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COMPARISON OF PLUTONTUM, U333 anp u?*® rurLinG
FOR THE 710 REACTOR

1.0 INTRODUCTION

This report prosents the results of a comparative study of U35,
U333, and plutonium fueling of « fast compact resctor. Rt is weil known
that the appreciably lower critical masses of plutonium and U3 fagt
reactor systems (compared to Uz”) offer a potential for design improve-
ments which might take the form of reductions in size aud weight for given
power and endurance, improved fuel stability through lowering of the fissile
content, or improved endurances through greater control flexibility. It is
also recognized that the magnitude of improvement which may actually be
realized by fueling with plutonium or U333 suel 1n a particutar resctor type
is subject to limitations imposed by the requirements for heat transfer,
coolant flow, reactivity control, and fuel stability. Although some cal-
culations have previously been made to compare fuels in generalised or
simplified reactor models, .3 a more specific evaluation of the effect of
the subject fuels on reactor core design and performance was fieeded, for
the purpose of (a) assessing the incentive for development of plutonium or
U?33 for use in fast compact reactors, (b) defining the technological
problems unique to these fuels, and (c) determining deficiencies in current
technology of the fuels and materials of interest.

The recctor chosen as the basis for this comparison was the 710
Test Reactor, a compact, high temperature, gas-cooled, nominally 10 th
fast reactor. The 710 Test Reactor is of sufficient Power output to impose
realistic engir.«ering constraints on core sise determination.

2.0 SCOPE O STUDY

The 710 Test Reactor is a compact, cermet fusled, beryllium
reflected. gas-cooled fast reactor conmtrolled by rotating drume in the
reflector. The fuel elements, with a nominal composition of 80 vol%

U”!’Q2 in tungeten matrix, are of hexagonal shape, bicrced-by circular
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coolant passages uniformly spaced on a triangular lattice. Tantalum cladding
is used. The coolant is a mixture of 90 vol% Ne-10 vol% He. Endurance
of the initial 710 Test Reactor core is presently taken to be 1000 hr.

The principal objectives of this study were defined as:

¢ To determine the reductions in core size and weight, for equal power,
endurance, and coolant pressure ratio, made possible by using
plutonium or U”"' fuel instead of U”"’

® To determine if an increase in endurance (i. ¢., available contrel
span), for equal power, is made possible by using plutonium or
U3 el instead of U238

Secondary objectives were to consider the performance of designs
uging more dilute cermet fuel and to consider the influence of the coolant
pressure ratio on core design.

For the purpose of meeting the first objectives, three "design point"
reactor cores were derived, to represent the three fuels. The design point
conditions, which were held constant for this comparison, are given in
Table 3.1,

TABLE 3.1
STUDY DESIGN POINT
Power 10 th
Coolant 10 vol% He-90 vol% Ne
Inlet Ter -erature 635 °F
Exit Temperature | 3500 °r
Inlet Total Pressur= ' 833.3 psia

Plemum-To-Plenum Total Pressure Ratio 0.95

Minimum Bulk Average Reynolds Number 8000

Maximum Temperature of Average Tube 3800 °F

Cermet Oomp?citlon 50 vol% fuel; 50 vol % w

In the case of both uranium fuels, the cermet composition was taken

as UO,-W Because plutonium nitr-ide appears o have a melting point comparable

to that of uranium dloxide, whereas the more familiar stable pMonim oxide
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materials meilt near the operating temperature of the 710 reactor fuel, a
PuN-W cermet was used for the plutonium fueled cores.

BNWL-117

The study, however, was not limited to the design point conditions,
but consisted of parametric nuclear analyses and thermal snalyses from which
the design point cores were derived and investigsted in more detail. The
approach used was to study a spectrum of unclad critical reactor cores over
the following ranges of characteristics: L./D = 1, cermet composition 30 to 70
vol% fuel, core void fraction 0.2 to 0.5, with U3%%0,, U#3%0,, and PuN fuel.
Since the volume fraction of tantalum clad is a function of core size, coolant
tube size and number, and assumed fuel subdivision, the effect of tantalum

was considered separately in the nuclear analysis.

Critical core sizses from the nuclear analyses were then transformed
into engineering models for thermal analysis. The models used were sub-
Jected to several restrictions to reduce the soope of investigation to practical
proportions. The restrictions are set forth in Table 2.2 as reasonable values
which might be expected in a final design. |

- TABLE 2.2
GEOMETRIC DEFINITION OF CORE

¢ The fuel rod dimension across the flats is between 1.0to 1.5 in.
The final size is dictated with regard to the uniform distribution
of coolant passsges and an integral number of rods in the core.
Tube wall thickness 0. 008 in.

Fuel rod clad 0.010 in. thick

The cermets are 95% of theoretical density

The spacing between rods is 4% of the flats dimension

Coolant inlet 1oss coefficient is 1.5 channel velocity heads
Coolant exit loss coefficient is 1. 0 channel velocity heads

The friction coefficient is 133% of that found in the literature
Other more detailed assumptions concerning the model are set forth in
Appendix B.
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The parametric engineering analyses were made using the simpli-
fying assumption of uniform radial power distribution and uniform distri-
bution of coolant tubes (spacing and sizse). The range of coolart pressure
ratio congidered was 0.75 to 1.0, and a Reynolds number of <« 83000 was
allowed, but the other fluid and thermal conditions of Table 2.1 were met.
The analyses were performed utilizing two digital computer codes written
for this work. %4} To account for the effect of tantalum on the core
designs, it was necessary to make an initial thermal analysis of unclad
cores to determine the number and size of tubes required to meet all
design conditions except total pressure ratio and cermet composition. The
amount of tantalum in these cores was then determined, and its effect on
critical size found by interpolation from the nuclear analyses. A second
engineering analysis was then performed on the adjusted core sizes to
establish core designs meeting both nuclear and thermal requirements.

For the design point cores, the models were modified from the
parametric study to recognize the radial power shape and permit coolant
tube size mning to flatten the radial tempersture distribution. Eight radial
zones of coolant tube size were allowed.

Separate evaluations were made of the effectiveness of reflector
control, of core endurance and control requirements, and of the reactivity
coefficients of principal interest. An attempt was also made to define cores
of size equal to the U?” fueled core, but with increased diluent (tungsten)
in the cermet; however, this required in excess of 75 vol% tungsten and it
was considered to be unlikely that a lower fuel concentration would he
essential to achieving high fuel endurance. An attempt was also made to
define a minimum size design point core on the basis of fuel decomposition
at high temperature, but this could not be defined at tungsten content = 30
+v0lh in the cermet.because of the high thermal conductiviiy. At lower

tungsten content, the thermal model of the cermet fuel becomes questionable.

3.0 RESULTS
3.1 SUMMARY OF MAJOR RESULTS

The principal results of this study are the comparisons of the ''design

.point" cores for the three fuels, which serve to illustrate the incentives for
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uging plutonium or U”3 fuel. These comparisons, in terms of core weight,
volume, and diameter, are premented in Figures 3.1, 3.3, and 3.3, respec-
tively, as plots versus the nonfueled core volume fraction (1 - cermet frac-
tion). The design point cores with coolant distribution zoned to match radial
power profile are shown as circles on these figures. Selected characteristics
of these cores are listed in Table 3.1, and a more detailed description is
presented in Section 3.2. The 0. 95 pressure ratio line intersection in

TABLE 8.1
COMPARISON OF "DESIGN POINT'" CORES
puNn U0, v,
Core Weight, 1b 471 533 1870
Core Volume, ft 0.83 0.75 1.8
Core Diameter, it 0.94 0.98 1.3
vol% Cermet 57 62 73
vol% Clad 14 13 v 7
vol% Void 29 26 20
kg, Fissile Material 85 64 168

the figures represents the corresponding uniform power and coolamt dis-
tribution cores of the parametric study. The 710 Test Reactor design is
shown as a triangle on Figure 3.3, and a comparison with this design is
discussed in a later section of this report.

Inspection of Table 3.1 and these figures shows that a substantial
reduction in size can be effected by using the alternate fuels. A 08 wt%
saving is achieved with PuN and more than 80% with U3330,. The
relatively small difference between the plutonium and U”a performance
is attributable to the significant increase in coolant volume fraction dictated
by the restriction that coolant pressure ratio be held constant at 0.95.
However, if u lower pressure ratio (higher core pressure drop) were
allowed, a greater savings in core size could be achieved by utilizing the
higher density plutonium fuel, and the Reynolds number would be increased.
In a reactor system designed for a specific applléation. it would be necessary
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to make a system opfimi:nion study, considering pressure ratio and pump-
ing power as variables, and determine an optimum pressure ratio for each
of the three fuels. It is expected that this would result in a somewhat dif-
ferent ratio of core characteristics for the {uels.

A second major result is the evaluation of the effect of core sise on
reactor control streangth and control span requirements. The smaller
plutonium or U”a cores tend to have a control advantage vis-a-vis the
2?5 core, provided reflector control is accomplished by the physical
removal of reflector sections. If, however, poison bearing reflector
elements are used for control, the control advantage is rather small.

For a 1000 hr 710 Test Reactor core, the fuel burnups are small
enough s0 that the difference in burnup control requirements between the
0335 and plutonium or U’33 cores is not significant. Hence, if the 0335
core has sufficient control available, the plutonium fueled core should also
have a sufficient control margin. On the other hand, if a 10,000 hr 710
core is considered, the increased fractional fuel burnwp in the plutonium
or U333 core and the consequent increased control requirements become
important. If the IJ”s core is marginal in contrel, other control devices
(e.g., reflector removal or fuel insertion) would have to be considered for
the plutonium or 0253 cores. '

It is also possible to use a much more dilute cermet fuel it either
Uz” or plutonium is employed. At a constant reactor size and weigitt,
a 30 vol% u”’oz-'co vol% W cermet can be substituted for a 30 vol%
U”"’oz-so vol% W cermet. Although the survey was limited to 70 voi% W
as & maximum, it can be estimated (from Figures 4.18 to 4.18) that a
35 vol% PuN-75 vol% W cermet could similarly be used. Should irradiation
tests on 50 vol% fueled cermet fuel show that it is necessary to use more
dilute cermets to achieve satisfactory endurance, it appears possible
through use of plutonfum or U® to accomplish this efther with a more modest

reduction in reactor sizse or, at worst, without the penalty of a size increase.
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Control requirements would be changed, however, becsuse the fractional
fuel burnup for equal core endurance would still increase substantially.

For reactors of lower power than the 710, the proportional savings
in size or weight would be expected to be greater, since the coolant and
clad would occupy a smaller fraction of the core volume and would diminish
in importance in determining core size.

It can be seen from coneideration of the above results that plutonium
or 0383 can be employed to greater advantage in this class of reactors if the
reactor design is tailored to suit the nuclear as well as the physical char-
acteristics of these fuels. It is insufficient to rely on developing a fuel
materials technology on the basis that the fuel can be simply substituted in a
reactor designed to utilise U”s. To use these fuels beneficially, techno-
logical developments must therefore be sought in several areas:

® Reactor nuclear analysis - more thorough understanding of the
nuclear characteristics of plutonium and U’” in neutron spectra |
typical of this class of reactors is needed, and should be acquired
through analysis and experimentation in fast criticul assemblies.

‘s Reactor engineering - means of achieving greater available control
span (e.g., by reflector or fuel movement) without significant
penalty to total reactor sise or weight must be developed. This
work would require supporting design studies on reactor plants to

+ make optimum use of these fuels, and determine the associated
requirements for fuel and control system performance.

¢  Plutonium fuel materials - the physical properties of refractory
plutonium compounds and their compatibility with structural
materials must be determined. Performance limits of specific fuel
designs must then be determined under typical opersting conditions
for specific power and endurance exceeding those for y33s fuels.

L 0233 fuel materials - although the uranium materials technology is
applicable, the performance of specific fuel designs must be deter-
mined since the specific power and endurance requirements exceed
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those for U235 fuels. The technology of producing "clean" e

and fuels must be demonstrated to insure that there are no major
unforeseen technical or economic problems associated with this fuel.

3.2 DESIGN POINT CORE DATA

The detailed zoning results for the design point cores are given
.in Table 3.2. This information was derived by taking the design point
based on the uniform core and admitting the radial power profiles shown
in Figures 4.1, 4.2, and 4.3 to the snalysis. FNigures 3.4, 3.5, and 3.8
are profiles after mning. As is evident from Table 3.2, upon comparison
with other sones, temperasture flattening is achieved by increasing or
decreasing the core density (tube diameter, keeping the number of tubes
constant) above or below the average, thereby increasing or decreasing the
coolant flow and heat generatod in the zone. This alters the power profile,
as shown by Figures 3.4, 3.5, and 3.6 in comparison with Figures 4.1, 4.3,
and 4.3. Although the soned cores were found to have higher multiplication
than the uniform cores (Table 3. 2) because they are slightly larger in sise,
the difference in sise of the zoned cores to achieve equal multiplication is
small enocugh to be negligible.

To assess the validity of the uniform core parametric study, the
three zoned core properties (weight, volume, and diameter) plotted on
Figures 3.1, 3.2, and 3.3 may be compared with those of the uniform cores.
The correspondence is seen to be within 1%. Since a close similarity exists
between the soned and homogeneous models, it is possible to make generally
valid comparisons based on the parametric study without recognising the radial
power profile unless direct, more detailed, design quantities are desired.
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4.0 PARAMETRIC STUDY OF CORE HEAT TRANSFER AND FLUID FLOW

Previously, a class of cores restricted.to a total pressure ratio of
0. 98 and a fuel composed of 50-530 vol% cermets was considered. The
first criterion was established by ¢ nsiderations external to the study while
the second recognises that the linear coefficient of expansion of §0-50 vol%
W-UO3 cermets closely approximate that of the tantalum clad. In addition,
& parametric study was performed for two purposes: to define the proper
area to meet the detailed design point mentioned above, and to look ahead to
the advantages of higher fue]l contents in the cermet if this is found to be
feasible. In this study, the core power of 10 th and clad tempersture
limitations of 3800 OF were retained; the only changes being cermet com-
position and core coolant total pressure ratio.

Including the preliminary stady to determine the approximate-amounts
of tantalum in the cores, a total of 184 cases was considered. Total pres-
_sure ratios to as low as convergence would allow were obtained («0.8), and
fuel volume in the cermet fractions varied from 30 to 70%. Resuits are
presented for total pressure ratios down to 0. 75.

4.1 POWER DIST RIBUTION

The homogeneous core normalised radial power ratio obtained from
nuclear calculations is shown in Figures 4.1, 4.3, and 4.3 along with the
axial power profiles. Since the axial profiles change slightly with core
composition, length, and diameter, the effect on core heat transfer of two

U338 profiles, obtained from 26 and 36 cm cores, was investigated. The
effect on clad tcmpcnture was found to be negligible (several degrees F).
The 38 cm U” profile and those shown for the remaining fuel were used
throughout the study. The computer program does not solve the compres-
sible flow egeation in a step-by-step manner but uses an integrated equation
that presumaes the power shape can be adequately represented by a general
polynomial equation. The correspondence of the fit is shown as dotted lines in
Figures 4.1 - 4. 8.
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4.2 AXIAL TEMPERATURE DISTRIBUTION
'M_"m

Figures 4.4, 4.5, and 4.8 are tlie core coolant, wall, and cermet
temperature profiles along the core lengths for the three uniform design point
cores.

The maximum fiim temperature drop does not exceed 1300 °F in any
of these cores while the tube-wall temperature limitation was successfully
met within 10 to 20 °F. The calculations of the heat transfer coefficients is
explained in Appendix B,

The wall and fuel temperatures plotted in Figures 4.4, 4. 5, and 4.8,
at the front and back face, are based on local coefficients utilizing entrance
effects but neglecting heat transfer from the faces themselves and, hence,
are congervative. I should also be noted that the profile hot spot temperature
is a conservative value because the code used neglects heat conduction in the
axial direction. The error is expected to be less than 10 to 30 OF,

The thermal conductivity used for the 50, 40, and 30 vol% cermets is
shown in Figures 4.7 and 4.8. The method of calculation and sources of
data are included in Appendix C. The conductivities for the two cermet fuel
types are not much different; 1. e., the conductivity of the tungsten matrix is
80 high as to predominate over the lower conductivity of the ceramic fuel
particles, in the range of compositions considered. The calculated con-
ductivities used are somewhat higher than some of the experimental data shown
in Appendix C, but it can be seen from Figures 4.4 - 4.6 that this would result
in only a small error in fuel temperature. -

4.3 CORE CHARACTERISTICS 50 VOL%-TUNGSTEN AT 0.75 TO 1.0 TOTAL
PRESSURE RATIO

The results of this parametric study compare, much as the design
point cores, the thermal and Physical aspects of the three fuels as a function
of total pressure ratio across the core and fuel content in the cermet. The
Parameters investigated, over a range of total pressure ratio, are presented
in Figures 4.9 through 4.15, for a fuel volume fraction in the cermet of 50%.
Similar curves may be plotted from the calculations made for fuel volume
fractions of 30% and 70%, but these are not included here.
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For lower total pressure ratios the relative characteristics of
reactors using the three fuels holds much as at design point pressure ratio
of 0.95. However, the difference diminishes as the pumping losses decrease
at higher pressure ratios. The core size, Figure 4.9, decreases rapidly
down to about 10% total pressure loss and there remaing almost constant. The
variation in size with total pressure ratio, between the fuels and for a given
fuel, will allow a rational engineering size selection when the core is placed
in a power generating systera.

If a total power plant system were optimized on the basis of kW/1b,
the 0_235’ Uz”. and Pu33? cores would be operated at different total pres-
sure ratios, depending on the system thermodynamic partial derivatives,
rather than at the same total pressure ratio.

Since the shield and pressure vessel sizes are a function of core size,
additional indirect savings in system volume and weight, for example, could
be realized. Such a system analysis, could be expected to result in a higher
optimum total pressure drop, and the low Reynolds number problem would be
alleviated as demonstrated in Figure 4. 11,

Several additional plots of tube hydraulic diameter, volume fraction
of tantalum, 1 - cermet fraction, and other core particulars, for the range
of total pressure ratios investigated, are included in Figures 4.10, 4.12
through 4.18. Figure 4. 10 shows the inactive core volume fraction (1- C.F.)
required to meet cooling conditions for various coolant total pressure ratios.
The minimum tube ID, Figure 4.132, is sbout 0. 045 in., about 1/64th in.
smaller in diameter than used in the 710 Test Reactor reference design.

4.4 APPLICATION OF RESULTS, AN EXAMPLE:

An application uf the total pressure ratio curves is helptul in
interpreting the results. For example, assume it is desired to describe
a 50-50 vol% PuN-W, 10 MW, core with coolant exit of 3500 OF, entrance
of 635 °F and total pressure ratio of 0.50. Table 4.1 is derived from

Figures 4.9 through 4.15.
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TABLE 4.1

0.90 TOTAL PRESSURE RATIO 50-50 vol% PuN-W
10 MW, CORE CHARACTERISTICS

Core Diameter, ft s 0. 82

Bulk Average Reynolds Number : 11, 200
Coolant Tube ID, ft 0. 0038
Number of Coolant Tubes K .. 6,300

Coolant Tube Center-to-Center Spacing, ft 0, 0094
Volume Fraction of Ta, Including Rod Clad  0.133
Cermet Fraction (100% Dense) . 0.82

The approximate volume fraction devoted to element. spacing and
clad is 10%. The voids in the cermet are 5% of the cermet fraction or
about 3.1%. Hence, 1.0-0.62-0.031 - 0.1 - 0.133 = 0.116, or 11.6%
of the core volume is devoted to coolant. The coolant volume fraction
can be found in another manner from Table 4.1 and Appendix B.

o« = . 6.310% (3.3 1078

¢ nneqr (8.2 1073

This figure is within the plctting accuracy of the curves; since the cermet-
fraction could sasily be low or high by two percentage points. The curves
in the SUMMARY OF MAJOR RESULTS were derived in this mﬁmer with
the design point homogeneous cores verified on the computer.

4.5 CORE CHARACTERISTICS AT 0. 95 TOTAL PRESSURE RATIO FOR
M

CERMET FUEL FRACTIONS FROM 170 to 30%

Additional savings in weight, volume, and size are available by
decreasing the volume fraction of tungsten in the cermets. This is
shown, for a constant total pressure ratio of 0.95, in Figures 4.16 through
4.18. The minimum core weight is at the Jowest tungsten content of 30 vol%.
At this point the core weights are 280, 320, and 630 Ib for plutoniwm, USSS,
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and U335, respectively; compared with 471, 533, and 1370 Ib at the design
point. Other pertinent core characteristics are shown in Figares 4.19
through 4.24. From the thermal standpoint there is no impediment and
even a small advantage in going to higher fissile fractions. Figurcs 4. 25
and 4. 26 show the temperature profiles in the smaller U”3 and 0286
cores. The difference between the wall temperatures and maximum fuel
temperatures is seen to be even 1°ss than the higher thermal conductivity
design point cores. This somewhat anomalous situation is brought about
because the smaller cores require more tntss, as shown in Figure 4.21
and, therefore, have closer tube spacing, as shown in Figure 4.20. The
feasibility of increasing the fuel content of the cermets would depend
principally on metallurgical behavior, performance under irradiation, and
thermal expansion characteristics.

"Aside from the metallurgical and structural problems associated
with these considerations, a difficulty may be the fabrication tolerances
needed for the clos= tube spacing required in these small cores. Alter-
natively, if it should become desirabie for metallurgical reagons to use a
more dilute cermet, this can be accomplished without penalty and even
with a savings in size and weight by changing the fissile material from
U235 1o U333 or plutonium. This is illustrated-in Figures 4.16 through
4.18. Referring to Figure 4.16, it can be seen that a U33% tueled core
with 50 vol% tungsten in the cermet weighs 1400 1b, wheress U333 end
plutoniuim fueled cores with 70 vol% tungsten weigh < 1400 1b and 1000 1b,
respectively.

Figure 4. 23 illustrates the quantity of tantalum required in these
cores. The maximum is about 19% for 30 vol% W cermet cores having a
cermet - firaction of 44%. .

An important parameter not invistigated in this study is variation
of core power., Though not examined specifically, it is evident that the
U233 and Pu?®? cores should be even more favorable than U8 n sime
and weight at lower powu’-i’. As .hown in Flgﬁm 3.1, 3.2, and 3.3,
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the required void fraction at a power of 10 MW for U and Pu res
increases by almost 100% over U%35 because the coolant area must be about
the same for all equal power design points, but the 0233 and Pu”9 core
diameters are still less than U335, [ower power applications will enable a
decrease in coolant area, core void, and diameter allowing an increase in
the practability of the small cores st lower powers. This can be quali-
tatively visualized by imagining the 0. 94, 0.985, and 0. 986 total pressure
ratio lines on Figures 8.1, 8.2, and 3.3 to be constant power lines at one

total pressure ratio.
4.6 EFFECT OF LOW REYNOLDS NUMBER

For plutonium fueled cores with high total pressure ratio (near 1),
the exact design point cannot be met: the coolant bulk average Reynolds
number is about 7700 at a pressure ratio of 0.95. The transition region,
between laminar and turbulent pipe flow, usually occurs st Reynolds numbers
between 2000 to 3000. The design point Reynolds number of 8000 is chosen
in consideration of the following three factors: (1) laminar to turbulent
transition has been observed to be delayed, in carefully controlled experi-
ments, up to Reynolds numbers of 8 to 10 thousand; (2) there is a great deal
of difference between laminar and turbulent pressure drop; and (3) the flow is
either wholly laminar or turbulent.

The last two statements infer that, if a channel is operated near this
region of flow, the passage may be alternately "starved' and "flooded" with
consequent pressure fluctuations and hot spots. An additional consideration
concerns the confidence we can place in the classical compressible flow
equations which are based on high Reynolds number flow but used for laminar
flow.

As the viscosity of gases increase with temperature, the entrance
Reynolds number is, at design point, about 130% of the average Reynolds
number while the exit is about 70% of the average. Thus, even at an average
8000 the exit is about 5600. On the other hand, the flow being initially
turbulent, (Reynolds number = 10, 500) gives some confidence that even at
5600 transition is remote because the flow is already turbulent.
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The point under discussion lies not with the fuel itself but is inherent
because of the small cores with consequent higher volumetric heat generation
rates. Approximately the same flow area is required for all cores at equal
total pressure ratios; hence, the heat flux is higher in smaller cores with
the tubes smaller and of greater number to achieve the same wall tem-
perature. The smaller but more numerous tubes reduce the Reynolds
number.

5.0 REACTOR SIZES AND FUEL INVENTORIES
5.1 BASIS FOR NEUTRONIC ANALYSES

The three fuels under consideration were PuN-W, u’”oz-w,
and 03”0 -W. The isotopic composition of Pu was assumed to be
95 -wt% Pus>® and 5 wt.% Pu3%0. The isotopic composition of US> was
taken to be 93 -wt% U338 and 7wt U38. For the U%0, cermet, the
U3%3 content was assumed to be 100%.

For the purposes of the criticality calculations, all reactors
were represented as radially reflected cylinders with a core L/) of
unity. A total axial reflector savings of 12 cm wag used for all cores.
The radial reflector was assumed to be beryllium at 0.9 TD. A sum-
mary of the material densities is given in Table 5. 1.

Most of the criticality calculations were carried out by means of
a one-dimensional (radial) diffusion theory code. Nuclear Cross
section data were taken from the 168 group Hansen-Roach compilation. (8)

Diffusion theory overestimates the critical sizse of small reactors.
As a consequence, the critical size estimates for the smaller PuN and
(133302 fueled reactors are expected to be more pessimistic than the
estimates for the U’”oz cores. Nevertheless, the use of diffusion

calculations was judged adequate for comparative studies.
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TADLE 5.1
MATERIAL DENSITIES
Material _ p(g/cc) N muclei/b-cm
Beryllium . 1.88 0.12363385
Tungsten 19.3 _ 0.06322757
Tantalum 16.8 0.0552544

PuN (05wt% Pu33?, swin PA4%) 142
N339 . 0.03210077
N340 . 0. 00188951
wN . 0.0s379028
v""”o2 10.97

N333 . 0.02492037
NO - 0.04985874

u?3%0, (93 wt % u?3%, 7 wte U8 10.97
N335 . 0. 02329924
N338 . 0. 0017308
NO = 0.0494461

5.2 RESULTS OF CRITICALITY CALCULATIONS

Figures 5.1 through 5.6 show the required critical core sise for 1-uN,
u#30,, and U330, tueled reactors for various core void fractions and
cermet compontlonc In all calculations, a 13 cm radial Be reflector has

been assumed.

Figures 5.1 through 5.3 show the critical core diameter as a function
of core void fraction for 30, 50, and 70 vol% tungltcn in the fuel matrix.
Figurea 5. 4 through 5.8 give cross plots of the first three graphs—that is.
diameter versus vol% tungsten in the fuel for core void fractions of 0. 2,

0.35, and 0.5.
5.3 EFFECT OF TANTALUM CLADDING

' To test the effect of tantalum (a possible cladding material) on
critical size and fuel inventory, the previous calculations were repeated
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with 1/4 of the original void filled with tantalum. The results are given

in Figures 5.7 through 5.12. To make Figures 5.7 through 5.12 com-
parable to Figures 5.1 through 5.6, the independent variable has been
changed to one minus the cermet (fuel + W) fraction, (1 - CF), rather then
the void fraction. If no tantalum is present, one minus the cermet fraction
is equivalent to the void fraction. .

By comparing Figures 5.1 through 5. 8 with Figures 5.7 through 5. 12,
it can be seen that the effect of tantalum is rather small. This small net
effect is due to two compensating tendencies. On one hand, the absorption
cross section of tantalum tends to decrease reactivity. This effect, however,
is partially or totally balanced by the decrease in leakage caused by the
scattering cross section. The effect of absorption predominates in the larger
reactors; whereas the effect of scattering predominates in the smaller, high
leakage reactors.

6.0 REFLECTOR CONTROL
6.1 REACTOR MODEL AND METHODS OF CALCULATION

Important interactions exist between core composition and the
effectiveness of reactor control. In practice, rotating control drums
containing poison are used to furnish the required reactivity changes. The
analysis of this type of geometry, however, is rather difficult. Forthepurpose
of comparing the effectiveness of different absorber locations and reflector
materials, much simpler geometric models are adequate. Most of the
calculations described in this section were carried out by means of one-
dimensional(radial) transport calculstions with 16 energy groups. The
effect of drum rotation was simulated by changing the radial position of a
B,C (natural boron) annulus.

If more quantitative information regarding reflector control is
required, one must resort to 2-D calculations. A series of 2-D (r, 8)
calculations were carried out for some selected reactor configurations.

-
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6.2 REFLECTOR MATERIAL AND TOTAL REFLECTOR WORTH

In principle, either a light or a ireavy material could be used as a
radial reflector. A light material, such as beryllium, is usually preferable
from a neutronics viewpoint. There are two reasons for this choice. First,
the reflector savings per unit mass of reflector is greste: for a light
reflector than for a heavy reflector. This argument is demonstrated in
Figure 6.1 for the archetypal elements beryllium and nickel. Second, a
light reflector will enhance the worth of a control drum by moderating the
spectrum. The marked contrast between the poison worth in a beryllium and
a nickel reflector is shown in Figure 6. 2.

6.3 CORE SIZE AND TOTAL REFLECTOR WORTH

Owing to the high leakage rate in the compact reactors under
consideration, the total reactivity tied-up in the reflector is appreciable.
As the core size is decreased and the core leakage fraction increased, the
total reflector worth is also increased. This point is demonstrated in
Figure 6.3 for a reactor fueled with U’”O,-W.

It reflector control is accomplished by the physical removal of
reflector sections, the smaller cores would have a control advantage.
It does not follow, however, that reflector poison cormtrol also increases
with decreasing core gsize. The reasons for this behavior will be discussed
in the following paragraphs.

6.4 EFFECT OF CORE SIZE AND COMPOSITION ON CONTROL SWING

To investigate the characteristics of reflector poison control, the
multiplication constant was computed as a function of the position of a
lecm B 4C annulus for various core sizes and compositions. In all cal-
culations, a2 15 cm Be (0.9 po) reflector was assumed.

Figure 6.4 shows the reflector poison worth in PuN, U23%0,, and
023502 fueled reactors of equal size. Different fuel compositions are used
to keep the multiplication constant in the vicinity of unity. Similar plots are
given in Figures 6.5 and 6. 6 for cores with equal void fractions and equal
power capabilities, respectively. From these graphs, it is clear that the
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reflector poison reactivity worth is rather insensitive to the core size and
fuel material. This behavior can be understood, in part, by noting that the
fast neutrons can easily pass through 1 cm of B,C. Thus, even though the
fast neutron leskage is increased as the core size is decreased, the effect
of the B4C annulus does not appreciably change. As a result, the small
cores do not appear to have a major control advantage compared to the
larger cores if reflector poison control olpmeuto are used.

6.5 EFFECT OF POISON ANNULUS THICKNESS

As stated previously, a B,C ring appears quite porous to fast
neutrons, yet almost black to the thermal tail of the spectrum. One
would therefore surmise that a thin poison annulus would be almost as
efficient as a thick annulus. Figure 6. 7 demonstrates that this is indeed
the case. It should be noted, however, that the poiaon saturation may
not be nearly as rapid if discrete reflector drums are used in place of
the homogeneous annulus,

6.6 COMPARISON OF DISCRETE REFLECTOR POISON ELEMENTS AND
POISON ANNULI

In the previous discussion, the reflector control was simulated by
the radial displacement of homogeneous poison annuli. To compare this
geometry with a discrete poison element geometry, the multiplication
constant was computed as a function of the fraction of the total sector
subtended by discrete poison arcs. This model is obviously more suitable
than homogeneous annuli for the analysis of rotating poison drums locsted
in the reflector. Furthermore, it is directly spplicable to systems using
translating reflector poison elements.

The results are shown in Figure 8. 8 for poison sectors of 30:and
90 degrees. All computations were performed using a two-dimensional
(R-0) transport theory model with 16 energy groups. From this graph, it
is clear that a homogeneous poison annulus gives a good simulation of a set
of closely spaced poison arcs. This indicates that an annulus should give a
reasonable approximation to a set of clbaely spaced reflector drums.
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7.1 APPROXIMATE FORMULAS FOR REAC'I‘OR ENDURANCE

For long-lived gas-cooled compact reactors, a major portﬁon of the
control requirements is shim control. R is relatively simple to obtain a
good estimate of the reactivity life and corresponding shim control require-
ment for the small fast reactors considered in this report. These reactors
have essentially sero fuel conversion; and the fission products have a

negligible oﬁoct on ructlvity
"If we eomider only burnup of fissile fuel, it can be ghown that:

where: ’
8k = reactivity variation, (shim control)
.m = effective eta of fuel (vo /0 ),
M, = fuel mass,
8 M = change in fuel mass.
Oonverting fuel mass to equivalent fiuion energy, Equation (7.1) becomcs

o~ - 0,39 (A1) MW o
sk . 0.39( N )W T (w')o (7. 3)'
' M_ (kg) |
o ) e-c=2 L (7.3)
. (MW)
where . :
O = ........ﬂ.__ . : ' ' "o“)
0.39 (n-1) -

Approximate values of 1, -'L,-'l and C are listed in Table 7.1 for the
three fuels of interest.
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TABLE 7.1
PARAMETERS FOR BURNUP EQUATIONS

()

Fuel Deft N et <
pudd® 3.1 0.68 3.8
y33s 2.4 0.58 4.4
y23s 2.08 0.53 4.9

7.2 NUMERICAL RESULTS OF BURNUP CALCULATIONS

In order to check the validity of Equations (7.1) and (7.2), the fuel
burnup at 10 MW power level was computed using a 16 energy group dif-
fusion theory model with four radial burnup zones. Production and
burnup of Pu“owere taken into account, although the fission products
were not.

Figures 7.1 through 7.3 give the multiplication constant as a
function of time for reactors fueled with 0235. 0233' and Puz”. Two
void fractions are considered for each fuel. Note that in all cases the
multiplication constant is almost exactly a linear function of time. Further-
more, the slope is quite close to that predicted by Equation (7. 2).

A few observations should be made on the above results. For a
given reactivity control span, it is clear from Equation (7.3) that the
reactor life is roughly proportional to the critical fuel mass. This
indicates that for a given reactivity control sp.un, the amaller PulN and
U23%0, fueled reactors will have a shorter reactivity lie than U3>%0,
reactors for a given total power. Moreover, a given § M/M causes a
larger reactivity change in Pu and 0233 fueled reactors since these fuels
have a relatively high value of eta.
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8.0 REACTIVITY COEFFICIENTS
8.1 EFFECT OF REACTOR COOLANT ON REACTIVITY

The common closed cycle gas coolants, such as neon and helium,
have a negligible effect on reactivity. The presence of an apprecisble
amount of hydrogen, however, does cause & pronounced change in spectrum
and reactivity. Hydrogen moderates neutrons into a higher cross section
region, which consequently increases reactivity by increuing the capture
rate in the fuel.

Figure 8,1 shows the effect of a uniform hydrogen addition to
PuN, U’”oz. and 033503 fueled reactors. These results were obtained
using a one-dimensional transpor: model with 18 energy groups. For

this analysis, the microscopic cross sections were assumed to be
independent of hydrogen density.

Although these results are, at best, only rough approximations,
they do indicate that the use of hydrogen in compact fast reactors can
pose serious control problems. The PuN core appears least affected by
the hydrogen addition.

8.2 FUEL EXPANSION COEFFICIENT

Another important reactivity coefficient is associated with the
expansion of fuel. The axial fuel expansion coefficient was computed by
calculating the multiplication constant as a function of the core length.
The fuel inventory was conserved by uniformly decreasing the fuel density
while increasing the core length.

Table 8.1 gives the expansion coefficient data for reactors fueled
with PuN, U?330,, aud U3%0,. As one would expect, all fuels have
approximately the same expmion coefficient in terms of gk/(3L/L). In
terms of dollars, of course, the expansion coefficients in Pn’” and 0283
fueled reactors are about three times larger than those in 0338 fueled
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Parameter

Delay Fraction, 8
Core Length, cm

L
6k/(l70'—L-

TABLE 8.1
FUEL EXPANSION DATA®

235 233
u?*%, u?¥3o,
0. 0084 0. 0026
36 24
-C. 00401 -0.00464
-0.827 -1.78

8k (s)/(us-i,’f )

* Void Fraction = 0. 35
50 vol% fuel in cermet.

BNWL-117

PuN

0.0021
19

-0.00429

-2.04
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APPENDIX A

EVALUATION OF FLUID-DYNAMIC CALCULA TIONS

IN COMPA RISON WITH THE 710 TEST REACTOR
REFERENCE DESIGN

R

Though the analytical method used for this study wus developed
independently, verification of the design calculations was achieved by fre-
quenily comparing with the 710 Test Reactor design as described in reports
published by the General Electric Nuclear Materials and Propulsion
Operation (NMPO). This helped assure comparable results or identify dif-
ferences in the results arising from the methods used. :

Sufficient information is available in Tables 3. 1, 3.3, and Pigures
3. 13 and 3. 14 of document GEMP-310{®) {5 define a model. Two methods
of comparison are possible: one on the basis of the overall size of a U”s
fueled reactor as calculated in this study and by NMPO, and the second on
the basis of comparing the results of fluid flow and heat transfer analyses
for a reactor core with a set of consistent design nuamptiono. The first
comparison includes the influence of any differences in nuclear analysis in
addition to those in the heat transfer model, but also serves to illustrate
the effect on the reactor design of any differences observed using the second
basis of comparison,

The overall results are shown, as core diameter, in Figure 8. 3.
It is secn that these are in reasonably favorable agreement. The smaller
core size,calculated from the BNW physics model, results in a larger void
fraction than that utilised in the 710 design; but the coolant flow areas are
essentially the same.

The heat transfer and fluid-flow calculations were also compared
on a common basis using the geometry and heat generation profiles given
in document GEMP-310, The design parameters held constant for this com-
parison were the number of coolant tubes and the core pressure drop., Csl-
culations were made for two tube wall temperature limita: 3800 and 3838 °F.
Results for soned cores are shown in Table A-1.
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The results are comparable within the accuracy of the model except
for the coolant flow and exit temperature. To determine if this was
brought about, in part, by close adherence to a maximum tube wall tempera-
ture of 3300 °F, cal.ulations were made for a limit of 3838 °F. Relaxation
of this criterionto higher wall temperatures would allow a decrease in cool-
ant flow, resulting in a higher coolant exit temperature. Results are shown
in Table A-2. With the relaxation in tube wall temperature, only a 35 °F
increase in exit temperature is realiz,ed: :

Another difference between the calculations is the use of a different
set of isothermal friction coefficients. The disparity between the designs
apparently is due to the difference in computing frictional losses. For this
comparison, the number of tubes, pressure drop, and wall temperature are
fixed. Hence, with the given friction coefficient and pressure ratio, there
is one tube diameter, heat transfer coefficient, and exit temperature avail-
able. M The net result of reduction in the value of friction coefficient used
or increase in number of tubes (decrease tube diameter) increases the heat
transfer coefficient allowing an increase in coolant temperature while keep-
ing the tub< wall temperature, flow and pressure drop constant. This
results in the desired increase in exit temperature. X is seen that the major
discrepancy between the two ‘thermal analyses results in a more conserva-
tive estimate of core pressure drop or tube wall temperatures by the BNW
method. Based on the foregoing discussion, this arises from a difference
in friction coefficient. The appropriate references are discussed in
Appendix B.
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APPENDIX B
THERMAL AND FLUID-FLOW ANALYSIS OF CORE

BNWL-117

B-1 INTRODUCTION
This appendix will deal with the following items:

A. Definition of thermal-hydraulic model
B. The breakdown of this model into its constituent volume fractions

C. A brief analysis and explanation of the methods used to handle the
heat transfer and fluid flow. *

B-2 MODEL
B-2. 1 General Description

The heat transfer and fluid-flow model considers only those surfaces
and volumes where a significant portion of the reactor's heat is generated
or transported. These portions are:

A. The cermet ("fuel™)**

B. The coolant tube wall
C. The toolant passages.

The portion of the core excluded consists of:

A. Void fraction in cermet (cermet not 100% of theoretical density)
B. Spacing.between elements
C. "Fuel" rod cladding.

The "fuel" rods are hexagonal and consist of finely divided fissile
material immersed in. a continuous matrix of tungsten. The coolant pas-
sages are circular and uniformly spaced on a triangular lattice within the

* A 7090 Fortran IV program was written to-do this work, A detailed
analysis covering this is included in Reference (3).

** That portion of the core components where the major amount of heat
is generzced. Gamma heating rate of the clad, etc., was estimated
to have a negligible effect on this study.
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"fuel” rod. Only certain integral numbers of rods are permitted, accord-
ing to the flats dimension, as shown in Table B-I. : b

TABLE B-]
Equivalent Equivalent
Number Radius Radius Dimension

of of Core, of Core, Across

Rods cm in, Flats
7 5 1. 97 1. 362

31 10 3. 94 1. 208

85 15 5.90 | 1. 4680

85 20 7.87 1. 560
211 30 11. 81 1. 480
265 35 13.78 1. 550

A smooth variation between radius, number of rods and tubes can be .

achieved by changing the flats dimension.

The differences between the actual core, physics model, and heat .
transfer model is illustrated in Figure B-1. The physics model is a right
circular cylinder whose diameter and sectional area corresponds to the sec-
tioned area of the core. The physics model includes the cermet void,
spacing of elements and clad as well as the "fuel" and coolant tubes all dis-
tributed in a homogeneous mamer,

B-3. 2 Constituent Volume Fractions

To determine whether a critical core of given size, void fraction,
and power has sufficient coolant voids available to meet thermal design con-
ditions the voids must be alloted, according to geometry, to tube walls,
tubes, element spacing, clad and void fraction in cermet. The allotment is
based upon the following development.

By definition, for the actual core

c,.*a,*a.*ac*coc‘*utc*l.o (1)
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where

@y * volume fraction of 100% dense cermet
Gy = volume fraction of cermet voids
a, = volume fraction of element spacing
o, * volume fraction of coolant voids
= volume fraction of fuel element clad
4. " volumo fraction of coolant passage clad.

For a given fractional mcing P, and flats dimension, {, the aree of ucb
element, including spacing is

Ag=.88742 a+p? (2)

With N fuel elements in the core. the total reactor area normal to its
axis is

2 2
Ap=N Ag=.887TN L% (1+P) . 3)
Thnis equation also includes the spacing area on the periphery of the core

and introduces a negligible but conservative error and will be retained
because of its simplicity,

The spacing area, A', is
A . total area minus the ares of glements
=N [.88742 (1+P)3 - 8873
-.807TN ¢ @P+PY) . (4)
If t . is the clad thickness then the outer clad area, A, is

2 2
Age = -88TN [2°- (¢ 2t )*)

*3.46N ¢ (l"toc) ‘o ’ (s)

For Nt tubes of imner diameter, D“. in the core the coolant im, Ac. is
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For a tube wall thickness, t, and corresponding equivalent tube thickness,
t,, the area associated with the tube wall is

A= Ny Dy n g m
where
2
t_ =t
e Dit
From Equation (1) the average void area in the cermet, Af, is
A= - . - - . - £
Af (AT A. Aoc Ac Atc) (1 °t) (8)
where
-92 is the fraction of theoretical density of the cermet.
t
The actual cermet area at 100% of theoretical density is
L (9)

Al""(A'I"""s-Atzvc'Ac-Atc) o

The core is symmetric and of uniform area so the volume fractions
are the ratio of the area in question to the total core cross-sectional area.

Doing this obtains

A 2.
a.-f-v“”‘ 12 ap +P?)_@p+Pd (1o
T .86TN (* (1+P) (1+P) ,
. ’«oq (z»-tw)
oc -t! (I*P)! (11)
"N, D z‘ﬂ
_ Sz_L (12)
¢ 348 Q+P2 N
. . N, D mn t
t it e
= (13)
Mte Tag7 ¢ (1*1’!) N
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(14)

Similarly,
2L (1-q -g. -q -a ) . (18)

In the physics model the neutronics are assumed to be the same for
& smooth cylinder of area equal to that of a roughly cylindrical core made
from hexagonal rods of length identical to the sylinder. Based on this pre-
sumption we can define a core of equivalent area (volume) to that of the

actual core

m-eq"' “Ap=.807TN (2 (qep? (16)

’

where r__ is the radius described in Figure B-1 Physics Model. The
denominators in Equation3 (12) and (13) can be replaced by m-eqz and a
constant,

B-2. 3 Summary, Core Geometry

It is now conveluent to group the volume fractions into a gross void
fraction, OG- and coolant tube and tube wall volume fraction, Oy

“G'“l‘*aoc*cf*c’c."c!c a7

ay e, to. . ) (18)

For a given size reactor and associated void fraction, q s’
Goc And a, are constant, (fixed spacing, "fuel density". and clad thick-
ness); consequently, Gy is constant. . If, however, it is desirable to design
to a fixed wall or fuel temperature, L and O,c Are not constant by virtue
of our ability to change tube diameter (and consequently number of tubes) to

arrive at the appropriate temperature. The important thing to note is that

o LSS
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We can now mathematically define 2 new reactor (the heat transfer
model) with 100% theoretical density "fuel, " and without element clad or
spacing. In this reactor

alr +n 'v = ] . (19)
(Prime denotes heat transfer model. ).

As a consequence of this definition

G’F = Gragcv . (20)
and
a'v-- -c?avj-.; Ce . (21)

The area of the heat transfer core may now be found by requiring
that the area for coolant flow be the same in the physics and heat transfer

cores, i. e.,

2 ’ A |
avm'eq "oy | (22)

‘ r (23)

r =
eq v

where r'eq is the radius described in Figure B-1 heat transfer model.

The physics criticality survey was first dne neglecting clad material

effects and assuming the clad to be void. Qs Or G are independent
but constrained so that

a!.*ce;'i . ' | (24)
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2 - .
Once ’t’ L, °G' req' toc' t, and P are named the allotment of the
remaining quantities (except a, and @, c) may be found as follows:
o, = BB (10)
(1+P)
@, (- t, )

0 = —F—9F . 11
€ ¥ a+p) (1)

From Equations (15) and (17)

p .
t e n - .
cv =] - ? Gr a. coc . - ‘35)
Gy is broken into its constituents after determining the number and diam-

eter of tubes by using Equations (12), (13), and (18) and consequently a
trial and error process.

Finally,
“f’(l"pnt')(l'“.'“oc'“‘v) . (14)

B-3 Method Used to Handle the Core Heat Balance and Pressure Drop

We will first consider a core with uniform distribution of ccoling
passages of a single size, with cognizance taken of the axial power shape.
Axial conduction in the cermet and tube walls is considered to be negligible

in comparison with the axial heat rate in the coolant passages. Finally, the

radial power profile is brought into account by soning the core into annular
volumes separated by adiabatic rings and varying the void ratio while hold-
ing the number of tubes constant and changing their diameter. * The pre-
vious and following analysis holds, except for criticality criteria, in each

|0ne, '

* This work was also performed using the computer code described in
Reference (3).
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B-3. 1 Heat-Transfer Equations

The axial power profile is accounted for by fitting a four-term poly-
nomial to a normalised shape. The normalization factor is the average
volumetric heat generation arrived at b, taking the reactor power and
dividing by the volume of "fuel. " With this approach the expression for the
coolant total temperature is

v+ 1ol [aceng +ofl ¢ o] as)
1 P 9 -

where

L = core length
G = mass velocity
§ = fluid flow area /fuel area
(Jp ®= specific heat of coolant
A,B,C.D = constants in polynomial fit
¢ = dimensionless axial distance, lx:
q‘’’= core averaged volumetric heat generation rate
To = total temperature
Tol = total temperature at core inlet.

The expression developed for wall temperature is

T A,Lq'" T
w fu .23 . o

T fr— LA +Bc+C:® +D; + (27)
o0, Plo, [ ] o,

where

Afu = fuel area
h = local heat transfer coefficient
P = perimeter of tubes.

B-3.2 System Pressure Drop

Selecting a one-dimensional compressible flow with friction and heat
addition model obtains the following differential statement for total pressure:
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P .
dp .
—,,031- B = [dT° %“-«J - @)
P,

Po = total pressure
Y = ratio of specific heats
M = mach number.

Shapiro“) suggests the following method as valid for M<, 3:
Mach number at any point along the passage is

[z fim e -

o Ol

" Inserting Equation (29) into Equation (28) yields

1+ M’Y'l'r ‘ :
(b)(l,—--gn (_ZJTM-’) - - -‘n“?td' . (30)

o
1 1 L J

For low mach numbers the first bracketed term on the right-hand side >f
~ Equation (30) remains nearly constant. He suggests, therefore, using the
mean value of

()™
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whicl; is

(s1)

trowh1 - 3 | 1 +(.____,l’ :Z__::’)H

1

Inserting the appropriate portion of Equation (29) into Equation (31) yields

2/T
P M2
[r&’)]sé 1+(p-°- (—To—‘)——,] (32)
’ o o/ M/

Proceeding to find the exit total pressure using the developed equations

yields
- G sl
| *%"‘[ 'Gg%"f—(?*a'*"i m]} (33)

P o,

Solving Equation (33) for the total pressure ratio

vMa

%2 Lq’’’ B.C.D
( )2 1 T—'-“l"'m [l"‘!czé;To—l-(A*s-*-‘*m)]}

O e

(34)
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Inapéctlon of Equation (34) reveals two unknowns: Myand P, . An addi-
2
tional relationship is

P°z,, % J" M, (35)
.. Mx

E%. ratio of area at M to sonic area in an isentropic
expansion,(See Reference 9 for tabulation of functions. )

B-3.3 Solution of the Heat-Transfer and Fluid Flow E ions

The system of equations is solved by assuming the quantity of fluid
flow to be known and calculating, in the following order:

1, The coolant total temperature: .
T iR [ 3 3 4]
o
=14+ AC + + + .
Toy cg%;rg Bér + Oy

2. The coolant pagsage wall temperature:

T A, q’ T
w fu 2 3 o
'T"'F'T_- CA"’BC"'CC +Dg]+.r.._

3. The system total pressure loss:
YMI’

7 m.[ 3" f(a.B,C D)]
2 1 - -1+ 1+ A+ o + 24
("o, ) B Lo mr'@;r;( THEC
2 2,T 144
YM, " [ "0 \[Ma)"[ "o, AfL 3 B.C.D
1+ 51 T;;)(ﬂ;.) {,r;l_ -1+ 4L [1 +m§&.§. (A+3-+r+m)]
. PO
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The last is a trial-and-error solution accomplished by guessing, Mz and
P

calculating po—z-, thence [{4‘-] from
% B, M’
P T
[A ] . [A ] %2 %
A¥ s.M2 A "Ml p;‘; T:z-

calculating M, from standard tables, and finally reinserting M, to calcu-
late a new total pressure ratio while comparing the latest value of M, to

its previous to determine convergence, This method enables an analysis
of arbitrary axial power profiles well suited to machine computation with
minimal input information required.

B-4 FILM COEFFICIENTS

The correlation used in this report for determining local heat trans-
fer coefficients is based on the bulk fluid temperature with correction for
property changes by a bulk-to-wall temperature ratio proposed by
Davenport, et al. (10)

et () L))
Nyu = - 021 Np. Np,. T; 1+(5 : ({o)

Barnes and Jackaon(n) suggested the same form and claim m is different
for different gases while Davenport's results indicate (within experimental
accuracy) m = . 8 for air, nitrogen, and helium. Petukhov and Popov(u)
find that a single factor of the following form may be used with 5 to 7%
accuracy. .

| N

Nm = adiabatic Nusselt number,
(&
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For hydrogen and air (the two gases investigated) Petukhov and Popov find -
m= 0, 47 and 0. 5, respectively, which seems to confirm Davenport's
Proposition. A valueof m = 0,5 was used in this investigation,

B-5 FRICTION FACTOR

The friction coefficient used and shown in Figure B-2 was 135% of

the bulk average coefficient based on the bulk average Reynolds number
found by Taylor and Kirchgesanerua) and confirmed by Davenport, et al. (10).

B-6 CERMET TEMPERATURES

The cermet temperatures were calculated using a truncated geries
equation derived in Schneider's (1e) text. He solves the probiem of uniform
tube spacing, thermal conductivity, and heat generation with homogeneous
boundary conditions. The present investigation neglects the difference in
thermal conductivity of the tube, clad and contact and it uoﬁm the thermal
conductivity is that of the cermet. This was estimated to not introduce more
than a 10 °F error. The thermal conductivity used is illustrated in Figures
4.7 and 4.8. Their derivation is covered in Appendix C.

B-7 CORE HEAT LOSS BY THERMAL RADIATION
s e 2t AAMAL RADIATION

The maximum core heat loss by thermal radiation from its surface
was estimated to determine if 1oss of heat in this manner could be neglected.
The core surface was assumed to be an isothermal right-circular cylinder.
The two ends and cylindrical surface were considered to be at 3800 °F and

‘'made of tantalum radiating to black surroundings at sero degrees absolute,
The value of emissivity was taken from Reference (18). This data was rec-
ommended as the consequence of work done in Reference (18). Utilising
the above assumptions the heat loss by thermal radiation is estimated at

0. 04% of the net core power at a surface to volume ratio of 4.7 ftz/ﬁs and

was neglected,
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APPENDIX C

. CORE 'MATERIALS AND COOLANT PROPERTIES
M
C-1 TRANSPORT PROPERTIES OF COOLANT*

The coolant used in this analysis 1s 10 vol% He-80 vol% Ne. Sur-

Prisingly, the experimental data available on neon's transport properties
~ isnil. This is due, no doudt, to its relative scarcity and high cost.

Because of the lack of information, the thermal conductivity and viscosity
were found by two methods, depending on whether the tohpontun was
above or below 800 °K. Below 900 °K these properties were calculated
using the Lennard-Jones potential model which procedure is outlined by
Bird, et al.'") Anove 900 *K, Amaur and Mason's 18 molecular boas.
scattering work was used. These properties were thon combined accord-
ing to the approximate formulae proposed by wm:e“ ") and Masgon and
&xm‘zo) for sero density gases. Their ‘work was recently verified by
Brokaw, (1) gaxena and Gencht(3?) by comparing with cxperimental ang
"exact' methods.

The results of this combination are shown on Figures C-1, C-2,
and Table C-1. Satisfactory joining of the two methods is evidenced in
the tables from which the curves were prepared. It is also apparent that
the viscosity and thermal conductivity of the mix is very close to that of
neon. Hence, fluid-dynamically, the mixture should behave much as
neon, .

As previously indicated all calculations of properties was done

for sero pressure. Iwasa and Kestin, (23) among many other investigators,
note that the behavior of transport Properties of gas mixtures can be dif-
ferent from their pure components. In this light and since the operating
pressure in this investigation is high; sufficient uncertainty was present

to warrant an analysis of pressure effects on the transport properties of
the mixture.

f wefe combined using .
program'™’ for calculating transport properties of gases and their

IR —
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FIGURE C-1

Viscosity of He, Ne and 10 He-90 Ne Mix
Co.lcuhtod with Rcfmm (4)
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Thermal Conductivity, Btu/hr-ft FO
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FIGURE C-3

Thermal Conductivity of He, Ne, 10 He-00 Ne Mix
Calculated with Reference (4)
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It is well known that aside from empirical methods (reduced prop-
erties), which are poorly documented for this system, enthalpy and internal
energy departures, due to pressure, may be calculated from basic thermo-
dvnamic principles given an equation of state. 29 Amdur and )!uon(m)
calculated the first four virial coefficients of the virial equations of state
for the pure gases from their molecular beam scattering measurements.

In this paper they give methods for combining these virial coefficients to
determine the equation of state for an arbitrary mixture of pure gases.

After combining, the first and second coefficients were found to be
the major contributors, so the third and fourth were dropped. The investi-
gation was conducted with this simplified equation as outlined by Lee and
Sears. (24) The analysis showad the enthalpy departure to be less than
0.1% in the temperature range considered. Ia absence of further informa-
tion this result was taken to be indicative of the effect of pressure on the
remaining properties and was neglected.

C-2 THERMAL CONDUCTIVITY OF CERMETS

The thermal conductivity of sintered mixtures containing refrac-
tory materials is open to & good deal of question, Figure C-3 illustrates
this proposal. One might expect a regular decrease in conductivity with
increasing IJO2 content rather than the irrascible behavior portrayed in
the figure. Some of the anomolies are probably due to method of specimen
preparation. The controversy exists no!. only here but extends to the con-
ductivity of tungsten as well; as illustrated in Figure C-4.

To resolve this situation and to extend our results to intermediate
fissile contents and higher temperatures, a search of the available litere-
ture on the subject was conducted. Richter(2%) and otheri‘,’” heave reported
on the subject in recent years. The authors consider numerous mathe-
matical models and experiments that characterize ingsulating materials with
no consideration of the low conductivity material immersed in a continuous
matrix of relatively h;gh conductivity., In absence of later work an equation
reported by Mmen( ) in 1860 for calculating the thermal conductivity of
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geases was used, This work and the work of others alén‘ this vv.ln is )
reviewed by Jakob{28) and Kulctnski. (39) Maxwell's equation is adapted by
Euken (see Jakob, page 85) for the purpose at hand. The final result is:

1-1-::2

K
*
x;-' e s (1)

where

K,* apparent thermal conductivity of "mixture"
s thermal conductivity of particulate matter (fissile
material)
K s” thermal conductivity of material in the matrix

{tungsten)

and,

3!(.

aAn
m
b v_vl-PV' (volume fracti cul ‘)
- volume fraction of particulate matter).
s P

The equation is derived for small values of b but Euken assumes
b £ 0.5. Kulcinski compares this work against more recently proposed
models concluding that the difference is small (<2%). For the present pur-
poses, this relationship was . sed for b < 0, 7 (not without some substantia-

tion as will be discussed now).

The properties used in this portion of the study were published in
the following references and are presented in graphical form in Figures C-4,
C-8, and C-8,

vo, %
pun‘sl)

13—
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No experimental data are available for the thermal conductivity of PuN at
elevated temperature, but the calculated value of Pulf published in
Reference (31) was so close to that for UN that the values used were for

UN.
Rearranging "a" in Equation (1) yields:

3K
"m—r'xg’—g” @
s 2+

K
Inspection of Equations (1) and (2) reveals that K' can be expressed

as a function of ? for discrete values of b. The apparent thermal conduc-~

tivity data in Figura C-3 was s0 expressed using the thermal conductivity
of UO, given in Reference (30). This information is plotted in Figure C-7
for the values of tun(sten conductivity reportedin References (32), (39), and
(40).

The selection of tungsten data was babed on the following premise:
as the thermal conductivity of UO’ is rather small in comparison with

K
tungsten, the ratio K& should not change much with tempeuturo ? The

USNRDL data“o) is oeen to not conform with this premise. As the dimm-
K
sionless plots olxﬁ versus # of Reference (332) and (89) are not much dif-
[ s
ferent, the selection between the last two curves was based on the prepon-
derance of data documenting the tail-up shown in Reference (32). Use of
the USNRDL data would lead to a slightly higher predicted fuel temperature.

Also plotted in Figure C-7 is the prediction using Maxwell's equa-
tion and UO, and tungsten data as selected above, The agreement is sur-
prisingly good being at worst about 25% at low temperatures reducing to
several percent at 800 °C. The correspondence is also good for the vapor
deposited material (80 vol% Uoz).whero the poorest agreement might be
expected due to the assumptions imposed by Maxwell's equation.,

DECLASSIFED ™



é
:
5
-
i

Reduced, Calculated, and Reduced Experimental

DECLASSIFIED

C-12 BNWL-117

rv «+ 1 v T VP70

Tungsten Reference 32
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4
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e
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+ m. C-l

X Egn, C-1

Reference 30, 3% -
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Ratio, UO3 Conductivity/Tungsten~Conductivity
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FIGURE C-7

Therma] Conductivity

of UOg Cermets Utilizing Equations C-1 and 2 and UOg Conductivity

from Reference (30)
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APPENDIX D
HIGH TEMPERATURE PLUTONIUM CERMET FUELS

In an efficient, compact, fast reactor, required fuels temperatures
may be 2000 °C or higher. Currently, there are two plutonium fuel com-
pounds which have the cg)ibﬂitiﬂ of such high temperature operation. These
are Puoz and PuN. A tabulation of some of the properties of these compounds
is given below:

Property PuOz ___PuN
Theoretical crystal density, g/cc 11.46 14,23
Metal density, g/cc 10.12 13.41
Melting point, °C 2280, 2750.
Coefficient thermal expansion 10.9 x 1078 13.8 x 1078
Crystal system FCC (Fluorite) FCC (NaCl)
Ductility Brittle Brittle
Thermal stability Decomposes near Decomposes at

g MP to PuO; ¢, 2600 °C under

inert atmosphere

PuN with its higher melting point and decomposition temperature offers the
potential of operating at temperatures higher than those obtainable with PuO,.
From the properties of the two compounds and from an analogy to the UOz
and UN systems, the thermal conductivity of PuN should be significantly
higher than that of the PuO,. In addition, the high metal density of PuN
(13.41 g/cc as compared to 10.12 g/cc for Puoz) allows for more extensive
exploitation of plutonium's neutronic properties in reactor and fuel designs.

The summary which follows briefly describes the compatibility of
PuN with various matrix and clad materials, some irradiation experiences
with PuN-W cermets, and some factors which may tend to affect PuN-w
cermet performance,
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Compatibility of PuN with Retractory Metals

Tests conducted at BMI, Columbus'*Zindicate that Pul¥ is com-
patible with the common iron base alloys (stainless steels and Inconel) to
temperatures of 1300 °C. No reactions were observed after 100 hr under
conditions of the test. The test specimens consisted of dense PuN samples
encapsulated under pressure in wrought metal containers, thus assuring
good contact between metal and nitride.

Two types of tests were conducted with PuN and the metals W, Mo,
Ta and Nb. In one type, dense PuN was imbedded in metal powder which
was then compacted under pressure; in the other, dense PuN was placed in
contact, under pressure, with wrought metal coitainers. A summary of
the results of these tests is presented in the accompanying table. '

In general, powdered metals contain significant quantities of gases
adsorbed on their surfaces or in the combined state in the form of mono-
layer type costings. The oxygui available to the PuN from this source in
tests with powdered refractory metals led to the formation of oxide layers
(Pqu or Puzos) at the boundaries between PuN and metal particles. Inter-
facial regions often appeared to be composed of metal oxide-plutonium oxide
layers. The most severe reactions occurred between PuN and powdered
niobium, with reaction products including several nitride and oxide phases.
The tests employing wrought metal containers of W, Ta, Mo, and Nb showed
only slight reaction. Wrought niobium and PuN showed no signs of reaction
after 50 hr at 1288 °C, but at 1850 °C and 96 hr, a slight reaction was
observed between tungsten and PuN. :

PuN-W Cermets

PuN-50 vol% cermets have been fabricated at Hanford“s’ by pneumatic
impaction of mixed powders. The best distribution of PuN in a continuous W
matrix was obtained with 44-74 micron PuN particles and 5 micron tungsten
particles. An impurity phase identified as Puo3 was noted in photomicrographs
of the cermet material. An irradiation experiment (40) was conducted with these
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SUMMARY OF RESULTS OF COMPATIBILITY TESTS
SUMMARY OF RESULTS OF COMPATIBILITY TESTS
OF PuN WITH VARIOUS POT ENTIAL CLADDING MATERIALS (42

Claddm‘_

Iron

Type 304SS
Inconel
Molybdenum
Molybdenum

Molybdenum

Tantalum
Tantalum

Tantalum

Niobium
Niobi 1a

Niobium

Tungsten
Tungsten
Tungsten

Platinum—40 wt%

rhodium

Temperature, Time, .
Condition 0C(25) hr Results
Wrought 1300 100 ‘No reaction
Wrought 1300 100 No reaction
Wrought 1300 100 No reaction
Wrought 1288 50 No reaction
Powder 1371 200  PuO,__+ molybdenum
oxide inte. face
Wrought 1650 g6 Reaction at interface
and precipitation in
molybdenum
Wrought 1288 50 N5 reaction
Powder 1871 200 PuO, _+ tantalum
oxide at interface
Wrought 1650 96 Precipitation
(Tag0g) in tantalum
Wrought 1288 50 No reaction
Powder 1371 200 P\!Oz_xi- niobium
nitrides at interface
Wrought 1650 96 Puoz -x Within original
PuN particle at inter-
face and pmipitation
in niobium
Wrought 1288 50 No reaction
Powder 1871 200 Puoz_x at interface
Wrought 1650 96 Reaction at interface
and free plutonium in
PuN
Wrought 1482 --

Eutectic formation
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cermets, resching a burnup of 13 x 1020 figgions/cm® at relatively low
temperatures. Photomicrographs of the irradiated specimens indicated
no change in the tungsten mairix but increased porosity in the PuN particles.

Effect of Dissociation Phenomena on Cermet Performance
mm

It is generally recognized that the major, presently known, weakness
of PuN as a fuel material is its relatively high vapor and dissociation pres-
sures. Two schemes are presently being considered as means for reducing
the effect of this property.. One scheme is based upon stabilization of PuN
by alloying with more stable nitrides. The other involves using PuN in the
form of a cermet, wherein discrete particles of the nitride would be com-
pletely contained within a continuous matrix of refractory metal. Thus,
consideration of PuN as a candidate for high temperature cermet fuels is
quite consistent with the effort to minimize the least desirable aspect of the

material.

The actual performance of a PuN-refractory metal cermet at high
temperatures will depend to a large extwnt upon the microstructural
characteristics of the material. At 2290 °C a dissocigtion pressure of about
7 x 10~ atm45) has been measured for PuN and a partial pressure of
plutonium on the order of § x 10~ % atm{42) can be calculated from thermo-
dynamic data. With small, well confined particles of PuN in a cermet matrix,
one would not expect damaging swelling due to the vapor or dissociation pro-
ducts alone. The danger to the integrity of the cermet fuel exists in the pos-
sibility of rapid migration of plutonium metal, by means of mass transport
mechanisms, and nitriding of the matrix. Grain boundary diffusion mecha-
nisms may be expected to play a dominant role, thus emphasizing the
importance of microstructure to cermet performance. Fortunstely, plutonium
does not form low melting compounds with such refractory metals. If con-
centrations of free plutonium became available from dissociation reactions and
migration, several mechanisms could operate to degrade the cermet. Ewmmples
of conceivable destructive mechanisms would be migration of plutonium to the
surface of the cermet; development of localized hot spots in concentrations of

LSS
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Pu metal under reactor operating conditions; and wedging apart of cermet
grain boundaries through precipitation of plutonium metal during thermal

cycling.

Investigations of the stability of PuN which have 0 far been reported
provide little more than a starting point for more extensive and detailed
analyses. This is especially true when considering possible applications of
this material, where total performance is usually a function of a number of
complex, interrelated parameters. The significant potential advantages of
plutonium nitride as a fuel material comprise adequate justification for a
thorough investigation of the properties of cermets containing this material.
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