decrcases $/P; the increase in @/(P/V)_ results from the reduction of
(q] Ja )R' Further addition of poison to the core in Fig, 23 without fuel re-
dig%fib%¥ion would eventually cause (g /q ). to iancrease, in which case it is
expected that both @/F and §/(P/v) wollid af¥rBase. Suppose, however, that for each
poison addition to tne fuel the fuel distribution is changced to maintain a specified
power distribution. Since reducing ( tends to decrease P/P, thus partially
accountcing for the decrease of ¢/P in it is expected that maintaining a
specified power distribution would result in a smaller decrease in ¢/P as poison is
added Lo the fuel. Of course $/(P/V) would then decresse the same as $/P. An analysis
of the HFIR fuel cycle (see FuelmCyclg Mnalysis) indicates that the initial adverse

By, )
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PREFACE TARLE FOR FIGS. 22 AND 23

Code calculation, Wanda

Cross~section set, No. 2 (GNU averaged two~group)

Active core length, 45.72 em
Axial buckling, 0.002591 cm™®

Thermal temperature, 80°C K, pps 1200
Region Outer ¥ x 107 W0y 107
No. Radius (cm) Composition (etom/barn-cm) (atom/barn=cm)
1 7 . Hz0 }
2 Te5 U-235 + AL + Hx0 10 Bame in regions
3 8 + B-10, M/W = 1 11.52 2 through 10
L 8.5 13.18
5 9 1Lk.93
6 9.5 16.77
7 10 18.64
8 11 20,7k
9 12 23.99 \
10 13 26,86
11 1h 28,90 0
12 15 30.03
13 16 29.03
1k 17 27.08
15 17.5 25.79
16 18 2l .32
17 18.5 ' 22.73
138 19 21,04
19 21 Be + 5% Ha0 + Fxp + Control
Poison
20 51 Same as above
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effect of a small amount of burnable poison in the fuel region is more than offset by
the time-integrated gains in ¢/(P/V) achieved through the use of the poison for power-
density control. Thus the use of a burnable poison in the HFIR appears desirable.

Metal~to~Water Ratio

The metal~to-water ratio in the fuel annulus has an effect on the flux in the
island, since fast leakage from the annulus is dependent on the ratio of fuel-to-
moderator atorl density. Increasing the metal~to-water ratio increases the effective
age in aluminum-vater mixtures and therefore increases the probability of neutron
leakage into the island. There musht, of course, be an increase in fuel concentration
to compensate Tor the increased leakage from the fuel annulus. Results of calculations
made to determine the megnitude of the effect show thatl increasing the metal~to-water
ratio from 0.8 to 1.0 increases #/P by about 3%. (Both cores used in the calculation
had essentially uniform power distribution as a result of using 17 discrete fuel
regions, TFor a single~fuel-region core (q /q )_ would be a little greater for the

. ; L av . . .
core with the larger metal-to-water ratio. aﬁnder such circumstances the increase in
@/P would be expected to be a little larger than the 3%.)

Because of heat removal requirements the largest metal-to-walter ratic considered
for the HFIR was 1.0. Even though the thermale-ncutron flux in the island is higher
for the larger metal-to-water ratios, 1t may be necessary, after considering the
practical aspects of fuel-element fabrication and their effects on the hot-spot and
hot~channel factors, to use a metal-to-water ratio less than unity.

A method considered for decreasing the effective metal-to-water ratio, and thus
the fuel concentration, without decreasing reactor performance provided a water anmulus
between two annuli of fuel, each fuel annulus having a metal-~to-water ratio of 1. As
the thickness of the water annulus was increased, the thickness of the outer fuel annu~
lus was held constant sc that the fuel volume increased, Thus, if the addition of the
water annulus had no effect other than to increase the fuel-region volume, it would
be expected that @/P would decrease and @/(P/V) would increase with increasing fuel-
region volume as shown in Fig. 1l. 'The resultsmpresented in Fig. 24 show that there
is an optimum water~annulus thickness from the standpoint of minimim fuel concentration
and that both @/P and @/(P/V)y decrease with increasing water-annulus thic mess. The
initial 2% increase in ¢/(P/‘V)In results from the lower value of {g___/q__ ) associated
with the introduction of the water annulus; however, a comparison B8 coldson & uniform
power rather than uniform fuel-distribution basis would not result in the 2% advantage.
Thus the presence of a discrete water annulus in the fuel region will, in effect, re-
duce neutron leakage from the fuel into the water island.

Practical Core-Design Considerations

One of the fuel-element designs proposed for the HFIR consists essentially of an
annulus (the fuel annulus) containing nearly radial plates (involute plates). Pre-
liminary calculations indicate that in order for the plates to be sufficiently rigid
the width of the plates or thickness of the annulus must be no greatsr than about 5 cii.
Since the proposed HFIR core had a 12~cm-Uhick fuel annulus, it was decided to investi-
pate cores having a fuel region that was divided into three fuel annuli, each sepsrated
by a l-cm~thick annulus containing aluminum and waber but no fuel.

In order to generate the same number of neubrons per unit of core length in the
fuel regions of the three concentric annuli without exceeding the maximum permissible
power density, it was necessary to increase the over-all fuel-annulus thickness, The
greater neutron path length to the island meant less leakage into the islsnd., In an
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PREFACE TABLE FOR FIG. 24
Code calculation, Wanda Active core length, 45,72 om
Cross-sections set, Wo. 2 (GNU averaged two-group) Axial buckling, 0.002591 cm™?
Thermal temperature, 80°C K ppr 1+205
Region Outer
No. Radius (cm) Composition
1 T HaO
2 13 U~235 + Al + Hp0, M/W = 1
3 H20
N gk 6 U-235 + 81 + Hz0, M/W = 1
5 rj + 30 Be + 5% Ho0 + BExp

UNCLASSIFIED
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Fig. 24. Thermal Flux per Unit Maximum Power
Density and per Unit Power, and U235 Concentration
vs Thickness of Water Annulus Separating the Two Fuel

annuli.

effort to compensate for the greater path length, the metal-to-water ratio in the
central fuel annulus was reduced co as to reduce the fuel loading and thereby increase
the leakage probability through the two outer fuel annuli. Two difficulties arise:
For & fixed minimum plate thickness, decreasing the mebal-to-water ratio while re-
taining plates of the same thickness decreases the heat transfer surface aresa so that
the maximum permissible power density in the central anmulus must be reduced pro-
porbionately, thus requiring = further increase in fuel-annulus thickness in order

to produce the same number of neutrons. The reduced metal-to-water ratio, along with
the added coolant waber dividing the central annulus from the other two, reduces non-
thermal neutron leakage. These effects, however, tend to be compensated by the lower
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fuel concentration in the central region, which maintains the proper distribution
of power in the three annuli. The net results and a brief descripltion of the core
are shown in Table L, As indicated, decreasing the metal-to-water ratio in the
central fuel annulus has essentially no effect on @/P. However, since the region
with the lower metal ~to-water ratio must operate at a proportionately lower power
density than the other fuel regions, the ratio of maximun-to~-average power density
increases with decreasing metal-~to~water ratio, thus resulting in a lower value of
#/(P/V)_. Therefore, it appeared desirable to design the HFIR core with the same
metal ~tO-water ratio in each of the fuel annuli.

Table 4. Comparison of Cores Which Contain Three Separate Fuel Annuli
and Six Discrete Fuel Regions, on the Basis of Different
Metal~to-Water Ratios in the Central Fuel Annulus

Region Outer

No. Radius (em) Composition

1 7 Hz0

2 8 ue32 . Ho0 + AL, (M/W = 1)

3 9

b 10

5 11

6 12 HoO + AL, (M/W = 1)

7 17 Uo7 4 HzO + A1, (M/W = variable)

8 18 Hz0 + AL, (M/W = 1)

9 21 =32 HzO + AL, (M/W = 1)
10 51 Be + 5% Hz0
M/W {region T) 3 0.7 0.5
LI 1.20 1.20 1.20
@/P, relative 1 0.99 1.01

@/ (P/V)m, relative 1 0.89 0.69
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A comparison of this latter type core with cores contalning only one fuel
annulus was made on the basis of equal-length cores, equal fuel-region volumes, and
esgentially uniform radial power distribution, the latter requirement being accome
plished through the use of 12 to 17 discrete fuel regions across the entire fuel
annulus. Thus for a given power level the average and maximum power densities were
the same, making it necessary to compare only values of ¢m/P.

Since the two water ammuli in the "practical' core design stand as a barrier to
nonthermal neutron leakage into the island, it appeared that there would be some
advantage in moving the water anmili as far to the outer edge of the entire fuel
anmulues as the rigidity of the involute fuel plates would permit. Therefore, in
addition to making calculations for equal-thickness fuel anmuli, celculations were
also made for a case in which the outermost fuel annulus was considerably thinner
than the other two equal-~-thickness fuel annuli. PFurther descriptive information
concerning the cores calculated is presented in Table 5a.

The results of the above studles are presented in Table 5. Since the particular
cores calculated did not have exactly the same volumes, the appropriate curves in
Fig. 11 were used to make the necessary exbrapolations. The results indicate that
the presence of the two l-cm~thick aluminum-water annuli in the fuel region decreases
@ /P by about 9%. Moving the radial position of the two aluminum-water annuli, withe
if the limits indicated in Table %a, had no significant effect on ¢m/P.

Table 5. Comparison of Cores with One and Three Fuel Annuli

Core Tdentification¥

¥ B¥ Cc* D*
Fuel region M/W: 1.0 1.0 0.8 0.8
Number of fuel annuli: 1 3 3 3
Core volumes (fuel regions):

For calculation, liters 4 .8 L8.3 48,3 .5
Extrapolated to 44 .8 44 .8 4y .8 4% .8
CRVLIRN 1.100 1.155 1.125 1.132
¢m/P, relative 1.0 0.9L 0.88 0.88

*
See Table Sa for detailed description of cores,
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Table Sa. Reactor Characteristics for Cores with One and Three Fuel Annuli

Code calculation, WANDA Active core length, 45.72 ca
Cross-section set, No. 2 (GNU-averaged, LWO=group ) Axial buckling, 0.002591 en™?

Thermal tewperature, 80°C X .y 1.20
eff
Region ter 25
No. Radius (cm) Composition N
A. One Fuel Anmulus (M/W = 1)
1 7 Hz0
2t 7 T.5 to 10 U-235 + Al + Hg0, M/W =1 Distribution not
(1/2-cm determined specifi~
increments) cally for k_.. = 1.20
8 to 1b 11 to 17 -
(1-cm
increments )
15 17.5
16 18
17 18.5
18 19
19 Lo Be + 5% HaO + Exp
B. Three Equally Thick Fuel Anmuli (M/W = 1)
1 1 Hz0
2 8 U=235 + Al + Hz0, M/W = 1 Distribution not
3 9 determined specifi-
b 10 | cally for kef’f = 1.20
5 11
6 12 AL + Hp0, M/W = 1
T 13 U-235 + Al + Hz0, M/W = 1
8 1k
9 15
10 16 \
11 17 Al + Ha0, M/W =1
12 18 U~235 + AL + Hz0, M/W =1
13 19
1k 20
1% 21
16 51 Be + 5% Hx0 + Exp
C. Three Equally Thick Fuel Anmuli (M/W = 0.8).
Same as above except the metal-to~water ratio in the
fuel regions was 0.8 instead of 1.0.
D. Two Equally Thick Fuel Anauli, the Third Ope Thimner (M/W = 0,8)
1 T Ho0
2 to 10 7.5 to 11.5 U-235 + Al + Hx0, M/W = 0.8 Distribution not
(1/2-cm determined specifi-
increments) cally for X_.. = 1.20
1 13 AL + W20, M/W = 1.0 et
12 to 16 14 to 18 U-235 + Al + Hz0, M/W = 0.8
(1-cm
increments )
17 19 Al = Hz0, M/W = 1.0
18 19.5 U-235 + Al + Hz0, M/W = 0.8
19 20 Same as above

20 50 Be + 5% H0 + Exp
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Beryllium Side~-Reflector Thickness

The thickness of the light-water-cooled beryllium side reflector selected for
the HFIR was based on reactivity requirements and availability of space for experi-
ments requiring unperturbed thermsl-neutron fluxes in the range of about 2 x 1 to
1 x 105 neutrons/cme-sec. Calewlations for determining the reflector thickness were
made assuming that the beryllium contained 5% by volume of light water and sufficient
thermzl poison to represent experiments worth 2% in reactivity. In all cases the
beryllium was surrounded on its outer periphery by an essentially infinite secondary
reflector of water. 'The results of the calculabions are presented in Fig. 25. As
indicated, a 20- to 25-cm-thick beryllium reflector results in a neubron multiplication
factor about 0,1% less than was ovtained with an Infinite thickoess of beryllium,
Howaver, a portion of the beryllium reflector volume 1s to be occupled by beam and
rabbit tubes, so a greater thickness was considered desirable. Figure 25 also shows
that the maximm bthermal flux in the side reflector was obtained with only light
water in the reflector region. For beryllium thicknesses grester than about 10 cm
the maximm flux in the reflector was essentially constant and about 509 less than
for the all-water reflector, Actually, the variation in fiux shown in Fig. 25 is

PREFACE TABLE FOR FIG. 25

Code calculation, Wanda Active core length, 30.5 cm
Cross-section set, No. 1 Axial buckling, 0.004568
Thermal temperature, 80°C
Region Outer
No. Radius (cm) Composition
1 2 100 g Pu-242 + Al + HoO, M/W =1, (g A1)/(g Pu) = 5
2 7 =0 o5
3 18 U-235 + Al + Hz0, M/W =1, N7 =
40 x 1072 atom/barn-cm
i H20 or Be + 5% Hp0 + Exp
5 68 Hs0

UNCLASSIFIED
OANL-LR-DWG 50327
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Fig. 25. Per Cent Change in Reactivity and Maximum
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somewhat exaggerated since the fuel concentrations were the same in all calculations;
as indicated previously, increasing the fuel concentration, as would be necessary for
the cores having thinner beryllium reflectors, decreases neutron leakage from the fuel
region and therefore decreases the thermal flux in the reflectors. Furthermore, a
comparison of thermal fluxes integrated over a volume extending 50 cm radially beyond
the fuel region indicates that the volume~averaged thermal fluxes are spproximately
the same regardless of the beryllium thickness. Thus a 30-cm~thick beryllium side
reflector was tentatively specified for the HFIR.

TParget Size, Weight, and iHeat Removal Considerations
g 2 2

The maximum amount of Cf-252 is produced in a given periocd of time when the volume-
integrated product of neutron flux and density of Pu~242 in the target is a meximm.
Increasing the weight of plutonium in vhe target will reduce the average thermal flux
in the target; thus there is an optimum weight of Pu~242 associated with a given size
target. For a given weight of Pu~242 and a given length target, there is also an
optimun diameter for the targel since concentrabing the pluboniun at the cenbter de-
presses the thermal flux severely, while dilution of the given welght of feed material
by increasing the target diameter eventually extends the outer portions of the target
into the comparatively low thermal~flux regions of the island near the fuel amulus.,

In order to provide adeqguale heat transfer surface area for the target;, the
plutonium oxide feed material was homogenized with aluminum. Thus the homogenized
target used in the calculations contained water as coolant and moderator, aluminum,
and plutonium oxide, the volume ratio of aluminum to plutonium oxide bheing mwaintained
at 19.

Before determining the optimum weight of Pu-242 for a perticular core, it was
necessary to calculate the optimum target dlemeters for several weights of Pu-242,
Figure 26 shows the results obtained for a reactor having an active core length and
a target length of L5.72 cm, a fuel-asnnulus thickness of 12 cm, and an island radius
of 7 cm. For this particular case the optimum target radius ranged from 3.3 cm for
50 g of Pu~-242 to 5.3 cm for 300 g. (Opbimum target diameters were also determined
for several other combinations of plutonium weight, core diameters, and core lengths,
as indicated previously under the topic heading "Fuel-Annulus Thickness and Lengthg"
the results were then used in the calculations that led to the curves in Fig. 11).
Knowing the average thermal flux associated with a particular weight and size target,
it was then possible to estimate Cf-252 production as a function of Pu~2h2 welght;
Fig. 27 shows the total production of Cf-252 for one~year exposures al flux levels
determined Trom Fig., 26 assuming a power level of 100 Mw,

When maklng the above calculations, 1t was assumed that the plutonium plus the
subsequent transplutonium isotopes had sn average microscopic cross section of 60 barns
and an effective atomic mass of 242 amu. Acbually, the thermal cross section of the
target changes with time and is a function of the thermal~flux level. Therefore, when
optimizing the weight of the plutonium feed material and the dimensions of the target
on the basis of maximum total production of Cf£-252 in a given period of time, it is
desirable to use a time-averaged cross section in the calculations. The curve in
Fig. 30, which neglects nonthermal irradiation effects, implies that the production
of CFf-252 from Pu-242 is dependent on the product of neutron flux and time rather
than on just the flux. If it is assumed that the optimm irradiation period is also
dependent on ¢t, thien the average cross section of the target should be hased on the
particular value of ¢t rather than on time alone. Figure 28 gives effective in-
stantaneous, time-averaged, and flux-time-averaged thermal cross sectiouns for the
plutonium feed material (neglecting nonthermal irradiation) as a function of time and
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PREFACE TABLE FOR FIG. 26

Code calculation, Wanda Active core lengbh, #5.72 cm
Cross-section set, No. 2 (GNU averaged two-group) Axial Dbuckling, 0.002591 cm™2
Thermal tempersture, 80°C K ppo ~1.20
Region Cuter
o, Radius (ecm) Composition
1 Pu-2L2 + Al + HpO, (g AL)/(g Pu) = 5
2 T Hz0
B . 25 A -5
3 19 U-235 + Al + Hp0, M/W =1, §°° ¥ 55 x 10
atom/barn~cm
L L9 Be + 9% Ha0 + Fxp
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flux level. Assuning a targel exposure of about 3 x 10t> nv-yr, the time-averaged
cross sechtion appears to be about 56 barns Tor flux levels ranging from 1.5 x 1

to 5x1 2 nv. Therefore the optimum target size shown in Fig. 26 should be nearly
independent of the flux level.

The method of determining the opbilmum weight of the Pu-242 feed materisl is some~
what ambiguous because in general it requires detailed and accurate information con-
cerning the time~ and space~averaged neubtron fluxes and the production rates of CE~252
from Pu~242, both of which are inberrelated and uncertain., In order to obtain zn
estimate of the optimum weight, it was assumed that only the thermal flux contributed
significantly to californium production, and that the appropriate average fluxes were
those given in Fig. 26 for the optimum target diameters. ‘he production of Cr=-252
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from Pu~242 feed material can then be estimated from Figs. 22 and 30. Using Fig. 30
in preference to Fig. 29,* the optimum weight of Pu~242 was estimated to be about

300 g, as indicated by curve B in Fig. 27. If the shape of the curve in Fig. 30 is
reasonably correct, and since it is nearly a straight line in the region of interest,
the optimum weight would be insensitive to variations in the thermal-~flux level, thus
alleviating to some extent the need for an accurate determination of the effective
average flux during target exposure.

In the above analysis only_ lthermal irradiation of the plutonium feed material was
considered. Recently, a report 0 has been issued which discusses the contribution of
nonthermal neutron irradiation to transplutonium isobtope production. Under certain
conditions the contribution is definitely significant. Therefore further studies migot
possibly indicate a different optimum weight, depending on the ratio of thermal to
nonthermal flux in the target.

The above values of optimmum diameter and weight of the target were based on an
island radius of 7 em (that proposed for the HFIR). It is possible that a larger
island would result in greater califoraium production, since increasing the island
diameter tends to maintain adequate neubtron moderation as the weight and therefore
volume of the target 1ls increased. Of course this would result in a decrease in the

*The results in Fig. 29 represent an early estimate of californium production and
are novw considered less accurate than those in Fig. 30. Since the latter resulis
vere not available until after the parsmeter studies were wade, an effective optimua
weight of 200 g, as determined from curve A in Fig. 27, was used in the parameter
studies and target heat transfer studies. Curve B, however, indicates a significant
increase in production if a 300-g target is used.
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unperturbed thermal flux in the island, and therefore it is nob planned at present to
inerease the island radius.

When selecting the weight of plutonium to be irradiated, it is also necessary to
consider the problem of heat removal. OSeveral of the isotopes in the chain connecting
Pu~242 and Cf-252 are fissionable, requiring thet provisions be made for removing
appreciable amounts of heat from the target material. The estimated heat generation
rate in the feed material as a function of time and average thermal-flux level is shown
in Figse. 31 and 32. With the reactor operating at 100 Mw, the target containing 200 g
of Pu-242 feed material, and assuming that the meximum thermal flux (Fig. 26) and the
maximam heat generation rate (Fig. 32) occur simltaneously, the volume-averaged maxi-
mum heat generation rate in the feed materilal, during the one-year irradiation cycle,
was about 460 kw. The validity of the assumption in connection with the time-wise
occurrence of the maximum flux and target power can be substantiated by superimposing
the cross-section curves in Pig. 28 on the heat generation curves in Fig. 31, and ob-
serving that for each flux level the instantaneocus cross section that occurs simul-
taneously with the maximum heat generation rate is about 60 barns. Since the curves in
Fig. 26 are based on a 60-barn cross section, the method of arriving st the 460-kw heat
generation rate should be reasonably accursbe. However, this value is based on the
assumpbion that the target 1s exposed to a constant flux level at least up to the time
the maximum heat generation rate is reached. OBince the reactor will probably be oper=~
ated at constant power, and since for a given cross section in the feed material the
flux in the target does not change appreciably with time, the flux in the actual target
will change with time in accordance with the change in feed-material cross section.
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The effect this has on heat generation and production has not yet been studied in
detail. MHowever, 1T is interesting to note that dividing the maximum heat generabion
rate for each flux level by the corresponding flux level gives essentially the same
effective macroscopic fission cross section. As indicated by Fig. 28, the maximm
total cross sections are also about the same. This tends to indicate that small
variations in flux with time will not significantly affect the maximum heat generation
rate as determined from Figs. 31 and 32.

The L60-kw heat generation rate obtained from the above analysis was somewhat
greater than estimated at the time the volume ratio of aluminum to plutonium oxide was
selected as 19. In order to reduce the maximum heat flux to a tentatively acceptable
value of 1 x 10 Btu/hrwftz, the volume ratio of aluminmum to plutonium oxide was in-
creased from 19 to about 26. The resultant increased displacement of water from the
target in the island will harden the neutron energy spectrum and thus decrease the heat
generation slightly. The net effect on Cf-252 production, considering the nonthermal
contribution, has not yet been determined.

In estimating the target heat generation rates, the neutron flux values (Fig. 26)
were deteruined by a two-group diffusion calculation; these fluxes are about 20% lower
than those predicted by a more sophisticated multigroup calculatbtion. Assuming the
latter calculation to be more accurale, the heat generation rate in a 200-g target
would be aboubt 540 kw. For the 300~g target the corresponding heat generation rate
would. be about Ti0 kw.
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The high power densitles assocliated with the optimum~size targets introduces a
problem in connection with the selection of the target cladding and wmatrix materials.
The optimum diameter of the experiment is such that with 200 g of feed waterlal and
an aluminmum-to-plutonium-oxide volume ratio of 26 the netal-to~water ratio is only
about 0.3. Therefore, nuclearwise there is not much difference between the use of
aluminum, beryllium, and zirconium for the target mabtrix and cladding material.
However, the thermal conductivity of aluminum is about three times that of beryllium
and twenty~three times that of zirconium. Using a solid 3/8~in.~diameter aluminum
matrix rod, the maximwm temperature drop in the rod would be about 43°I as compared
to 124°F for a beryllium rod and 1000°F for a zirconium rod.



CONTROL STUDIES

The maximum achievable neutron flux in the HFIR is limited by the maximum per~
missible heat flux; and, generally speaking, the closer the core-aversged heat flux
to the maximum heat flux, the higher the island neutron flux will be. Thus a prime
requirement for the HFIR was that the control system should not inecrease the ratio
of maximum~to~average power density above a certain specified value during full-power
operation of the reactor. Actually, a maximum value of (qmax/qav) was not initially
specified; instead, several control schemes were studied in order to determine practical
limits for power~-distribution control. In these studies the effects of nonuniform fusl
burnup, time-wise distortion of power distribution resulting from possible xenon in-
stability, and flux variations due to experiments were considered in addition to the
characteristics of the particular control system.

Two basic types of control systems were considered for the HFTIR: (1) a soluble-
poison system and (2) the more conventional mechanical control system. The soluble-
poison system had the advantage of being able to maintain uniform distribution of
poison in a particular region, but had the immediate disadvantage of not haviong an
extensive backlog of practical application in reactor control. Various mechanical
control systems are also capable of maintaining symmetry to some exteni; however, the
more conventional systems cause very significant variations in power distribution.
Therefore it was necessary to investigate advanced control-scheme concepts for the
HFIR, and the decision was made to study both the soluble-poison and mechanical systenms.

As the studiles of the soluble-poison and mechanlical systems progressed simidtane-
ously, it became apparent that a reasonably conventional mechanical system could be
designed for the HFIR that would provide adequate control of reactivity and power
distribution. It also became apparent that the soluble-poison system not only inbro-
duced difficult problems such as gas formation in the solution and radiation effects
on solubility, for which little experience exists, but that it was also sufflciently
slow acting to require a supplementary mechanical control system for emergency shutdown
and possibly for fine control. Thus the control studies indicated that an all-mechanical
system should be used in the HFIR. Although the following discussion on controls in-
cludes only the particular system presently proposed for the HFIR, a discussion of
other control systems that were studied in some detail is included in Appendix 3.

Results from the various control-scheme studies indicated that the proper location
for the control region was a narrow annular space between the fuel annulus and the
beryllium side reflector. After completing preliminary nopuniform-fuel~burnup calcu-
lations for a core having soluble poison in this annulus, it became apparent thatl it
would be necessary, even with a soluble poison system, to tolerate a significant de-
pression in power density close to the control region at the beginning of the fuel
cycle. ‘Thus, during the early part of a fuel cycle, a limited amount of circumferential
and/or axial power distortion in that vieinity, resulting frow the use of plate or
closely~spaced rod-type control elements as opposed to the soluble poison, could be
tolerated without exceeding the maximum permissible power density.

As the end of the fuel cycle is approached, the power density near the comtrol
region increases toward, and perhaps beyond, the average. Therefore disturbances
caused by the control elements would have to diminish sufficiently by the end of the
fuel cycle to maintain the power density within allowable limits. It appeared that

44
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it would be possible to achieve this goal through the use of a control plate that would
completely surround the fuel-region outer circumference, and that would extend the full
length of the fuel region with the core clean and critical. The conventional method of
withdrawing the controls from only one end of the core results in an axial meaximum-to-
average power density ratio that is of the order of two or three to one. If, however,
the cylindrical control plate is split at the horizontal midplane and each half with-
drawn from its respective end of the core, the variation in power distribution is nuch
less. A further improvement is made by extending each half shell over the full length
of the core so that at the beginning of the fuel cycle the control region consistsg of
two thin, concentric cylinders, each extending the core lengbh or a little more when
criticality is reached, After about half of the reactivity has been burned up, the
control plates are end to end, forming a complete and uniformly thick cylinder around
the core. To eliminate the off~set vacancles that would {ill with water and cause power-
density peaking, core~length extensions of beryllium or zirconium would be added to the
appropriate end of each cylinder, At the other end of each cylinder an emergency shut-
down ("black”) section would be atbached. Thus each of the two control plates would be
about three core lengths long and would consist of three equal-length vertical sections:
black, gray, and white. A schematic representation of this control scheme is shown

in Fig. 33.

At the begilnning and, of course, at the end of a fuel cycle the above control
scheme would satisfy the requirement of minimmm axial and circumferentisal power-
distribution disturbances. However, as the rods are withdrawn to compensate for fuel
burnup, a step appears In the total thickness of the gray plates and remains until
the ends of the gray plates meet. Beyond this point another step appears, leaving a
neutron window at the center of the core. Thus a further improvement in power-
distributlon control could be achieved by gradually varying the poison concentration
in each plate from one end to the other, the length of the poison taper being suffi-
cilent to maintain power-density peaking within tolerable limits. The necessary length
of the plates would depend to a large extent on how much reactivity must be controlled;
thus the use of a burnable poison in the fuel region would reduce the lenghth of, and
possibly alleviate the need for, the tapered design.

As a first step in the debtailed investigation of the plate-type control system,
two-dimensional fuel-cycle-time calculations (which ineluded nonuniform burnup of the
fuel) were made for a typical HFIR core equipped with the untapered plates (as shown
in Fig. 33). The results of these calculations are discussed in detail under the topic
heading "Fuel~Cycle Analysis.” In summary, the results show that for a ten-day core
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initially having about 13% reactivity (with burnable poisons present) the maximum
power density abt no time exceeds the permissible value. Therefore it appeared that
tapering of the poison was unnecessary.

Further control-system studies were concerned with the reactivity worth of the
gray and black regions of the control plates and the selection of materials for the
neutron absorbers. Fuel-cycle-~time calculations indicated that for 1/Mh~in.-thiek
control plates a thermal absorption cross section of about 0.3 em™! would be required
Tor the gray sections. Comparatively~low-crossw-section materials such as titanium,
nickel, and possibly a stainless steel alloyed with manganese appear satisfactory
for this application. ©Small amounts of high-cross-section materials should nol be used
in the gray plates because they will burn out too rapidly. (Assuming only one signif-
icant poison isobope for each element and no successive production of significant
poison isotopes that would prolong the poison life, the fraftion of poison atoms re-
maining abt the end of one year at a thermal flg§ of 8 61%9é*wneutrons/cm2~sec is
determined from N [one year] /N [initial] = o0& X ©-U2/08F0 1y qpe’ maximum signif-
icant isotopic cross section of the above-mentioned materisls is 13 barns (Mn”)5).

Its concentration is reduced by about 20% in one year when exposed to a thermal flux

of 5 x lOl neutrons/cmzmsec. From a practical point of view it would appear that a
reasonable 1limit on cross section would be about 20 barns. For a 100~-barn eross section
only 20% of the poison would be lefit after a one-ysar exposure at 5 X 10 flux,

The desired reactivity worth of the black sections of the control plates depends
upon the type of reactivity accidents that might occur, how fast the plates can be
inserted, and upon what fraction of the conbtrol surface area can always he inserted.
In this particular study only the statics of the HFIR control system were considered.

In the event of an emergency shutdown of the HFIR only the upper control cylinder,
which is accelerated by both gravity and coolant flow, will be acitnated rapidly. To
further improve the reliasbility of the emergency system, the upper cylinder will be
divided into four segments since it is more likely that Three cut of four plates will
drop during an emergency shubdown than one out of one. During the control-system
studies it was assumed thal the lower control ecylinder was also divided into four seg-
ments, and that the lower and upper segments overlapped each other in the circumfer~
ential direction by 45 degrees. (At the tiwe the celculations were being performed,
this scheme wes in keeping with practical design considerations. )

Usually during a scram only small amounts of reactivity are involved, so that very
1little insertion of the control plates is required to compensate for the reactivity
addition, However, incidents could occur which involve larger reactivity additions.
For the purpose of estimating the required reactivity worth of the black plates, two
specific accidents were considered: (1) inadvertent exclusion of burnable poison from
a new core, and (2) at the beginning of a cycle one of the four lower sectors falls,
leaving a vhite sector in the core as shown in Fig. 34. In the case of the first
accident, it was assumed that both black cylinders would be fully inserted at the
time the fuel was placed in the core. Under these circumstances the resctivity worth
of the control region in a typical HFIR core can be estimated from Fig. 35, which gives
Kerp as a function of boron or cadmium concentration in a 2~cm~thick annular conbrol
region. (Figures 36 and 37 are supplementary curves that will be discussed in greater
detail in Appendix 3.) For boron, these results indicate that in order to maintain
the reactor subcritical under the conditions of no burnable poison in the core, the
minimim required thermal cross section for two l/hmin.mthick plates would be approxi-
mately 3 cm™t.
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To investigate the second anticipated accident, a two-dimensional calculation in
r, © geometry was made using an_absorption cross section of about 3 em™d in the 1/ hein, -
thick black regions and O.b em™! in the gray regions. A burnable poison was added
uniformly to the fuel region to reduce kepy from 1.22 to 1.1%5. Without the burnable
poison in the fuel, all the black plates inserted reduced kepp from 1,22 to O 98; with
the burnable poison in, kerp was reduced to 0.92. For the particular situation des-
cribed by accident (2), keps was reduced from 1.15 to 0.94, Thus it appears that the
control plates described above will have adequate reactivity worth for the HFIR.

An absorpbion cross section of 3 cm"l in the black control plates does not, how-
ever, leave much allowance Tor poison burnup. To compensate for boron burnup during a
one-year exposure at an average thermal flux of 1013 neutrans/cmgusec, the initial ab-
sorption cross sechbion would have to be increased to approximetely 10 em™L., About the
only practical method of obtaining this high a cross section in a structural material
is by fncorporating, by some means, a small amount of a comparatively-high-cross-section
element in the structural material. The conventional absorbers, boron and cadmiuvm, have
certain disadvantages that make their use in the HFIR gquestionable, The regquired con-
centration of boron-l0 in a boron~Zircaloy alloy would be about 0.7 wi %, thus probably
requiring the use of enriched boron, since alloying is limited to about 2 wt %.13
During normsl operation of the HFIR, the'thermal nvt accumulated in one year by the end

of the black rod is aporoximately 3 x 1020, This results in sbout TO% burnmup of the
B0 atoms or 7 at. % (0.5 wt %) of the alloy. For boron~titanium and boron-stainless
steel alloy the wei§ht per cents and atom per cent burhups are somewhat gresater. Ace
cording to Dunning, 3 these boron alloys are limited to about 2 at. % burnup, and,
furthermore, the corrosion resistance of irradiated boron alloys in zirconium or
Zircaloy~2 1is such that exposure of the meat alloy to high-temperature water would
cause a catastrophic failure.



48

.
PREFACE TABLE FOR FIGS. 35, 36, AND 37
Code calculation, GNU Active core length, 45.72 cm
Cross-section set, GNU 34 groups (ORNL revised set) Axial buckling, 0.002591 cm~2
Thermal temperature, 80°C
Other dimensions and compositions are the same as on preface table for Fig. 12 except that
region 18, for Figs. 35, 36, and 37 contained varying amcunts of either natural boron or
cadmium.,
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The use of boron carbide has been considered for reactor control applications
because of its ability to retain a_significant portion of helium in the BAC lattice
structure. Barneyl reporbs 50% burnup for 2,43 wt % BMC dispersed in zirconium
without dimensional insbability. Similar results were reported for B),C in Aleoé.
However, it was generally concluded that it would be necessary to provide a venting
system for the helium that is not retained in the B)C or matrix; this could lead to
undesirable design complications and reduced reliability.

The use of a solid cadmium plate clad with Zircaloy or stainless stesl was con-
sldered as a possibility for the HFIR; however, in additiocn to having poor resonance
capture, cadmium has a comparatively high isctopic absorption cross section that could
result in excessively fast burnup. (A thermal nvt of 3 x 1020 results in about 98%
burnup of the absorbing atoms.)
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One poison material that looks promising for the black region is Fu,0x. Buropium
has a good resonance structure and has a successive capture scheme that prdlongs 1is
1life beyond that of both boron and cadmium, The reaction paths of importance for cap-
ture, vhen starting with elemental eurcopium, are shown in Fig. 38. Considerin§ only
the thermal cross sections and a time-averaged thermal-neutron flux of 1 x 1013 at the
black~gray intersection of the conbtrol rod, solution of the necessary time~dependent
isotope equations reveals that the macroscopic gbsorption cross section would be re-
duced by about 69% by the end of one year. The variation of the cross section with
time up to one year is shown in Fig. 39. To compensate for burmup of the europium
chain to the extent of providing an acceptable cross section after an sccumulation of
3 x 10<0 nvt, it would be necessary to start with approximately three times the amount
required to provide the above minimm acceptgble cross section. If cadmium were used,
fifty times the winimum amount would be required initially.

Of course, the life of a poison region can be extended by making the region thicker
and thus by taking advantage of self-shielding. One important limitation on thils scheme
is heal removal from the control plates. Since the plates are very close to the fuel
annulus,; the neubron and gamma heating will be very high.

A possible alternative or supplementary method for retailning sufficient poison
cross section in the black regions would be to provide a separate neubron shield above
and below the core to reduce the thermal flux in the black region when the core is at
power. A preliminary analysis not reported herein indicates that even without the
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shield the necessary amount of Fus0z can be incorporated in a l/l.t-»in.mthick plate of
conventional reactor structural matérial such as a zirconium alloy.

On the bases of the calculations and results described herein, it is tentatively
concluded that the plate-type control system as described will be satisfactory for the
HFIR. Tf one assumes that adequate protection against accideubal excessive reactivity
addition can be achieved through the use of traverse stops or similar devices, then
the composile plate system could be used for regulation as well as shim and safety
contrcl. This is presently being proposed for the HFIR.



FUEL-CYCLE ANALYSIS

From the viewpoint of isotope production the HFIR core life should be that which
produces a product such as californium at the lowest possible cost, consistent with
the time allowed for the production of a desired quantity of the product. Optimization
of the fuel cycle on this basis requires detailed and accurate information on production
and processing schemes for the particular isotopes and information on refueling down
time, Increasing the length of the cycle will decrease the total down time per year;
however, the associated increase in fuel loading would result in a lower thermal flux
in the island target and an increase in reactivity cowtrol requirements. Increasing
the amount of control poison to compensate for the addibtional reactivity would also
conbribute to a flux reduction, as a result of an assoclated increase in the ratio of
maximm-to-average power density if the poison 1s added to the annular control region,
or as a result of a decrease in neutron leakage from the fuel region to the island if
the poison is added to the fuel reglon as a burnable poison. Thus, independent of
other considerations there exists a fuel-cycle time for maximum total isotope production
over a specified period of tiwe and another fuele-cycle time for minimum isotope unit
production cost.

Another important considegat%onraffecting the core life is fuel~plate corrosion.
Information available to datel?s 10,17 indicates that under the proposed HFIR operating
conditions a 10-day cycle may approach the practical duration for aluminum plates.

From an operational polnt of view, a li~day cycle appears preferable, and perhaps

later studies will reveal conditions that will permit the longer cycle. However, on
the basis of present corrosion data and on the premise that the optimum fuel~cycle

times assoclated with isotope production are greaber than 10 days, it was concluded that
the first HFIR core should be designed for a 10-day cycle. Such a design will result

in a satisfactory unperturbed thermal-flux level (about 5 x 10YD nv) in the island and
in the production of reasonable quantities of C£-252.

During the early stages of the reactor celcwlations it was estimated, using two-
group resulis, that a core initially having 18% reactivity (with 21l control poisons
removed ) would have a 10-day fuel cycle and would produce an unperturbed thermal flux
in the island of about 5 x 1019 at 100 Mw. Therefore, nearly all the clean-core calcu-
lations performed in the parameter studies were based on kgpp = 1.20 with no controls
present, After a core design had been selected on the basis of the parameter studies,
fuel-cycle-time calculations were made using a two-group, one~dimensional model. The
core that was selected had a fuel anmulus that was divided into 17 fuel regions, the
purpese being to simulate a continuous radial fuel distribution. The large nunmber of
regious also facilitabed consideration of nonuniform fuel burpup in the radial direction.
Reactivity was controlled by a uniform poison region between the fuel asanudus and the
outer reflector, the poison concentration being adjusted at each time step to maintain
keff = 1. The power level was maintained at 100 Mw.

For the first fuel-cycle-time calculation, the radial fuel distribution was such
as to provide a uniform radial power distribution in a clean core with no controls,

The results of these calculations are shows in Figs. 40, 41, and 42. In Fig. 40 the
value of k.e represents the potential reactivity; the thermal polson cross section
represents %ge value required to malntain k =1, With an initial k __ = 1.184 the
fuel~cycle time was approximately 10 days. e%ﬁe results in Fig. 41 sho%f€hat the ratio
of maximum-to-average power density in the radial direction decreased from 1.36 at

51
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PREFACE TABLE FOR FIGS. 40, 41, AND 42

Code calculation, Candle Active core length, 45,72 em
Cross=-section seb, No. 3 (GNU averaged, two-group) Axial buekling, 0.002591 em~2
Thermsl temperature, 80°C
Region Outer N2> X 105,
No. Radius (em) Composition (atom/barn~-cm)
1 T H20
2 7.5 U~235 + Al + HpO, M/W = 1 10
3 8 11.5
L 8.5 13.2
5 9 1h.9
6 9.5 16,8
7 10 18.6
8 11 20.7
9 12 24.0
10 13 26.9
11 1h 28.9
12 15 30.0
13 16 28.8
1L 17 26.5
15 17.5 24,9
16 18 23,1
17 18.5 21.3
18 19 19.3
19 21 Be + 5% He0 + HExp + Control Poison
20 51 Be + 5% Hx0 + Exp
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time zero to 1.12 after 10 days. During the first day of operation, the location

of the maximmm power density moved from the innermost surface of the fuel annulus to
a point nearer the center of the annulus, as shown in Fig. 42. At the inner surface
the relative radial power density decreased from 1.36 to 0.53 over the 10-~day period;
however, as shown in Fig. 41, the waximm thermal flux in the island decreased only
T% during the cycle. The comparatively small decrease in flux is atbributed in part
to an increase in the point-wise leakage probability (resulting from the decrease in
fuel concentration sccompanying fuel burnup), which partially compensates for the
greater decrease in neutron leakage to the island that results from the shift in power
distribution.

Since the maximum relative radial power density at the beginning of the cycle
exceeded the tentative maximum design value of 1.2, the reactor would actually have
to begin operation at sbout 88 Mw instead of 100 Mw., If provisions were made to program
the power level so as to maintain the limiting power density throughout the cycle, a
power level of 100 Mw wculd be reached by the end of about three days, and by the snd
of the cycle the power level would be sbout 107 Mw. Under these circumstances the
maximum veriation of the island thermal flux during the cycle would be about 12¢;
howaver, this sort of operating procedure would produce the maximuw time-intepgrated
neuwbron flux for the particular core.

The reactor power could, by practical means, be programmed as described above.
However, it seems reasonable to expeclt that there are advantages in simultaneocusly
maintaining constant power, constant maximun power density, and constant experimental
neatron fiux in the 1lsland. In an effort to accomplish this feat, the use of burnsble
peison was consildered specifically for maintaining the ratio of maximum-bo-average
power density constant. This, in turn, would allow constant power operation and bhus
would tend to maintain a constant flux in the island. (A5 mentioned previocusly, the
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burnable poison also provides the important advantage of reducing the excess reactivity
at the beginning of the cycle and thus the required worth of the control surfaces. )

Proper distribution of the burnable poison and fuel in the fuel region must be
determined by trial and error, although a good first approximation can be obtained
from an examination of the power distribution vs time curves for a core not containiong
the poison. The results in Fig. 41 indicate that the addition of a burnable poiscn
near the inside surface of the fuel annulus would reduce the maximum power density at
the beginning of the cycle and would tend to result in an increase in the relatively
low power density in that location near the end of the cycle. Reduction of the fuel
concentration in this same location would also reduce the maximum power densibty at
the beginning of the cycle, but would reduce the already low power density in this
location at the end of the cycle. Further examination of Fig. 41 indicabtes that fuel
rather than burnable poison should be added to the outer regions of the fuel annulus
so as to increase the power density in than location both at the beginning and end of
the cycle. Thus the effective absorption of the poison should be greatest at the inner
surface and diminish toward the outer surface. Since the fuel concentration was the
least and the thermal flux the greatest at the inner surface and, respectively, greatest
and least near the center of the fuel annulus, a reasonable distribution of burnable
poison in the radial direction appeared to he a uniform distribution across the inner
half of the annulus with no poison in the outer half.

Fgures 43, Ui, and 45 show the results of fuel-cycle-time calculations for a
core having the above burnable-poisoun distribution and using boron~l0 as the poison;
except for the boron inclusion and a gradual increase in fuel concentration from the
center of the fuel annulus to the outer surface, the core was the same as that associ-
ated with Figs. 40, 41, and 42. Sufficient boron-10 was added to reduce the maximum
relative radial power density to about 1.2. (As shown in Fig. 22, this required a

8

B 10 concentration of 5 x 10 atoms/cm3.) To the outer regions of the fuel annulus,
sufficient fuel was added to increase the end-of-cycle power density in those regions
to the maximum permissible power density.

A comparison of Figs. 40 and 43 shows that the addition of the burnable poison
initially reduces the potential reactivity by about 5%, but does not siguificantly
change the core lifetimes, thus indicating that the poison is effectively burned out
by the end of the cycle. Figures 44 and 45 show that the relative radial maximum
power density did not exceed 1.2, and with the exception of the first day of operation
the maximum power density remained essentizlly constant. As shown in Fig. 45, the
thermal flux at the center of the island had a meximum variation of only 2% from the
beginning to the end of the cycle; however, the time~integrated flux (1000-MwD reactor
operation) in the island was about 2% less than for the core with no burnable poison.
Thus, based on these studies, 1t appears that with a small sacrifice in time-integrated
thermal flux in the island it is possible through the use of a burumable poison and a
continuous radial fuel distribution to simultanecusly maintain constant 100-Mw operation
and esgentially constant island thermal flux without exceeding the maxiwmum permissible
power density.

For the purpose of studying the power distribution in the axial as well as the
radial direction, two-group, two-dimensional calculations were made. The first core
calculated was that shown in Fig. 46. The fuel and borom concentrations and distri-
bution were the same as used in the second fuel-cycle-time calculation. A 6-cu-long
extension of the aluminum fuel plates was added to each end of the fuel annulus to
reduce the power-density pesaking at the extremities. The control region, as in the
one~dimensional fuel~cycle~time calculations, was assumed to be a uniform gray region
surrounding the fuel annulus. Calculational results indicate that at the beginning
of the cycle the two~dimensional thermal-flux distribution for such a core is that
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PREFACE TABLE FCR FIGS. 43, Mk, AND 45
Code calculation, Candle Active core length, 45.72 cm
Cross-section set, No. 3 (GNU averaged, two~group) Axial buckling, 0.002591 cu™2
Thermal temperature, 80°C
Region Outer DmelO X 105 N25 x lO5
fc. Radius (em) Composition (atom/barn~-cm)  (atom/barn-cm)
1 T Ha0
2 7.5 U-235 + AL + Hz0 + B, M/W = 1 0.5 10
3 8 11.5
u 8.5 13.2
2 9 1k.9
6 9.5 16,8
7 10 18.6
8 11 20.7
9 12 Y 2l,0
10 13 26.9
11 14 0 28.9
12 15 30.0
13 16 29.0
14 17 27.1
15 17.5 25.8
16 18 2,3
17 18.5 V 22.7
18 19 | 21.0
19 21 Be + 5% Ha0 + Exp + Control Poison
20 51 Be + 5% Hp0 + Exp
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Fig. 43. Availoble Reactivity and Control-Poison
Thermal Cross Section vs Time of Reactor Operation
for a Core Containing Burnable Poison.

shown in Fig. 47, and that the relative power distribution in the fuel annulus is that
shown in Fig. 48. As indicated by Fig. 48, the power density in the outside corners

is guite low at the beginning of the cycle, a condition that results from the presence
of the control poison and from the comparatively large neubron leakage at the fuel-
region corners. Such a power distribution suggested that near the corners of the fuel
anmulus the control region could become more transparent to neutrons without increasing
the maximum power density beyond the permissible value. Thus it was assumed that the
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PREFACE TABLE FOR FIG. 47

Core calculation, PDQ Thermal temperature, 80°C
Cross-section set, No. 2 (QNU averaged two-group) K ppr 0,981
Outer Radius
Region et Horizontal n%° x 107 10y 107
No. Midplane, cm Composition (atom/varn~cm) (atom/barn-cm)
1 T Hz0
2 T.5 U-235 + Al + HzO + B-10, M/W =1 10 0.5
3 8 11.52
N 8.5 13,18
> 9 1k.93
6 9.5 16.77
T 10 18.6%
8 11 20,74
9 12 23.99 1!
10 13 26,86
11 14 28,90 0
12 15 30.03
13 16 29,03
1h 17 27.08
15 17.5 25.79
16 18 24,32
17 18.5 \r 22.73
18 19 21.0k4
19 21 Be + 5% HzO + Za(gray); Z,, = 0.00937, L, = 0.1585
20 L9 Be + 5% Hz0 + EXp
1 A bBls N = =
19z 21 Be + 5% Ha0 + Za(bla,ck), T = 0.120, £, = 2.000
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control region consisted of two thin (about l-cm-thick) concentric cylinders separating
the fuel annulus from the beryllium reflector. The two cylinders would be moved axi-
ally and in opposite directions, maintaining symmetry sbout the longitudinal axis and
the horizontal midplane. Fach cylinder was divided into a black, gray, and white
(beryllium) vertical region, each region being one core-length long and arranged in

that order; the poison concentration in the gray regions was adjusted to make keff =1
at the beginning of the cycle with both gray regions fully inserted. The arrangement

is shown schematically in Fig. 49. As the control plates are withdrawn, the core will
be more heavily poisoned near the center than at the ends, thus tending to cause power-
density peaking in the outside corners where the power density is comparatively low at
the start. When the ends of the gray plates meet at the longitudinal center of the core,
the shim poison will again be essentially uniform. (Up to this point it was anticipated
that the power density would not exceed the maximum design value.) Further withdrawal
of the control plates creates a neutron window at the horizontal midplane, resulting

in power-density peaking in the vicinity of the window. The degree of peaking, of
course, depends upon several factors, including the size of the window, the time at
which the window appears, and tihe reactivity worth of the gray portion of the control
plates. Using the results from the one-dimensional fuele-cycle~time calculations (and
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thus neglecting nonuniform burnup in the axial direction) associated with Figs. 43,
h, and 45, shim-plate positions for ke’i = 1 were determined for one day, three days,
and six days of operation. By the end O0F the first day, xenon had reached its maximum
value, and therefore about L% in reactivity had to be compensated for by the shim
plates. As shown in Flg. 50, this required that the ends of the gray plates be
positioned approximately at the longitudinal center. By the end of the sixth day,

the plates had been withdrawn another one-guarter core length, allowing a half-core-
lengbh window at the longitudinal center. The relative power distributions for the
zero, one~day, three~day, and six~day cores are shown in Figs. 48, 5L, 52, and 53.
(Figure 52 actually represents a case in which there was some overlapping of the gray
and. white plates; however, as mentioned in a later paragraph, the effect was not
large.) A&s indicabed, the window did not result in an excessively high power density.
Since nonuniform axial fuel burnup will result in axial flattening of the power, the
gbove values should be somewhat conservative.

Mnticipating that the window effeect might result in adverse pesking, consideration
was given to overlapping or tapering of the gray and essentially white control plates.
Comparison of Figs. 53 and 54 shows the difference in relative power distribution for
a six-day core with and without the tapered plates. For these calculations the tapered
section was represented by a 12-cm~long, egqual~thiclkness overlap of the gray and white
regions of the control plates. This system was also used in the three-day core of
Fig. 52. Although the power density next to the control region was about 4% less for
the overlapped plates, the maximum value in the core was the same.
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The amount of peaking in the window region depends to soue extent on the poison
concentration in the gray shim plates. More peaking would be expected in the core with
no burnable poison since the shim poison would have to be increased considerably. For
the particular core calculated, the burnable poison takes care of about 5% in reactivity,
leaving only about 13% for the shim plates. Under these conditions l/hwin.—thick plates
of a material such as titanium would be sufficient. For the black regions, of course,
more highly absorbing plates would be required.

Window peaking will also increase with increasing volume fraction of coolant
water in and adjacent to the control plates. Calculations thus far included only 5%
by volume of HoO in the homogenized control-~plate area. A practical control-system
design will probably include about 25% by volume of Hs0 in the control-plate region,
in which case the coolant would be introduced in channels separating the plates from
each other, and the adjacent components. Such a case has yet to be investigated.
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KINETICS CONSTANTS

In preparation for HFIR time-~behavior studies, calculations were made to obtain
estimates of tihne temperature coefficient of reactivity, the void coefficients of
reactivity, and the prompt-neutron lifetime. Following is a discussion of the methods
of calculation used and the results obtained.

Temperature Coefficients of Reactivity

Since the various regions of the HFIR core will not necessarily be at the sane
temperature or experlence the same changes in temperabture, it was necessary to calcu-
late separate coefficients for individual regions as well as for the over-all core,

ent sets of nuclear constants. 1In all cases the coefficients were determined by ad-
Justing the nuclear constants for changes in water density and thermal-~-neutron energy
associated with changes in average bulk water temperatures. (The effects of dimen-
sional changes on reactivity were found Lo be negligible.) Available reactor codes
were then used to calculate the corresponding values of ke_ . The results of the
calculations indicated that increasing only the island temperature over a wide range
of temperatures (70 to ~300°F) increased L while increasing only the fuel~region
average coolant temperature decreased k ror all temperatures of interest. The ex-
planation for the island ccefficient be%ng positive appears to be that the island in
a sense is over~-moderated, so that a reduction in water density reduces the absorption
cross section without significantly increasing leakage until very large changes in
density are achieved. The fuel region; on the other hand, is under-moderated, and in
addition the thermal absorption cross section is largely due to the fuel and cladding;
therefore the fuel-region coefficient is negative.

The over~all core temperature coefficient depends on the relative magnitudes of
the island and fuel-region coefficients. Results of the various coefficient calcu-
lations referred to above did not agree on the magnitude or sign of the over-all
coefficient, the indication being that in the temperature range of about 70 to 120°F
the magnitudes of the separate coefficients are so strongly dependeut on the microscopic
cross sections that at least three significant figures in the cross=-section values are
required to avoid meaningless scabter of calculated data points for the over-all Kpff"
temperature curves. This also implies, of course, that the absolute values of the~
nuclear constants must be quite accurate. Thus the most recent calculatigns* were per-
formed using what were believed to be the best available cross sections.l »19  Dpetailea

esults of these calculations are presented in Table 6 and Fig. 55 for the beginning

and end of a typical HFIR 10-day fuel cycle.

“These calculations were made by M. L. Tobias (ORNL) and D. R, Vondy (ORNL) in
connection with the HFIR studies. Since their constants and therefore results
are considered to be the most accurate to date, the ensuing discussion is based
primarily on their resultis.
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Table 6. Temperature Coefficients of Reactivity for the HFIR

Reactor Temp., - ak/at (°F-1)

Region (°F) Beginning of Cycle End of Cycle
Fuel 70 ~-0.8 x 1074

Island 70 1.0 x 10-%L

Reflector 70 <+0.1 x 10';

Conbrol region 70 ~0.3 x 10™*

Over-all T0 ~+0.8 x 10-4

Fuel 150 -2.0 x 10-M

Island 150 +1.1 x 10°% ~rl.1 x 1074
Reflector 150 <+0.1 x 10~

Control region 150 +0.3 x 10-b

Over-all 150 -1.0 x 104 -0.2 x 10~k

As shown, the calculations indicated that in the temperature range of 70 to about
110°F the over-all coefficient (with all reglons at the same temperature) might be
positive, but that above 110°F the over-all coefficlent appeared to be negative. At
the end of the fuel cycle the fuel~region coefficient and the over-all coefficient are
still negative sbove 110°F but less in magnitude than at the beginning of the cycle.
This results from the withdrawal of the control plates and the subsequent increase in
the changes of a wayward neutron being returned to the fuel by the outer reflector.

The strong dependence of the over-all calculated temperature coefficient on the
relative values of certain nuclear constants is 1llustrated in Fig. 56, which shows the
variation of (VEg/Z )iy and k. pp with changes in the average core temperature,
assuming all regions to ve at the seme temperature. It is observed that at the lower
temperatures (70 to 100°F) the irrepularities in the cross-section ratio are definitely
reflected in the caleulated multiplication constant (the irregularities are associated
with the scatter in cross-section data). Above 100°F there is still a resemblance;
however, it appears that neutron leakage is predominant, resulting in an over-all
negative temperature coefficient. These results focus attention on the accuracy with
vhich erosg sections or cross-section ratios are known. As indicated by Fig. 56, a
chenge in the fourth significant figure of the ratio (VEp/5,) will result in significent
irregularities in k. Certainly it 1s reasonable to expect that the ratlo is not known
that accurately; however, the results of the calculsations do indicate what effects
smell variations in the nuclear constants can make. If Tor example a constant value of
the above ratio is arbitrarily used In the calculations, the k_ ppe curve becomes mono-
tonic with a negative slope. It is interesting to note, however, that the results from
HFIR critical experiments and ASTR calibration experimentsgo* indicate an over-all
positive temperature coefficient in the vicinity of TO°F. Thus, in view of the calcu-
lated and experimental results obtained thus far, it must be concluded that the over~-all
temperature coefficient below about 100°F is positive. The maximum positive change in
keff with increasing temperature from TO°F appears to be about 0.002.

As mentioned previously, the over-all temperature coefficient was calcwlated
assuming all regions of the core to have the same average temperature and, more impor~
tant, the same change in average temperature. In the event the core receives a

*
At the particular time the temperature coefficients were measured, the Al-Hz0 ASTR
core had sizable water volumes within the core created by three control-rod ports.
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PREFACE TABLE FOR FIG. 59

Code calculation, Wanda Thermal temperature, variable
Cross~section set, GNU averaged two-group Active core length, k5,72 cn
(with all regions at same temperature) Axial buckling, 0.002718 cm~=

Core same as for Fig. 56.
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Fig. 55. Multiplication Constant vs Average Temper-
ature of Various Regions in a Clean HFIR Core.

uniformly distributed hot slug of coolant, this coefficient should be used to predict
the corresponding change in k.pp. However, once the reactor is on a positive period,
the relative changes in the island and fuel-region temperatures and thus the actusl
value of the over-all coefficient depend on the relative amount of heat generated in
and transferred to the island, the relative coolant flow rate in the island, end of
course the initial average temperatures of the core. If it is assumed in the case of

$

the HFIR that the temperature coefficient of reactivity for an individual region is
independent of the temperatures of all other regions {according to fig. 55 this appears
to be a reasonably valid essumpbion for the island and fuel repions) and that the over-

all coefficient is egual Lo the sum of the island and fuel-region coefficients, then
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PREFACE TABLE FOR FIG. 56

Code calculations, GNU Active core length, 45.72 cm
Cross-section set, GNU 34 groups (ORML revised set) Axial buckling, 0.002718 cm~@
Thermal temperature, variable; all regions the same
Region Outer
No. Radius (em) Camposition
1 T H=0
2 19 U=235 + AL 4 Ha0 + B, M/W = 1,
29
Ng) = 0.00025 atom/barn-cm,
N° = 0.000016 atom/barn-cm
3 20.27 Be + B, N° = 0.00067 atom/barn-cm |
L 50.27 Be + 5% Ha0 + Exp
5 121.92 H20
6 138.16 Fe
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the multiplication constant may be represented by

ak ak N
Ferr = 1 +k/ﬁ<aziis ar +~]n<?I;4 v (2)

where the island and fuel-region coefficients are integrated over thelr respective
temperature ranges corresponding to a change in reactor power. A typical accident for
which Eq. (1) could be used entails Jamuing of the control rods immediately after the
reactor is made critical at a core temperature below about 100°F., Tn such a case the
power would rise, if the initlal efTective over-all temperature coefficient were
positive, until K pp Was returned to unity as a result of the increase in core tempera-
ture and the change in sign of the effective coefficient. It is necessary then to
determine how high the power level will rise. In order to examine this particular
accident for the HFIR, it was assumed that the relalive island heat removal rate was
I%; that the relative flow rate through the island was lO%, that the initial tempera-
tures of all core regions was UYO°F, and that the primary-coolant circuit time was such
that the inlet core bterperature remained at L4O°F during the power transient. The
island and fuel-region coefficients were approximated by the derivatives of equations
fit to the curves in Fig. 55, in which case the fuel-region coefficient was taken as
the difference between the over-all and island coefficients. Msaking the appropriate
substitutions, Eq. (1) becomes

4o + 0.1 (Tp-ko) Tf
bepp = 2 *u/‘l«o x 107" at u[\[-9.796 x 1070 sin 0.2856 (t - 110) - 1.0 x 1071 dt,

4o o]

vhere T, is the average fuel-region temperature. To determine the terperature at which
kope = 1, the integrals are set equal to zero. In this particular case the maximum
average fuel-region temperature wes 84°TF, while the lower value, of course, was 40°F,
Since the proposed HFIR core has a TO°F increase in the fuel-region coolant temperature
for each 100 Mw, the maximun power level reached in the postulated startup accident was
124 Mw. Although this power level is not excessive for reasonable pericds of operation,
similar power increases could be avoided by preheating the coolant above 100°F, and/or
by increasing the coolant flow rate through the island from 10% to sabout 20% of the
fuel-region flow rate.

Void Coefficients of Reactivity

Void ceoefficients of reactivity wvere determined separately for the water island, the
fuel anmilus, the water-reflector region surrounding the outer beryllium reflector,
and Tor the over-all core. Calculatious were first mede using a one-dimensional, 34~
group model in order Lo obtain two-group constants for a two-group, two-dimensional
calculation. Thus the one-dimensional calculations represent a cage in which the voids
extend over the full length of the core, including the end reflectors. Tn the two-
dimensional calculations the volds were confined to the volume within the active core
length.

In the island region (which contained only water) two types of voids were con-
sidered: (1) a central cylindrical void and (2) uniform voids (equivalent to a re-
duction in water density throughout the region). Results of the cylindrical-void
calculations are presented in Fig. 57. As indicated, a void essentially unreflected
on the ends results in a negative void coefficient, while the end.reflected cylindrical
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PREFACE TABLE FOR FIG. 57
Code calculation, GNU; PDG Active core length, L45.72 cm
Cross-sectlon set, GNU 3l groups; Axial buckling, 0.002591 cm~=2
GNU averaged two~group (onwu)
Thermal temperature, 80°C Length of water end-reflector,
15 em (PDQ)
Region Outer
No. Rzdius (cm) Composition
1 Variable 5% Ha0
2 T H=0
3 19 U-235 + Al + Hz0, M/W = 1,
N25 = 45,31 x 1072 atom/barn-cm
L4 21 Be + 5% HoO + Exp + B
5 51 Be + 5% Ha0 + Exp
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Fig. 57. Reactivity vs Radius of a Central Cylindrical
Veid in a 7-cm-Radius Water 1sland.

void in the T-cm-radius island results in a maximm positive reactivity addition of
about 1% at a void radius of about 4.5 em. As in the case of the positive island
temperature coefficient, the positive island void coefficient is explained by the over-
moderation of the water island region and the reduction in sbsorption as the void is
Increased.

Results of the uniform-vold calemlations are presented in Fig. 58. With the voilds
in the island region only and confined within the active core length, a void Traction
of 45% produces a maximum positive reactivity addition of sdbout 2.5%. For the two
cases of volds in the Tfuel region only and in all regions, the voild coeflficients are
negative for all vold fractions. The one~dimensional caleculations also indlcate nega-
tive coefficients for the fuel region and the over-all core. In the island region
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FREFACE TABLE FOR FIGS. 58 AND 60

Code calculation, GNU; PDG Active core length, 45.72 cm

Cross-section set, GNU 34 group; Axial buckling, 0,002591 em™=2
GNU averaged two-group (GNU)

Thermal tempevature, 80°C Height of water end-reflectors,

15 e {PDQ)

Region Outer
No. Radius, cm Composition
1 T Hz0
2 19 U-2gg + Al + Hz0, M/W =1,
Ne’ = 45,31 x 10"2 atom/barn-cm
3 21 Be + 25% Hz0 + B
L 51 Be + 5% H20 + Exp
UNCLASSIFIED
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Fig. 58. Reactivity vs Uniform-Void Fraction in a
Typical HFIR Core.

the one~dimensional calculation gives about the same maxinum change in k but at ho%
rather than 45% voids.

The outer water reflector, which is adjacent to and outside of the beryllium re~-
flector, has very little effect on reactivity if the veryllium reflector is at least
30 cm thick. Calculational results shown in Fig. 59 for beryllium thicknesses of 10,
20, and 30 cm indicate that up to about 10% voids there is a small positive reactivity
addition (<0.001), and that for void fractions greater than about 10% the void coef-
ficient is negative.
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If a void fraction greater than about 15% should, by some means, be obtained and
retained in the all-water island for a few moments, it is likely that an increase in
power would occur, even with the control system operable, that would damage the core,
By placing permanent voids In the island such accidents can be avolded; however, as
showm in Fig. 60, the introduction of 20% wniform voids in the island (ebout the
minimin permanent void fractlon that will permit adequate control by the control
system) reduces ¢m/P vy about 10%, and practical methods of permanent void simulation
will reduce the flux even further. It 1s interesting to note, however, that the pres-
ently conceived island target (200 g of Pu in nineteen 0.95~cm-dia, h6-em-long aluminum
rods) occupies nearly 20% of the islend volune, and since the target significantly
reduces moderation and increases absorption in the island it simulates a permanent
vold with no additional flux perturbation associated with this secondary function.
Therefore flux perturbations resulting from permsnent void simulation will not neces~
sarily affect heavy-izotope production unless targets smaller than presently designed
are used.

PREFACE TABLE FOR Fl1G. 59

Code calculation, Wanda Active core length, 30.5 cm

Cross~section set, No. 1 Axial buckling, 0.004568 cm~2
(two~group, modified for voids)

Thexrmal temperature, 80°C

Reglon Outer
No. Radius, cm Composition
1 2 100 g Pu-242 + AL + HzO, M/W = 1
2 T HaO
3 18 U-235 + AL + Hz0, M/W = 1, N2 =
23.6 x 1077 atom/barn-cm
Y Be + 5% Ha0 + Exp
5 68 Hz0 (variable densiby)
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Fig. 60. Maximum Unperturbed Thermal Flux in Island
Fig. 59. Reactivity vs VYoid Fraction in Outer Water per Unit Power vs Uniform-Void Fraction in Island.
Reflector. (Preface table same as for Fig. 58.)
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Since it is expected that targets occupying wuch less than 20% of the island
volume will eventually be used for various purposes in the island of the HFIR, pro-
visions may have to be made for including permanent voids in the island. The use of
beryllium as a void has been considered because in addition to being generally com-
patible with an aluminum-water reactor system it results in less island thermal-flux
perturbation than other readily available materials. Howeveyr, the good scattering
properties and low absorption cross section of beryllium might reguire that more than
20% by volume of beryllium be added to the island or that some permanent absorber be
added to smaller amounts of the beryllium. Studies of these pogsibilities have not
yet been completed, but indications are that the use of beryllium as a permanent island
void will result in sbout a 20% decrease in the otherwise maximun unperturbed island
thermal flux. Actually, the best materials to use for void simulation appear to be
those with comparatively large neutron slowing-down distances and with absorption
cross sections close to that of water. This would make zirconium and aluminum possi-
ble contenders.

Prompt -Neutron Lifetime

Because of the comparstively high neutron leskage rate from the under-moderated
HFIR fuel annulus, the neutron lifetime is rather strongly dependent on the return
current from both the island and outer beryllium reflector. Since the neutron diffusion
length in the two reflector regions, particularly the beryllium reflector region, is
large in comparison with that of the fuel region, a clean core, having less leakage and
less return current due to the presence of the circumferential contrcl plates, will
have the shortest prompt-neutron lifetime. Near the end of the fuel cyecle, when the
fuel concentration is low and the control plates are removed, the increased leakage
into the beryliium about doubles the neutron lifetime.

Two methods of calculation were used to obtain the neutron lifetime. In the
first method®l the reactor was wade supercritical, and the resultant period was deter-
mined. The prompt-neutron lifetime was then calculated from

£ = - ] (2)

vhere k__ is the step change in reactivity that put the reactor on the period l/w.
The inverse period, W, was ovbtained by first assuming that

g(t) = #(0)evt

so that
g% - ().

This quantity was then substituted into the time-dependent diffusion equation and
terms rearranged so that

DyZ g - (s g) $ + source = 0, (3)

where v is the neutron velocity corresponding to the particular energy group. Since
Eq. (3) has the form of the critical equation, the quantity w/v can be interpreted as
a polson that is sufficient to make the supercritical reactor Just critical. Thus the
change in poison cross section (w/v) associated with Ak is used to calculate the
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reactor period. If k_ _ is small, then the required addition of w/v to each region
does not result in a significant change in the flux distribution.

The other method used for calculating the neutron lifetime employed first-order
perturbation theory. The lifetime was calculated from the following expression:22

gy ()@, (r)ar
py Ao

: 1‘23 §; X, P5(2) vEgy By (x) ar
13

2 (4)

where X. is the fraction of neutrons born in each group, and ¢i* represents the adjoint
Plux fo¥ the 1 th group.

For the period method two~-group, one~dimensional and two-group, two-dimensional
diffusion~theory calculations were used., A two-group, one-dimensional calculation
was used for the perturbation method.

Results of the calculations are presented in Table 7. The lifetimes obtalned
with the period and perturbation methods are in very good agreement, both methods
giving a neutron lifetime of =zbout 40 upsec Tfor a clean core having control plates
positioned for ke P equal unity in a clean core. As showm in Table 7, a somewhat
larger value was predicted by the two-dimensional calculation, and an even greater
value was calculated for the end of the fuel cycle when the control plates are with-
drawmn.

When using the period method for calculating the lifebtime, two values of k were
used in an effort to determine vhether the smallest value was swall enough to avoid
significant flux variations. The results indicated essentlally no difference in neu-~
tron lifetime for keff = 0.1% and 1.0%.

Table 7. Prompt-Neutron Lifetime

2
Method kex (psec)
Period
One-dimensional
Clean core 0.0010 k2,0

0.0101 2.1

Burned core 0.00172 TL.6
0.00852  T1.0

Two-dinensional
Clean core 0.0067 56

Perturbation
One~dimensional
Clean core - 38.9




XENON-INSTABILITY STUDIES

If the thermal flux in all or a portion of the fuel region is suddenly increased
as a result of increased power or withdrawal of the control plates to compensate for a
poison addition, the xenon concentration in the vicinity of the increased Tlux will be
decreased, resulting in a further increase in flux. TFor an initial average thermal
flux of 5 x 101% nv the above occurrence would result in a 50-sec reactor period,23 pro-
vided the control plates were not moved. (For higher flux levels the period would be
shorter.) Movement of the control plates following the initial change tends to cause
oscillatory variations in the xenon, neutron flux, and power distribution, a problem
that is more acute in high-flux reactors.2h It is possible that such variations could
cause momentary localized excessive pesking of the power density, if provisions were
not made for detecting the power shift and for controlling it within permissible limits.
Such variations in power distribution, sometimes referred to as xenon flux instability,
were studied in connection with the HFIR and were determined to be insignificant, re-
quiring no special provisions in the control system. Following is a brief discussion
of the calculational methods and results of the studies.

Both digital and smalog computer technigues were used in the xenon-instability
studies. In the former case a one-dimensional fuel-burnup calculation was used. The
core was first "purned” for two days at 100 Mw to reach equilibrium xenon, criticality
being maintained by means of a variable poison in the control region. Sufficient
polson was then added to all regions to cause a 1% decrease in reactivity and the con-
trol-region poison concentration was changed to maintain criticality (operation was
contimued at 100 Mw). The resultant xenon concentrabions and flux distributions were
then caleulated. Close to the control region the xenon concentration oscillated with
a period of about one day and assumed an eguilibrium value by about the end of the
first day after the perturbation. The maxirmum variation in xenon concentration was
about 5%, not enough to have a significant effect on the power distribution.

The analog computer calculations were made by Stone.2> Results using a three-
dimensional model indicated that for step changes in reactivity up to 100% there was
no significant oscillations in the power distribution. Results using a one-dimensional
model (longitudinal direction) indicated that for step changes in reactivity less than
1 or 2% there were no significant oscillations.
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HEAT REMOVAL CONSTIDERATIONS

The heat transfer characteristics for the HFIR aluminum plate-type element were
estimated using the experimental results obtained by Gamblll20 for friction factors,
film coefficients, and burnout heat fluxes for the unusually thin coolant channels
(~0.050 in.), and the results obtained by GriesstT>27 in commection with the heat flow
resistance of the aluminum oxide £1lm. Using the correlations proposed by Ganbill for
+the water film coefficient and the burnout heat flux, Hilvety2 made a study of the hot-
spot and hot-channel factors for a btypical HFIR core. Following 1s a brief summary of
the HFIR heat transfer studies.

The correlation proposed by Gambill for the average water-film heat transfer
coefficlent 1s the Hausen eguation multiplied by 0.9 and is given by

(¥u), = 0.109 {(Re)i/s - 125: (Pr)%/?’ [1 + /\%ti)?/S] (%)o.lu- . ()

Of the 31 experimentally determined values of average h, only one was less than that
predicted by Eg. (5). ‘Thus, according to Gambill, this equation will predict the
minimim value of h for the HFIR.

Forced-convection burnout-heat-flux data were obbtained from seven tesgts that
spanued the values of flow gap, heated length, velocity, and pressure proposed for
the HFIR. The correlation proposed by Genibill is the Zenkevich-Gubbatin equation
divided by sn uncertainty factor of 1.3 and is given by

0.5 0.33 (P4 = Py 1.8 )
(ap) = 305 &7 (ar_ ) <-----~% ) . (6)

The uncertainty factor of 1.3 is applicable to the HFIR deslign, and thersfore LEq. (6)
will predict the minimmm burnout heat flux for the HFIR.

Ag indicated by the experimental work done by Griess, the temperature drop across
the oxide film on aluminum plates is appreciable and depends strongly on the pH of the
coolant water. Tests presently being conducted in comection with HFIR development
indicate that changing from a pH of 7 to 5 reduces the aluminum oxide film resistance
obtained at the end of the 10-day fuel cycle by a factor of 4. Since this resulted in
a very significant decrease in the plate temperature and maximum water temperature
(assuming water to be entrained in the oxide), the lower pH was considered. for the HFIR,
and heat transfer calculatlions were made accordingly.

Using the above information plus the proposed HFIR design specifications in
Table 8 and the "hot spot" data in Table 9, the heat transfer characteristics in
Table 10 were obtained. A&s indicated by the heat~flux values in Table 10, the power
level could be raised slowly from the design value of 100 Mw to about 200 Mw before
burnout occurred, provided that the increase in fuel-plate tempersture did not result
in premature core failure. The results also show that for a pH of 5 and 0.050-in.-
thick fuel plates a pump discharge pressure of about 350 psi (assuming 67 psi across
the core) is required to prevent boiling in the aluminum oxide film, A pH of 7 resulis
in & 140°F nigher plate temperature and thus a system pressure of about 525 psi.
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Table 8. HFIR Characteristics Used in Heat Transfer Calculations

Power 100 Mw (97.5 in core)
Active core volume LL.8 liters

Active core length, L 18 in.
Coolant-channel thickness, € 0.050 in.

Fuel-plate thickness, w 0.050 or 0.040 in.
Coolant velocity Lo ft/sec

Inlet temperature 120°F

Ratio of maximum
to average power density (nominal)¥ 145

Ratio of maximum
to average power per chanmnel (nominal)* 1.15

Pressure at core discharge 80 and 450 psia

*
Calculated value based on two-dimensional. calculabions associ-~
ated with Fig. 47. These values do not include "hot spot"
effects.



Table 9. Design, Manufacturing, and Operating Tolerances Plus Resultant Hot-Spot
Hot-Chennel, and Burnout Reduction Factors¥

Hot-Spot Hot-Channel Burnout Reduction
Varizble Variation Factor, Fs** Factor, Fc** Factor, F,DH‘*

Plate thickness, w +0.001 in. 1.0005 1.0002 0.9996
Coolant-channel thickness, ¢ -0.005 in. ¢.98 1.18 0.310
Uncertainty factors

el ~element flow distribution 0.95 1.022 1.055 C.963

Local flow disturbances 1.00 - - -

Channel roughness 1.00 - - -

Channel mixing 0.00 - - -

Power-level measurement and regulation 1.02 1.020 1.020 -

Inlet temperature measurement and regulation 1.01 0.997 0.9992 0.9984

Operating-pressure measurement and regulation 0.90 - - 0.9872

Hegt-transfer-coefficlent uncertainty 1.00 - - -

Burnout-heat-flux uncertainty 1.60 - - -

Local flux pesking 1.00 - - -

Calculated vg experimental power distribution 1.10 1.077 1.098 -

Time-wise power-density variation 1.00 - - -

Meat homogeneity 1.10 1.078 1.100 -

Deviation in plate fuel content 1.02 0.997 1.020 0.991

Over-all factors 1.1 1.563 0.356

SL

*Information extracted from ref. 25.
*plaxdimum coolant film temperature = {coolant inlet temperature + veristion) + (F
(F % coolant film drop).

M Inim burnout heat fiux = Fb X nominal buracut heat flvx.

- X bulk coolant rise) +
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HFIR Heat Transfer Characteristics

Power, Mw

Power density (av), Mw/liter 2.18
Power density (maxs, M/ liter 3.90
Ratio of max-to-av power density 1.79
Fuel-plate thickness, in. 0.050
Heat flux (av), Btu/hr-ft? 8.77 x 10°
Heat flux (max), Btu/hr-ft2 1.57 x 100
Burnout heat flux (min), Btu/hr-£t°
Core outlet pressure = 850 psia 3.3 x 106
Core outlet pressure = 450 psia 3.0 x 106
Temperatures, °F
Coolant iniet 120
Coolant outlet (av) 192
Bulk water (av) 156
Bulk water increase (max) 129
Drop across coolant film {max) 115
Drop across aluminum oxide film (max)
Coolant pH = T 192
Coolant pH = 5 52
Coolant film (max) 365
Oxide-aluminum interface (max)
Coolant pH = 7 557
Coolant pH = 5 hat
Metal temperature (max)
Coolant pH = 7 570
Coolant pH = 5 k30

100 (97.5 in plates and core coolant)

=
o

0.0
T.890 x 105
1.b1 x 106

3.3 x 106
3.0 x 100

120
184
152
116
105

172
343
515
390

524
399




S5 @ T

e

eflf

=

N

(Wu )1)

(B/V)
(Pr)
CINE
R, By
(Re),

sun

TABLE OF NOMENCLATURE

Neutron diffusion coefficient

Hydraulic diameter, £t

Mass flow rate, lb/hr-ft
Heat transfer coefficient, Btu/hr~f

Thermsl conductivity for average bulk water temperature, Btu/hr-ft-°F

2

t2—°F

Effective neutron multiplication factor

Prompt-neutron lifetime

Active length of core

Atomic density

Nusselt nunber for average bulk water temperature

Power

Power density in homogenized fuel anvmlus

Prandtl nunber for average dbulk water temperature

Ratio of maximm to average power density

Radius of island and cylindrical veoid, respectively

Reynolds nunber for average bdulk water temperature

Bulk water subcooling at burnout location and at burnout conditions,

Weutron velocity

Volune

Inverse reactor period

Viscosity of average bulk water and of locsl wall temperature,

respectively, 1b/hr-ft

Neutrons produced per fissiou

Density, 1b/ft3

Tiquid density at saturation temperabure for system pressure

77
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Vapor density at saturation temperature for system pressure
Macroscopic neutron cross section

Neutron Fermi age

Neutron flux, (neutrons/cm3)(§gg)
Neutron adjoint flux

Volume-averaged thermal-neutron flux in island target
Maximom unperturbed thermal-neutron flux in island

-

Fraction of neutrons born in Jth group



Appendix 1

UNREFLECTED CORE

At one time it was suggested that the thermal flux in the island would be essen-
tially independent of all but a comparatively thin snmlar reglon of the fuel next Lo
the water island. This perhaps would be the case if the island neutron flux were due
primarily to thermal leakage from the fuel annulus. Then, according to Bq. (7),

[U’/%)m ] qmaﬁ/ Gy 1)

D:
&

the term in brackets would be essentially constant regardless of variations in the
ratio of maximum~to-aversge pover density snd the fuel-region volume. It appeared
then that $/P could be increased significantly with little reduction in @/ (P/V)m by
increasing the ratio (q.../a V)/V. The results discussed in the body of the report
under the topic heading Raalal Power Distribution” indicate that if (appx/9gy) 15 in-
creased in a fixed-gize core by reducing the number of discrete fuel regions in the fuel
annulus, assuming that each reglon had the same maximum power density, then the sousht-
after objective is not attainable. Two other approaches were considered: (1) for a
single~fuel-concentration core the outer reflector was removed and the cuter radius of
the fuel onnulus was extended to obtain the same k,pp with the same uniform fuel con-
centration, snd (2) the Tuel annulus of an unreflected core was divided into two dis-
crete fuel regions, the inner region being % em thick and containing a fuel concen-
tration five times that of the outer region. Using two fixed Tuel concentrations, the
oubter diameter of the core was increased to achieve the desired keff'

For approach (1) three cases in addition %o the zingle-region-fuel-sarulus re-
flected core were calculated. One had the sazme fuel concentration as the reflected
core. The concentrations in the other two were reduced in order to increase the
neutron diffusion length. The results in Taeble 11 indicate tha®t in each case, in-
cluding the two-fuel-region core, the necessary large increase in the core diameter

Table 11. Characteristices of Reflected and Unreflected Tlux-Trap Cores

HEIR Unreflected Cores

Number of_ fuel regions 1 1 1 1 2
25 x 10719 atoms/cm3 25 25 20 15 50-10
Outer radius of fuel region, cm 19 36.8 39.8 k2.9 11-51.5
Irmner redius of fuel region, cm T T T T T-11
Length of core, cm 45,72 5,72 b5.72 b5.T72 45.72

«/ L )R 2.080 k. k.1 3.6 10.3
¢/P, relative 1 0.k96 0.450 0.363 0.ho1
B/ (P/V),, relative 1 1.00 1.1k 1.3k 0.67
P, relative for equal (P/V), 1 2,01 2,22 2.75 1.67
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reduced §/P by about 50h. @/(P/V) did remain fairly constant, but the ratio
(Gmax/day)/V decreased significantly even though (qmax/9ayv) was about doubled by the
removal of the reflector. To avoid the large volume increase, a case was considered
in which the fuel concentration was increased in the smallest core. The results indi-
cated that criticality could not be obtained with reasonable fuel concentrations.
There are, of course, many more combinations of fuel concentration and core size.
However, an analysis of the resulis reported herein implies to the author that a re-
flected core with essentially uniform power distribution produces a more favorable
corbination of B/P and @/(P/V), than the unreflected cores.



Appendix 2

CYLINDRICAL CORE WITH NO WATER ISLAND

As mentioned in the introduction, the possibility of using a cylindrical core with
no island for isotope production was cousidered. In such a core the thermal-flux
region of interest would probably be the flux peaking regilon in the side reflector,
where there 1s perhaps more space for feed material than in the island of the flux-
trap geometry. In order to compare thermal-flux values and californium production
rates in the Island and side-reflector regions of the respective reactors, cylindrical
cores without the island in the middle were calculated and compared to a flux-trap core
of the same length. The curves in Fig. 61 show the variation of $/P and §/(P/V)gy with
the radius of the solid-cylinder core. The cylindrical cores, represented by Fig. 61,
and a typical HFIR core of the same length have been compared in Teble 12 on the basis
of equal power, equal volume, and therefore equal maximum power density, assuming that

Table 12, Comparison of Maximum Thermal Flux in Igland of
Typical HFIR with That in Beryllium Side-Reflector
of Cylindrical Core with No Island

Cylindrical Core

HFIR (¥o Island)
Power, Mw 100 100
(V) g, Mw/liter 2.23 2.23
Core volume, liters 4,8 I, 8
Core length, cm W5 .72 L5 72
Core radius, om - 17.64
g, nv 6.88 x 101 2.35 x 1015

the ratios of maximum-to-average power density are the same in the two cores. As indi-
cated, the maximum thermal flux in the beryllium side-reflector of the cylindrical core
is gbout one~third the maximum flux in the water island of the typical HFIR.

The use of a water slde-reflector with the cylindrical core tends to increase the
fiux peaking. However, the much higher fuel concentration and/or larger core volume
required to maintain criticality decrease the neutron leaksge so that $/P tends to be
less with the water reflector.

For a further comparifon of the two cores it is necessary to know how mucl more
feed material, such as Pug‘g, can be placed in the beryllium side-reflector of the
cylindrical core than in the water islend of the HFIR Tor the same amount of flux de~
pression. Such calculations have not been made, However, assume for the present that
about five times as mmch Pu2t2 could be used, and further assume that in both reactors
the material would be irradlsted for one year. Under such conditions indications are

81



82

PREFACE TABLE FOR FIG. 61
Code calculation, Wanda Active core length, 45.72 cm
Cross-section set, No, 2 (GNU averaged two-group) Axial buckling, 0.002591 cm-2
Thermsl. temperature, 80°C kK o 1.00
efT
Region Outer
No. Radius, cm Composition
1 U-235 + Al + H20, M/W = 1
2 ry + 30 Be + 5% Hz0 + Fxp {does not include
Pu)

UNCLASSIFIED
ORNL-LR-DWG 50361

3
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10710 (nv/Mwziiter)
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Fig. 61. Maximum Thermal Flux in the Beryllium Side
Reflector of a Cylindrical Core per Unit Average Power
Density and per Unit Power vs Radius of the Cylindrical
Core.

that the HFIR would produce about 35 times as much aFeo? per unlt of Pu?l*2 feed material
or seven times as much, total. If the material in the cylindrical core is irradiated
until the same total amount of Cfeo= is produced, it would take nearly twice as long as
in the HFIR.



Appendix 3

ALTERNATIVE CONTROL SCHEMES

As mentioned under the topic heading "Control Studies,” both soluble-poison and
mechanical control schemes were counsldered for the HFIR, and several variations of
each were studied in sufficient detall to permit the selection of one on its nuclear,
wechanical, and operational merits. The particular system selected for the HFIR is
described and discussed in detall in the body of the report. A brief discussion of
the alternative systems 18 included herein in order to provide information that may be
useful in the future.

Soluble-Poison Systems

Soluble-poison systems appeared at first to offer the most in the way of power-
distribution conbrol, since the control-region poison density could ve essentially uni-
form over the length and arcund the circumference of the core. Thus considerable
effort was expended In analytical analysils of the soluble~control systems. An addl-
tional report with the emphasis on the chemistry of the soluble-polson systems bas
been issued by Mclain.29

Three possible methods of applying soluble poison to the HFIR were: (1) soluble
poison in the coolant, (2) soluble poison in & D0 reflector, or (3) soluble poison in
an annular D0 reglon between the fuel annulus and the outer reflector. The first
method requires that a separate cooling system be provided for the island region since
poisons in that area rcb the 1lsland experiment of neutrons; snother point to consider
is that soluble poison in the fuel region contributes a positive effect to the tempera-
ture coefficient of reactivity. The second method requires the use of & Dg0 reflector;
this introduces mechanical design complications in providing for beam and rabbit type
experiments In the reflector, and as is the case with the first method it woudd be very
difficult to provide several control regions wlth separate polson-concentration regu-
lation for taking care of power-distribution disturbances that might result from possi-
ble xenon instability.

The use of soluble poison in a separate region or regions located between the fuel
and a beryllium reflector was preferred because the short residence time of the sclu~
tion in the vicinlty of the core region minimized temperature effects on reactivity,
and because separate flow paths could be provided which would in principle allow for
xenon instebility control. Thus this system was selected for some additional study.

A basic reguirement of a soluble~poison control system 1s that amounts of a speci-
fied poilson material sufficlent to take care of the reactivity requlrements be soluble
in the solvent. Therefore, assuming the anmular control reglon to be wniform and homo-
geneous, calculations were performed to determine the reactivity worth vs concentration
of two of the more promising poisons, boron and cadmium, (Multigroup calculations were
used ‘o compare the two poisons, since there is a rather strong dependence of worth on
the nonthermal cross sections.) The results of the calculations are presented in
Figs. 35 and 36. Figure 35, which compares boron and cadmium on the bases of their
thermal macroscopic cross sections, indicates the effectliveness of the nonthermal cross
sectlon.
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If all the reflected neutrons were stopped by the control region, as would ba the
case with the outer reflector removed, kepr would be decreased from 1.20 to about 0.70.
Although from a practical point of view all the neutrons could not be captured by the
shim region, the results do suggest that the use of poisons with comparatively high reso-
nance capture would provide significantly greater control-region worth. Calculations
have not been made to determine the actusl worth of the various resonance sbsorbers.

Most of the parameter-type studies were made with two-group caleulations, using
fast-group capture cross sections for boron and cadmium that were obtained frowm the
mltigroup results. The cross sections used are shown in Fig. 37. Making use of Figs.
35, 36, and 37 indicates that for keff equal to wnity the fast cross sections of boron
and cadmium were essentially the same, but the thermal cross sectlon of cadmium was
three tiwes that of boron. This spparent disagreement emphasizes the inadeguacy of a
two-group analysis for determining gray-rod worths in a reactor where nonthermal neutron
capture 1s significant.

The limitation on excess reactivity that is imposed by the eventual insensitivity
of the control region (illustrated in Figs. 35 and 36) can be cireumvented in part by
the use of burnable poison and of course by simply decreasing the fuel loading. How-
ever, use of the lalter method must be avoided in order to retain a desired fuel-cycle
time. If a burneble poison is used, the curves in Figs. 35 and 36 will be shifted
dovn. Since the presence of the additiomal poison in the fuel decreases neutron leak-
age from the fuel amnulus, the worth of the control region will he decreased, resulting
in a slight flattening of the curves. Just the opposite 1s true when the fuel loading
is decreased. This is shown in Fig. 62.

The application of a soluble poison for a control system iuplies the use of an
independent safety or emergency shutdown system and perhaps also an independent regu-
lating system, both of which would more than likely be of the mechanical type. The
location of these rods or plates will of course determine to an sppreclable extent
their reactivity werth. Outside of the very compact fuel snnulus the regions of great-
est worth are located between the water island and the fuel and between the side ve-
flector and fuel. The former location requires space that could otherwise be used for
experiments; and regulating rods in this area, though not requiring much in reactivity,
would have a deleterious effect on target irradiation. Therefore it was assumed that
the safety and regulating rods or plates would be located adjacent to the soluble-~
poison shim region. The worth of the safety plates, assuming that the plates form a
complete curtain around the fuel annulus, is essentially that determined for the solu-
ble-poison shim.

Generally, it appears desirable that the total worth of the regulating rods should
be no more than cne dollar. If at the beginning of the fuel cycle (when the shim has
its highest concentration for a critical core) the worth of the regulating rods is Jjust
wnder a dollar, then at the end of the cycle (when the poison concentration in the shim
is at its lowest) the worth of the regulating rods would be greater than one dollar.
This effect was investigated with an snuular regulating region located between the fuel
amnulus end the shim region. It was assumed that the problem could be adequately
studied by changing the poison concentration of the regulating reglon wniformly, rather
than by changing its vertical position. The worth of the regulating region as a func-
tion of its poison concentration was determined for three different poison concentra-
tions in the shim regicn. As indicated by the slopes of the curves in Fig. 63, Ak/ANB
for kapr Z1.20 (a case which approximately represents the core at the end of the cycle
when the shim poison concentration is zers) is about ten times greater than at the be-
ginning of the cyele. (The reduced fuel concentration and redistribution of power at
the end of the cycle permit greater neutvon lesakage into the outer reflector, resulting
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PREFACE TABLE FOR FIG. 62
Code calculation, Wanda Active core leangth, 30.5 cm
Cross-section set, No. 1 {two-group) Axizl buckling, 0.004568 em™2
Thermal temperature, 80°C
Region Outer N> x lO5 (atom/barn-cm)
No. Radius, cm Composition A B C
1 2 100 g Pu-2L2 + AL + HaD, M/W = 1
2 7 Hz0
3 9.2 U-235 + AL + Hz0, M/W = 1 1k 17 20
I 11.b 26,1 3L.7 37.3
5 13.6 37.6 L5.6 5347
é 15.8 4o.5 49,2 57.8
T 18 33.2 10.3 o
8 20.2 Be + 5% Ha0 + Exp + B
9 70.2 Be + 5% Ha0 + Exp

UNCLASSIFIED
ORNMI-LR-DWG 50362
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Fig. 62, Reactivity vs Boron Concentration in Control
Region for Different Fuel Loadings.

in greater control worth. Therefore the factor of 10 is somewhat underestimated. )
These results indicate that a mechanical regulating system with variable maximum stops
would have to be used to limit the worth to one dollar. The pogition of the stops pre-~
sumably would be programed with the poison concentration in the shim reglon.

In some instancez the reflector region close to the core, where the spectrum is
aignificantly harder than elsewhere in the reflector, is desirable for experimental
space. Making this space avallable for such apparatus as rabbit tubes would reguire
the shim region to be moved outward, leaving a portion of the reflector between the
core and shim region. Thus for a partlicular poison concentration the worth of the sghim
region would ve lesz. The varlation of K.y and thermal~flux distribution with shim
position is shown in Figs. &b and 65. In these calculsbiong the shim polson concen-
tration was constant, the assumption belng made that a greaber concentration was not
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PREFACE TABLE FOR FIG. 63

Code calculation, Wanda Active core length, 45.72 cm
Cross~section set, No. 2 (GNU averaged two-group) Axial buckling, 0.002591 cw™?@
Thermal temperature, 80°C
Region Outer
No. Radius, cm Composition
1 T Hz20 25 -5
2 19 U-235 + Al + Hz0, ¥/W = 1, N = 25 x 10"~ atom/barn-cm
3 20 Be + 5% HeO + regulating boron
4 22 Dz0 + shim boron
5 52 Be + 5% H=0 + Exp
UNCLASSIFIED
ORNL-1LR-DWG 50363
1.20 |
\ BORON CONCENTRATION IN SHImM
REGION =0 atoms/barn-cm
1.8 | ; —]
1.6
1.08
/fef/ 1.06 A "Jii ]
—— ] =35x10°
1.00 1
!
S
0.98 e =150x10"
0.96 |

0 5 10 15 20

NATURAL BORON CONCENTRATION IN THE REGULATING
REGION x 1O5 (atoms/barn-cm)

Fig. 63. Reactivity Worth of Regulating Region for
Different Poison Concenirations in the Control Region.

attainable. If poison solubility is a problem in the shim region, burnsble poison
could be added within practical limits to the fuel region to make up the difference

in control requirements as the shim is moved out. Since the inclusion of the burnable
poison in the fuel region would have little effect on the flux distribution in the
side reflector, the curves in Fig. 65 arc reasonsbly representative of the case in
which k.pe would be maintained at a particular value by means of the burnsble poison.

Even though it did not appear feasible to add soluble poison to the coolant,
island, and reflector regions, a few calculations were made to determine the worth of
the polson in these regions and the effects it would have on ¢/P. For comparison pur-
poses two cases were considered: (l) poison added to the coolant in all regions,
including the island region, and (2) voison added to the coolant in all regions except
the island. The latter case would of course require a separate cooling system and
vessel; however, such a vessel was not considered in the calculations. The results of

the calculations are shown in Fipgs., 66 and &7. As would be expecled, the core with




X

EEY

87

PREFACE TABLE FOR FIGS. 64 AND 65
Code calculation, Wanda Active core length, 30.5 cn
Cross-section set, No. 1 (two-group) Axizl buckling, 0.004568 cm™@
Thermal temperature, 80°C
Region Outer N25 by lOb
No. Radius, cm Composition {ztom/barn-cm)
1 2 100 g Pu-242 + Al + Hz0, M/W = 1
2 T Ha0
3 2.2 U~235 + Al + Hz0, M/W =1 17
L 11.b 31.7
5 13.6 45,6
6 15.68 k9.2
T 18 40,3
8 Be + 5% H20 + Exp -5
9 rg + 2.2 Be + 5% Hz0 + Exp + B, ¥ =100 x 10
atom/barn-cm
10 ~T1 Be + 5% Hz0 + Exp
UNGCLASSIFIED UNCLASSIFIED
ORNL-LR-DWG 50364 14 ORNL-LR—DWG 50365
1.25 | I PEAK FLUX
! ! IN ISLAND TARGET
i NO SHIM A1 292
‘ 12 SHIM B8:360 |
' SHIM C:3.23
1.20 SHIM D:3.07
10
115 — =
£ o8
110 i 08
S
=
i
)4: 0.4
1.05 / i
; 02—+
Y E FUEL REGION
1.00 : ol | \ ‘
15 20 25 0 35 40 5 10 15 20 25 20 35 40
INNER RADIUS OF OUTER SHIM REGION {cm) RADIAL DISTANCE (cm )
Fig. 64. Reactivity Worth of Control Region as a Fig. 65. Thermal-Flux Distribution in the Beryllium

Function of Control-Region Position. Side Reflector as a Function of Control-Region Position.

poison added to all regions requires a lower concentration of the poison in the coolant.
However, for a 5% decrease in reactivity there is a 30% decrease in thermal flux in the
island because of the presence of the control poilson in the island. When the poison is
not permitted in the lsland, a similar change in reactivity actually results in about

a 0.2% increase in the island thermal flux.

An advantage in putting the soluble poison in the coolant, as compared with the
narrow soluble-poison reglon between the fuel ammulus and the beryllium reflector; is
the lower poison concentratlon for a specified change in reactivity and the elimination
of the Do0 required in the separate soluble-poison econtrol region. A comparison of
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PREFACE TABLE FOR FIGS. 66 AND 67

Code calculation, Wanda Active core length, 30.5 cm
Cross=-section set, No. 1 (Two-group) Axial buckling, 0.004568 cm™@
Thermal temperature, 80°C
Region Outer * N25 X 1.05
No. Radius, cm Composition (atom/barn~cm)
1 2 100 g Pu-242 + Al + HpO, M/W = 1
2 1 Hz0 10
3 9.2 U-235 + Al + HzO + B, M/W =1,
922 - 6.05 13.6
Iy 11.4 29.4
5 13.6 h3.5
6 15.8 52.7
7 18 52.2
8 28 Be + 5% Ha0 + Exp
9 68 Hz0

¥*

For one curve in Figs. 66 and 67, regions 1 through 9 contained natural boron in the water.

For the other curve, only regions 2 through 9 contained boron in the water., For each point
. B . P _ ot E . . rB \]-ﬁ2o .

on the curves, regions containing boron contained the same concentration (N / ) of boroan.

UNCLASSIFIED UNCLASSIFIED
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Fig. 67. Average Thermal Fiux in the Central Experi-

ment per Unit Power vs Change in Reactivity Caused

Fig. 66. Reactivity Worth of Notural Boron in Various
by Boron Concentration Changes in the Coolant.

Core Regions.

reactivity worths indicates that for a 10% change in reactivity a 2.2-cm-thick annular
soluble-poison region between the fuel and outer reflector would require a boron con-
centration ahout three times greater than that necessary when the boron is added to
the coolant in all regions except the central island.

Another method for reducing the soluble-poison concentration is to use two poison
regions, one adjacent to each circumferential terminator of the fuel annulus. This
would have the obviocus disadvantage of inserting a sink for thermal neubtrons between



Sy

89

the island and the source of neutrons. Nevertheless, it should be very effective con-
trol, since the fuel would be partially isolated from both the inmer and outer moder-
ating~reflector regions. The reactivity worth of the double shim system was compared
to that of the single, outer shim system., The results in Fig. 68 indicate a very sig-
nificant reduction in boron concentration when both the inner and outer shim regions

PREFACE TABLE FOR FIGS. 68 AND 69

Code calculation, Wanda Active core length, 30.5 cum
Cross-section set, No., 1 (two=group) Axial buckling, 0.004568 cm=2
Thermal temperature, 00°C
Region Outer N2 x 107
No. Radius, cm Composition (atom/barn-cm )
1 2 100 g Pu-2k2 + Al + Hg0, M/W = 1
2 4.8 Hz0
3 T HpO or Be + %% HnO + Exp + B
N 9.2 U-235 + Al + Hp0, M/W =1 17
5 11k 31,7
6 13.6 45,6
7 15.8 ho.2
8 18 40,3
9 20.2 Be + 5% HaO + Exp + B
10 70.2 Be + 5% Hz0 + Exp

UMCLASSIFIED
CRNL-LR~DWG 50368
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Fig. 68. Reactivity vs Boron Concentration in the
Control Region for a Single Outer Control Region and
an Inner and Outer Coembined Control Region.
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are used. For very high boron concentrations the inner shim region accounts for ebout
106 more in reactivity.

By comparison to the single, outer shim system the big disadvantage of the double
shim system is the reduction in thermal-neutron flux in the island as the poiscn con-
centration is increased. According to the resulbs presented in Pig. 63, reducing Kerr
to unity (Ak ¥ 0.21) reduces the thermal flux by 40%, as compared to a 200 increase
for the single shim system. Actually, this comparison is not exactly falr because in
the double shim core the addition of poison to the shim regions caunsed the maximum
power density to shift awey from the island region to the center of the fuel annulius,
thus reducing neutron leakage to the island. For a particular initial shim poison con-
centration the fuel would be distributed in the anmulus so as to maintain at the inner
fuel-annulus surface as high a power density as possible during the entire fuel burnup
cycle, Under such circumstances the results would not be quite as severe as indicated
by Fig. 69.

UNCLASSIFIED
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Fig. 69. Averoge Thermal Fiux in the Centra! Experi-
ment per Unit Power vs Change in Reactivity Caused
by Boron Concentration Changes in a Single Outer Control
Region and in a Combined Inner and Outer Control Region.

Based on the results reported herein, pertaining to the soluble~poison control
systems, it was lentatively cooncluded that the most sultable version of the soluble-
poison systems for the HPFIR was that incorporating a separate anmilar poison region
between the fuel annulus and the outer beryllium reflector. The poison reglon would
provide shim control, while emergency shutdown and regulating control would be accom-
plished by mechanical means. In order to reduce the regquired poison concentration in
the scluble shim region in accordance with solubility limitations, the use of a burnable
poison was considered in the fuel plates or in plabtes adjacent to the shim region.

Mechanical Control Systems

In addition to the circumferential plate-type mechanical system selected for the
HFTR, a horizontally split core and a movable side-reflector design were considered.

A brief discussion of these two schemes follows.
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Split core.--In the split-core design it was proposed that the bottom half of the
core be moved relative to the fixed upper half. Two-dimensional, two-group calcula-
tions were made to obbain a curve of reactivity vs distance between the two halves and
also to study the variations in power distribution and flux in the island region. As
shown in Fig. T0, there is a slight increase in reactivity, when the core halves are

Core calculation, PDQ (two~dimensional)
Cross~section set, No. 2

(GNU averaged two-group)
Therwmal temperature, 80°C

PREFACE TABLE FOR FIG. TO

Active core length, 30.6 cm
{no gap between halves)

Height of side reflector, 30.6 cm
(no gap between halves)

Height of HzpO end-reflector, 20 cm
(each end)

Composition

line of the Hp0 island for all core lengths.

Region Outer
No. Radius,; cu
1 T Hz0
2 18 U-235 + AL + Hp0, M/W = 1,
3 68 Be + 5% Hz0 + Exp
la 68 Hz0 (end reflector)
1b 68

)

N2” = 59.4 x 1077 atom/barn-cm

HoO {gap between vertical halves)

Note: The thermal flux in Fig. 70 was averaged over a 3l-cm length of the vertical center-
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first separated; this apparently results from increased moderation of the undermoder~
ated core. After a separation of about 2 cm, the cuxve, by comparison to the usuval 5-
curve for conventional control rods, is fairly straight for a change in reactivity of
about 15%, Within this range the average change in k per centimeter of separation
distance was about l.S%B With the two halves separated, power peaking occurred at the
fuel edges adjacent to the water gap between the two core halves. In order to reduce
this peaking, poison could be added in an extension of the cladding beyond the meat.
Such an extension plus a water space about 1 cm thick was also desired for establishing
the coolant velocity profile. Therefore the fuel in the two halves would actually be
separated by at Jeast 2 cm so that the flat portion of the k vs distance curve as shown
in Fig. 70 would not actually be used. Although the calculations associated with the
curves in Fig. TO did not account for variations caused by fuel burnup, it appears

that control-wise the split-core design would he suitable for an HFIR core initially
containing 13% reactivity with the core halves together.

In order to determine the variation of ¢/P with distance between the two halves,
it 1s necessary to study the fuel cycle. At the begiuning of the cycle the core
halves would be separated by about 10 cm. In comparing this core with a core con-
trolled with circumferential control plates, it was observed that @/P for the split
core was about 25% less than for the nonsplit core (ef Figs. 69 and 70). As the fuel
burned up, this difference was reduced to about 5%.

Further studies of the split-core design might possibly narrow the difference in
@/P between the two types of cores just mentioned. However, there is one outstanding
disadvantage of the split core that was responsible for the termination of calculations:
the cost of fabricating essentially two cores instead of one for each new loading.
Trrespective of fuel cost, the cost of a core is determined more by the number of fuel
plates than by the length of the plates. A split core requires twice as many plates
as the one-piece core. Another disadvantage of the split core is the lack of multi-
plicity of control segments for emergency shubtdown. Because of design and febrication
complications it was not desirable to divide the bottom core half into several inde-
pendent sections. Thus an independent scram system would need to be provided.

Movable side reflector.--The possibility of moving segments of the beryllium outer
reflector in the radial direction was considered, although such a system would intro-
duce many problems assoclated with the installation of experiments in the ocuter reflec-
tor region. If experiments are neglected, complete removal of the beryllium reflector
(leaving water in its place) will reduce kepp by about 12% for a 30~cm-long core
(possibly a little more for a H6-cm-long core because of the greater leakage from the
longer core). Figure Tl indicates that as the inside diameter of the beryllium re-
flector is expanded reactivity changes in a nearly linear fashion until a water-gap
thickness of about 6 cm is achieved. The decrease in reactivity resulting from the
6-cm movement is sbout 8. (In actual operation the effective metal-to-water ratio of
the annulus containing the beryllium would decrease as the wedge-shaped pleces of
beryllium moved out radially; thus the decrease in reactivity would be somewhat greater
than that given above. This effect and the effect of fuel burnup were not considered
in the calculations.)

As the beryllium moves away from the fuel region and is replaced with water, there
is an increase in power density at the outermost edge of the fuel region. This is
indicated by the curve in Fig. Tl that represents the ratio of radial maxium-to-
average power density. Tf radial grading of the Tuel demsity is used, the maximum
power denslity can be controlled by decreasing the fuel concentration near the outer
edge. Nonuniform fuel burnup would also help, since the low fuel concentration in
that area tends to accelerate burnup.
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PREFACE TABLE FOR FIG. 71
Code calculation, Wanda Active core length, 30.5 cm
Cross-section set, No. 1 (two-group) Axial buckling, 0.004568 cm=2
Thermal temperature, 80°C
oe
Region Cuter 1\1"5 X lolo
No. Radius, cn Composition (atom/barn-cm)
1 2 100 g Pu-242 + Al + HzD, M/W = 1
2 1 Hz0 10
3 9.2 U-235+ AL 4 Hz0 + B, MW = 1,
¥W2-10/m20 2 0,05 13.6
4 11.h 29.4
5 13.6 b3.5
6 15.8 52,7
T 18 H2.2
8 Ha0
9 rg + 10 Be + 5% HpO + [xp
10 ~58 Ha0
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Fig. 71. Ratio of Maximum-to- Average Power Density
in the Radial Direction, and Reactivity vs Radial Distance
Between Fuel Annulus and Beryllium Side Reflector.

The water gaps between the beryllium wedges tend to cause a circunmferential vari-
ation in power density near the outside edge of the fuel region. However, since the
gaps are swell when the beryllium is close, and since, as Just described, the power
density near the edge must initially be well below the maximm permissible, the clircum-
ferential variations would more than likely be insignificant.

The movement of the beryllium also changes the position of the peak thermal flux
in the reflector. However, since the use of a movaeble reflector practically prohibitls
the incorporation of experiments in the beryllium portion of the reflector, the roaming
flux would propably be of little conseguence,
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There is some question concerning the use of the movable reflector for safety
control. Certainly a considerable amount of burnable poison would have to bg used,
since the total worth of the beryllium is only about 12%.

After this preliminary study, it was concluded that the movable-reflector control
system should be discarded in favor of the vertical-plate system, primarily because of
the lack of reactivity worth and the inability to install fixed-position experimental
facilities in the beryliium.



Appendix b

NUCLEAR CONSTANTS AND CALCULATTONAL PROCEDURE

As mentioned in the introduction, the majority of the calculations were made
using two-group, one-dimensional multiregion diffusion-theory reactor codes in order to
reduce to practical proportions the time and money required for the very extensive pa-
rameter study that was undertaken. At varlous times the results for particular cases
were checked with more sophisticated methods such as two-group, two-dimensional multi-
region diffuslon theory (PDQ);3O thirty~four-group, one-dimensional multiregion 4dif-
fusion thggry employing the Selengut-~Goertzel term for neutron slowing-down by hydrogen
(GNU-IT); thirty-four-group, one~dimensional multiregion consistent-P; theory em-
ploying the Selengut-Goertzel term for neutron slowing-down by hydrogen (Cornpone);32
and miltigroup, one-dimensional multiregion transport theory (smi).33 The two-group,
one~dimensional codes used were Wanda,s‘ for general calculations; Edna 1,3 for
obtaining adjoint fluxes; and Candle—QB' for fuel-cycle-time calculations.

For all one-dimensional cases an axial buckling equal %o 16_em, 8 cm on each end,
was used., This value appeared consistent with data from the MIR3T and was later shown
to give essgentially the same value of k.pp as obtained from a two-group, two-dimen-
slonal calculation.

Several sets of cross sections were used in the process of calculating various
HFIR cores. The original two-group cross sections, used with Wanda for a portion of
the parameter study, were, with a few exceptions, extracted from a listing of Eyewash38
cross sections, weighting the nonthermal constants with a 1/E slowing-down density in
order to obtain the fast-group cross sections. The thermal diffusicn coefficient was
calculated from
1

Dp = wme e

3[21;1'2 * ZELZ }
H:0

where ztr was determined from values of Atr reported by Petrie et al.39 The fast
2 &b ol

seattering removal cross section was calculated from

ZRl::':?"l)
where both the fast diffusion coefficient and 7 for water and water-aluminum mixbtures
were calculated by a numerical integration nmethod*© which assumed a 1/E flux, dncorpo-
rated figsion spectrum weighting, and included srxbltrary weighting factors which were
used to obtaln agreement between calculated and experimental values of v at a few
pointe. Curves of Dy and 1 vs aluminum-to-water ratio are presented in Fig. T2.

For beryllium =t was taken from ref. 41. To account for experiments and structural
material in the outer beryllium reflector, a thermal absorption cross section of 0.002
e~} was added to the reflector for all cases.
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Fig. 72. Fast Diffusion Coefficient and Age for a
Two-Group Cross-Section Set vs Volume Ratio of Alumi-
num to Water.

In addition to the n-2n reaction in beryllium there is an n-0 reaction (with
neutrons sbove 1 Mev) that Jeads to the formation of the comparatively-high-cross-
section isotopes He3 and Li®, Depending on the energy spectrum in the beryllium, the
"berylliun" cross section can increase significantly in a few months. Neither this
effect nor the n-2n effect was considered in the parameter study reported herein. How-
ever, the subject has been investigated in comnection with the HFIR, and the results,
reported in ref. 42, indicate that the n-2n and n-Q reactions in +he beryllium side
reflector would have no significant effect on the results of the parameter study and
selection of a typical BFIR core.

For most of the calculations the experimental region in the center of the water
island contained curium or plutonium and thelr irradiation products plus water and
aluminum. The average thermal cross section of the target, as a function of time and
excluding the water and aluminum, has been estimated by Claiborne” using the best avail-
able rouzlstent set of cross sections and decay constants for the isotope chain starting
with Pu? Averaged over a one-year period at an average thermal-neutron flux level
of 3 % 1015, the cross section was approximately 58 barns. Nuclearwise, it wes assumed
that the targel cross section was all capture.

The aluminum in the island target served as the matrix material for the oxides of
the prime feed material and also provided the necessary heat transfer surface ared. It
wag 1n1b1§11v estnmd5ed that the target heat, resulting from the fissioning of Cm~ hb
Cm= *f and CL , could be adeguately removed if there were 5 g of aluminum for
each gxam of plutonium oxide.
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Table 13 lists the original set of two~group cross sections that were used.
Throughout the parameter study there were some variations in cross sections because of
different asswumptions regarding temperatures. For some cases samarium and equilibrium
xenon vwere teken into account by multiplying the uranium absorpbion cross section by
1.062,

Table 13, Cross-bection Set No. 1

235 506 Al +
Material H 0 M B Be U Target* 506 HpO

% c.284 - 0.20 615 0.0087 569 58 -
0f2 - - - - - Lgp - -
30, 179.3(H=0) 3.95 - 2,08 24,59 - -
%, 0.00887 - 0.024 36 0.0002 37.98 - -
ey - - - - - 27.13 - -
D 1.20{H-0) - - - - - 1,5148
T 33(H20) - - - - - 80.6

% -
Average of all involved heavy isotopes for one year's irradiation at 3 x 10%° nv,

While preliminary parameter studies were being made with the cross sections in
Table 13, an up-to~-date and consistent set of thirty-four-group cross sections was
being developed for use in cny, 18 Upon the completion of this work, two-group con-
gbants were generated from multlgroup calculations, the purpose being to obtain actual
spectrum-averaged fast-group constants. The particular core used in the mulbigroup
calculations contained a single fuel region; several calculations were made to cover
the desired range of fuel concentrations. No atbtenpt was made to obtain a more accu-
vate spectrum for each parbicular core. Table 14 lists the nuclear constents obitained
from the multigroup results along with the characteristics of the core for which they
were calculated. In all regilons except the fuel region the fast-group cross sections
were averaged over the gpecified fuel~concentration range.

When different length cores were caolculated, only the target cross sections were
changed. New target cross sections were obtained from GINU calculations using the same
reactor described in Table 1l, except that the length of the core and the metal-to-water
ratio in the target were changed correspondingly. Table 15 lists the pertinent infor-
mation and the target cross sections.

The fuel-cycle-time calculations reguired another set of cross sections since
Candle-2 requires microscopic cross sections. These cross sections were calculated
from a representative set of CNU-averaged two~-group constants. Actually, Candle re~
quires four-group cross sections, but the code can be used as a two-group code if for
the two intermediate groups the transport cross sections are set equal to essentially
infinity, the absorption and flssion crosz sectlons are setl equal to zero, and the re-
moval cross sections arve set equal to each other and equal to the usnal two-group
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Cross~Section Set No. 2

Actual length of all regions of cylindrical core = 30.5 cm

Target Region,

Ri1 = 2 om, Temperature = 80°C

Material H 0 Al "pu"
Atoms/barn-cm 0.0325 0.01625 0.0301 0.00064k42
£, = 0.0005597 fig, = 0.0232h Dy = 1.5351
z, = 0.05291 D, = 0.3261
Hz0 Region, Rp = 7 cm, Temperature = 80°C
Material i 0
Atons/varn-cm 0.065 0.0325
Zal = 0.0005419 ZRl = 0.04461 Dy = 1.40818
£, = 001755 Ds = 0.1703
Fuel Region, Ra = 18 cm, Temperature = 80°C
Material H 0 Al U235
Atoms/barn-cm 0.0325 0.01625 0.0301 (10 to 70) x 10~
Sa, = 17.59N25 + 0.00095; 10 x 1077 S W25 < ho x 1075
= 15.55N25 + 0.01765; Lo x 1077 S N%5 < 70 x 1075
g, = 0.0221 - 1.5N%0 Dy = 27.5 N°% + 1.5163
v = 31.582% + 0.00037; 10 x 10-5 S N2 < 30 x 1075
= 27.5N%% + 0,00158; 30 x 1072 S N25 < 50 x 1079
= 24,1825 + 0.00330; 50 x 105 < N25 < 70 x 10-5
Zan = 537.3N095 + 0.01437 Do = 0.3259 - 3,292 vEg = 1083 TNeO*
Outer Beryllium-Reflector Region, Ry = 48 em, Temperature = 80°C
Material H 0 Be Exp.
Atoms/barn-cn 0.00325 0.001625 0.117k 0.1 (0qyy, = 0.02)
Yoy T 0.00008765 sz = 0.009546 Dy = 0.6591 )
z, = 0.003818 Do = 0.4576

*
ATter a large number of cslculations had been completed Ly
The revised value s 1108.4 N=o,

to be slightly in error.

this value was Tound
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Table 15. Target Cross Sections for Different Length Cores;
Cross-~Section Set No. 2 Continued
o -
N = 4o x 107 atoms/barn cm for all cores
Weight of feed material (Pu-242) = 100 g

Core Length (cm)

30.48 L5712 $0.96 1.4
M/VW in target 1 0.5 0.33 0.20
N 0.0325 0.0l333 0.04875 0.05418
W 0.01625 0.02167 0.02438 0.02709
wit 0.0301 0.0197 0.0118 0.0098
o 0.0006442 0.0004295 0.0003221 0.0002147
ay 0.0005597 0.000580% 0.0005898 0.0006000
g, 0.02324 0.03079 0.03455 0.03832
D, 1.5351 1.4584 1.4360 14212
Ao 0.05291 0.04113 0.03523 0.0293h
Do 0.3261 0.2499 0.2237 0.2025

removal cross section., Also, all neutrons must be born in the top grouwp. The top-
group cross sections are equal to the usual fast, two-group constants. The validity
of such a scheme from the standpoint of code operability is evident upon exanination
of the following four-group equations with the sbove substitutions introduced:

D1 v= §, - Zal B1 - ZRl Pr + vy Efl By +va Zf4 Pa =0 ,

ZR1¢1'ZR1¢2:OJ
ZRJ”¢2‘ZR1¢3:O’
Da V% fs - Za4 Pae + ZRl fa =0 .

Since P, = P = Ps, the top and bottom equations are the usual two-group equations.
In the two middle groups no neutrons are lost or gained by leakage or zbsorption; so
ZR ¢1 represents the neutrons transferred from the fast to the thermal group.

1

Four-group cross sectlons were not used in Candle, because at the time the fuel-
cycle-time calculations were made, it appeared that the GIU code was not calculating
four-group constants correctly.

The cross sections that were used 1n Candle are listed in Table 16. The use of
these cross sections in Candle resulted in a keff gbout r% less than obtained with
Wanda using cross-section set No. 2.

The two-group constants used in the two-dimensional analysis of the temperature and
vold effects on reactivity were generated from one-dimensional, multigroup calculations
(GNU). These latter calculations were made for each temperature and vold fraction con-
sildered and for all combinations of region temperatures and all combinations of region
voids. DBecause the resultant number of two-group cross-sectlon sets was quite large,

a listing has not been included herein.
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Table 16, Two-Group* Cross Sections Used in Candle;
Crogsg~Section Set No., 3
%y ‘a Oﬁ VZf
) L 1 b 1 1 h
Hp0 7.086 60.59 0.01635 0.540 1.325 0 0
AL 3.476 1.h62 0.006738 0.186 0.01043 0 0
Be L, 245 5.370 0.0003709 0.008050 0.05859 0 0
B L *% 600 0 0 0
y* 0 12.5 19.4 537.2 0 33. 1083.7
x13 0 0 2.16 % 104 2.7x100| 0o 0 0
St 9 0 0 0 50,000 0 0 0
P9 0 0 0 0 0 0 0
™ 0 0 0 0 0 0 0
FP 0 0 11.2# 52%‘ 0 0 0
P36 o o 0 6 0 0 0
Refl. exp. 0 0 0 0.02 0 0 0
"
0£P2,3 T 052,3 =9 sz,s =0 GRl - GRe URS'
Depends on boron concentration. See Fig. 37.

KK

.

J. Pattenden, ORNL-2778.

&3 N -
Calculated from BNL-325 assuning ¢(0.15 ev » o0 ) = 7.64E 2.56

and a 1/E flux.
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Appendix 5

COMPARISON OF CODE CALCULATION RESULTS

In an attempt to verify the methods of caleulation for the flux-trap core design,
comparison calculations were made 3 on an infinitely long HFIR core, using SNG (18
groups), GNU(18 groups), GNU(3% groups), and Cornpone(34 groups). The results showed
good agreement between multigroup diffusion theory and transport theory, and since the
GNU (34 groups) code was the most convenient to use, it was generally used to spot
check the results obtained with Wanda. A typlcal comparison between the Wanda and GNU
calculations, using the HFIR core as presently concelved, is presented 1n Figs. 73 and
Th. For the core containing no control (Fig. T73), GNU predicted a 31% greater value
of B /P and a 5.9% lower value of kepp than calculated with Wanda. It was also ob-
served that the GNU results gave a lower average thermal flux in the fuel region and
thus a grester percentage of nonthermal fissions. A posslble explanation to all these
differences is that the GNU-averaged scatitering removal cross section used in Wanda
was not consistent with the multigroup calculation. If it is assuwed that =D/t
and that Dy as calculated for Wanda by GNU was correct, then 7 for the fuel region,
using the two-group GNU constants, calculates to be about 66 cmg, as compared to an
experimental value of 81 em®. This indicates that the two-group removal cross section
used in Wanda was too large. A smaller removal cross section should increase the fast
leskage, thus increasing the thermal flux in the island, increasing the percentage of
fast fissions, and decreasing K.pe. To check the validity of this hypothesis, a
smaller fuel-region removal cross sectlon was calculated for Wanda using the experi-
mental value of T and the fast diffusion coefficient averaged with GNU. The results
of Wanda and GNU calculations (for a slightly different core than that used for the com-
parison in Fig. T3) are presented in Table 17. TFor these particular cases the use of

Table 17. Comparison of Core Characteristics Using
Different Codes and Different Scattering Removal Cross Sections

Code gz (em™1) Keps g/p
Wanda 0.02173 1.2055 5,04k x 1013
Wanda 0.01783 1.1589 5.688 x 1013
GNU - 1..1311 6.195 x 1013

the smeller removal cross section reduced the differences in $/P from 23% to 9% and
reduced the differences in kg pp from 65 to 2h. These results indicate that the GNU-
averaged, two-group removal cross sections were in error. Recently the GNU method
of averaging was changed;¥* the two-group Iy now agrees reasonably well with the value
used in the second Wanda calculation in Table 17.

*
Change made by Betty Maskewitz (ORGDP), Jan. 1k, 1960,
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At the beginning of the fuel cycle the thermal-flux distribution is similar to
that shown in Fig. 7h. For both the Wands and GNU cases kopp was made very nearly
equal to unity by including different amounts of boron poison in the control region.
The Wanda calculation reguired about 2.5 times the boron concentration as GNU to
compensate for 1.3 times as much excess reactivity. Increasing the fast-neutron
leakage from the fuel so that more thermal neutrons rust return through the control
plates will increase the worth of the control plates. Thus the use of a smaller g
in Wanda would decrease the calculated differences in control worth.

Even though the GNU multigroup calculations are generally considered to be more
accurate than the Wanda two-group calculations, it was concluded that the latter cal-
culations were satisfactory for the parameter studies and for establishing the so-
called optimum core design. GNU calculations were then used to more accurately deter-
mine absolute values associated with the particular optimum core.

As a final check on the calculational methods, an extensive critical-experiment
program is presently being conducted;u” flux distributions, power distributions,
critical mass, control-rod worth, and temperature and void coefficients are being
determined or are scheduled to be determined, using experimental cores that approxi-
mate nuclearwise the proposed HFIR design.

PREFACE TABLE FOR FIGS. 73 AND Th

Code calculation, Wanda and GNU Thermal temperature, 80°C
Cross-section set, No. 2 (GNU averaged, two-group) Active core length, 45.72 cm
and GNU 34 group (ORNL revised) Axial buckling, 0.00259L em™?
Region Outer N25 X lOlO
No. Radius, cm Composition (atom/barn-cm)
1 7 Hz0
2 7.5 U-235 + Al + Hp0, M/W = 1 15
3 8 18.0
L 8.5 21.6
p) 9 25-3
6 9.5 29.
7 10 34k
8 11 39.1
9 12 b7 .8
10 13 She5
11 15 60.0
12 16 571
13 17 50.9
1k 17.5 6.0
15 18 b1,
16 18.5 V 36.0
17 19 N 31.1
18 21 Be + 5% HaO + Exp + B
19 S1 Be + 5% Hx0O + Exp
* For Fig. 73 region 18 did not_contain boron. For Fig. T4 region 18 contained 200 x 10 2
atom/barn-cm (Zg = 1,22 em™L) of natural boron for the GNU calculation; for the Wanda

e A
calculation enouéﬁ poison was added to region 18 to make Zg = 3,00 em .
th
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