Juni 1967 ‘ KFK 579

Institut fiir Neutronenphysik und Reaktortechnik

Institut fir Angewandte Kernphysik

1
Some Aspects of the Feasibility of a 10 6—Flux Reactor

M. Dalle Donne, J. Kallfelz, M. Kilchle







KERNFORSCHUNGSZENTRUM KARLSRUHE
Juni 1967 KFK 579

Institut fir Neutronenphysik und Reaktortechnik
Institut flir Angewandte Kernphysik &

Some Aspects of the Feasibility of a 1016-Flux Reactor

by

M. Dalle Donne+, J. Kallfelz++ and M. Kichle

Gesellschaft fiir Kernforschung m.b.H.,Karlsruhe

Delegated from EURATCM to the Fast Breeder Project, Institute of
Neutron Physics and Reactor Engineering, Kernforschungszentrum Karlsruhe

= Now at the Georgia Institute of Technology, Atlanta, Georgia, U.S.A.







I, Introduction

With the operation of the HFER, BFIR, and SM-2, and withithe design of
the Pranco-German and British high flux reactors, z new generation of
research reactovs exists which produce fiuxes in the lols/cmzsec—-rangeo
This is a considersble improvement over the conventional research reac-
tors with fluzes cof about 16149 This achievenment was ob%%ined by higher
55 to be clese %o}ﬁhe limit of

present engincering technigues. However, at the International Seminar

performance, 2nd pow the devslopment

on Intense Neutvon Sourvies held in Santz Fe in September 1966, it was
pointed out that theve is a continuous need for even higher peutron Iluxes

’

to be used in muclear and sclid siate rhysics spnlications, Though there

is a lavge class of experimeats for which a steady state flux of 10 /cm?see
is auffic nt. and other experiments which can be made Witﬁ a pmak flux of
10 /CPZng obtained from 2 repetitively pulsed reactcr, there are a number
of experimonis which reguive a steady state fiux of iolg/cmzséa or even

tore /1;2,3/. A few evamples ave given below:

1. Studies of asymmetries in ths B-decay of polarized reutzons

This is the best avallable measure of most of the fundamental parame-
ters of the weak interaction and alsc furnishes an important test of

time reversal imvariasce /1/,

2. Studiss of neviron-rnevitron interactio

Since this interaction rate increases as the square of the flux whereas
the background increases linearly with the flux, =z higher flux than pre-

sertly available is reguirsd for zn asceptable signal-to-background ratio,

3. In the field oi neutron capture y-rays, measurements of internal conver—
sion specira with & high pesclution magustic spacivograph and 2ll meas«

urements on materials with small capture cross sections,

4, In the fisld of fission physics, experiments vwhere ﬁagnctz analysis is

used to separate the fragmeprts of a glven mass.

54 For investigations of coundensed matter, {(2) single crystal diffPaec~- -
tion measurements whare sample sizes are small, In pariicular, these
are studies of ervaazc crystals or biclaogical moleculss. () Measure-
ments of theo iaelasiic secatioring of noutrenswhich cannot be well adapted

to the conditiopnz of 2
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Of course, these examples caniot illustrate completely the great improve-~
ment which would be achieved with a 10 C-flux reactor. A large variety of
new experiments, for instance Witﬁ very ¢old neutfons or wiﬁh polérized
neutrons, would be possible and will be invented §nce the necessary high
flux is available. Moreove¥, all experiments could be improved in resolu-
tion, or in signal-to-background ratio, or in the time required for the

measurements.

Another important application is the production of fransplutonium isotopes.
Since the production rate increases with = high power of the flux, the in-

centive to inerease the flux is particularly high in this case,

In view of this interest in obtaining higher neutron fluxes, a preiiﬁiﬁafy
investigation was made in order to determine the engineering problems and

the economic implications of a 1016—flux reactor, This reactor is also of
interest for comparison with a spallation type neutron source, such as the
Canadian project ING /4/.

A flux of lols/cmzsec can be obtained within present techniques with a
large dilute heavy water moderated reactor operating at about 1000MW, as
the experience with the high flux charge at Savannah River indicates [}i?}
possibly even higher flux at higher power may be attainable. However, a much
better rztio of flux to power and 2 better beam quality (ratio of thermal
to fast flux) can be obtained from a reactor with a small compact under-

moderated core surrounded by a D20~ref1ector which contains the beam tubes,

The purpose of this investigation was to study the possibilities and limi-
tations of such a concept, and a beam research reactor was taken as an example,
Some calculations were 2lso made for =2n isotope reactor, and are given in the
Appendix, Since the work was stimulated by design calculations for the
Franco~German High Flux Reactor, some design features of this reactor were
maintained, such as the annular core with a one ring HFIR-type fuel element,
the beryllium plug in the center and the pressure barrel between core and
Dzo-reflector. The design parameters were pushed to the utmost limits and
some reasonable extrapolations beyond current engineering practices were
assumed, Only the basic features of the reactor were studied, and such
problems as safety, control, radiation damage, and engineering details were
not considered., For reasons of simplicity all calculations were made for a

reactor without beam tubes,



11, Generzal

In this paragraph the materials and operating conditions chosen will be

described, and the reascns for the parficular choices will be given,
1. Coolant

As mentioned in Par. I, the reactor considered here has a very compact
core, Thus, for the total power necessary to obtain a flux of 1016/cm2sec,

a very high power density is required, Three coolants, 320 above the cri-

tical pressure, sodium, and Hz—gas, were considered for the thermodynamic
calculations, These cazlculations were made to determine, for the same power
density, which coolant gives the lowest maximum fuel clad temperature,

The resuits showed that, for the conditions assumed, the higher maximum

temperatures were for Na and HZ; hence supercritical HZO was chosen as

the ccolart, Compared to HZO, the following comments apply to the other
two coolants:

i) Hz - higher specific heat, but lower density;
ii) Sodium ~ higher heat transfer coefficient, but higher inlet temperature

and lower specific heat,

Nuélear calculations were 2lso mz=de for =z D20~cooled reactor. While the

1)

"rendenment " for this reactor was better than that of an Hzo—cooled reac—

tor of the same dimensions, this =dvantage was overcome by a lower keff for

the D20~reactor.

2. Coolant Conditions

At the high Héo-velocities and small coolant channels necessary with the
high power density, there is a pressure drop of about 50 Atm across the
core, Hence an inlet pressure of 300 Atm was chosen to insure that the
exit pressure is still supercritical, Supercritical pressure is necessary
at the outlet of the core because the fuel wall temperature is far above

the critical temperature of water,

The coolant velocity was limited by considerations of the mechanical inte~

grity of the fuel plates (sze Par: IV below).,

b "prendement” = ratio of maximum flux in the external reflector to total

power,
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Considering corrosion problems, a2 lower velocity was also deemed desirable,
although for these particular operating conditions it seems likely that the
corrosion is not strongly velocity dependent (see Par. VII below). A velo~-

city of 32 n/sec was chosen.

3; Cladding

Preliminary results showed that clad temperztures would be too high for
aluminivm, Inconel 625 was,chosén4a$ the cladding materiai, because of
its good combination of superior high temperature creep properties; and

resistance to corrosion (see Par, Vil beloW);

4, Fuel

2)

Stainless steel 16-13 was chosen as the matrix material for the fuel
element meat, A stainless steel matrix is appropriate for a high fuel
loading, which is desired to increase the length of the operating cycle.
The chosen material is softer than the Inconel cladding, which is an ad-

vantage for fabrication reasons,

The fuel is in the form of UO2 {40 wt % of the meat), with uranium enrich-

ment to 93% 235U.

5. Overall Assembly 2nd Dimensions

A thin core ring was necessary for several rezsons, First, . the fuel uti-
lization is better for a thin core, since there is = smaller interior region
of low flux. Secondly, the "critical velocity" of the radially-mounted fuel

platés is greater for a lower plate width (see Par. IV below).

A central region of beryllium leads also to better fuel utilization, since
there is a region of high fiux at the core inner boundary =zlso, A central

region is at any rate necessary for fabrication reasons.

The height of the core is limited by several factors, The regions at the
top and bottom of the core do no§ contribute as much as the central region
to the maximum flux in the reflector. Also, the pressure drop and maximum

clad temperature increase with height.

2 Composition given in Par. III below.



The final o@erali dimensions. chosén were as follows:

Inner Core Radius, Ri H 7.0 cn
Outer Core Radius, Ro H 13,5 cm
Core Height, H : 100 com
Core Volume, v : 42 liters .

The fuel element dimensions were restricted to 0.5 mm "meat” and 0,15 mm
cladding by thermal stress considerations (see Par; VI below). The coolant
channel width was 1,2 mm; a smaller width would have caused an excessive

pressure drop.

6, Pressure Barrel

The pressure barrel, which was located between the core and the D20~ref1ec-
tor,was made of, an aluminivm a¥loy (1 Zn Mg Cu0,5) of. 3,4.cm thickness. THe-dvice of this material
was based on reactivity considerations, Diffusion theory calculations (dis-
cussed in Par. III) showed that a 1 cm stainless steel barrel reduced keff
by about 20%. The aluminium barrel caused a reduction of only about 3,5 %

in keff’

Zircalloy was rejected because of excessive thermal stresses caused by the

v-heating and its poor thermal conduetivity,

With the aluminium alloy chosen, however, the temperature increase in the
barrel wall produced by the assumed y~heating of 160 W/gr was only 6000.
Thus, due to the very good mechanical properties of this alloy, the stres-
ses caused by temperature and water pressure were sufficiently below the

yield point,

111, Nuclear Calculations

1. Introduction

Most of the nuclear calculations were made with the Karlsruhe Nucléar Pro-
gram System NUSYS Zﬁi?; This system contains various programs which allow
the generation of group cross sections and the calculation of reactor para-
meters with one—~ and two~dimension diffusion theory., The cross section
values used were the "ABN" data of ABAGJAN et al., / 7/, which is a 26-group
set, To investigate the problem of the thermal cross sections, which are
strongly snatially de=pendent in the core, several calculaticns were also

made with THERMOS / 8/, a thermalizstion transport theory program,
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2, Material Regions and Cross 3ections

The core composition was described in Par, II above. The supercritical

H20~0001ant had an average density of 0.97 g/cc., The approximate weight

concentrations of the most important elements in Ipnconel 625 and stainless

3

steel 16/13 are given in Teble 1 :

Table 1 Alloy compositions (wt %)

L b ‘e 5 L P i
Material 4 DoRSiEY 8E oo i od P mi | Fe | Mo Nb
R |_room tenp. : : ; ! Coae
g — = ' ’
Inconel 625 g 8.44 g/cc /98/ | 22.,961,.2 9,1 4.2
H i i
i : |

Stainless 1 8.0 g/ce

{ | 1.0
steel 16/13 :

/ig7 16,5  13.5 . 65,1

It was presumed that the UOZ-SS powder was compacted to 968% of its theore-
tical density, btased on the data given in /11/ for a similar case (SS 316,
35% UOZ)c The density of the clad and meat have small corrections for
their elevated temperatures., The values obtained fov the compositions

of the various mixtures are given in Table 2,

Table 2 Region mixtures

Mixture ’ 3 Material ﬂg;iiﬁzitf 10-24)

1 (Trap) Be % 1.22 + 10t
2 (Core -~ 100% Fuel) Cr 5.8 - 105
Fe 8.8 . 1075

H 3,88 « 1072

Mo 8,7 - 1072

Nb 4,2 . 1072

N3 9.6 « 1070

0 2.33 - 10 2

y2es 1,74 . 1073

3 (Tank) Al 8.0 = 10_2
4 (Reflector) D 6.64 « 1072
j 0 3.32 « 1072

d B ; 6.50 « 1072

5 (H,0 above core) | o % 3,25 » 10”2

3 DIN 17 O03 ©Nomenclature: X8 Oxr Ni Mo V Nbp 1giz ,



The "100% Fuel” of mixture 2 refers to the mixture with the normal vo,,
conéentrationg For use for flux-flattening in the boundary regions, core
mixtures with UOz-concentratiohs of 7%, 50%, 35%, and 25% of that of mix-
ture 2 were also calculated, The stainless steel 16/13 concentration in

these mixtures was raised corréspondingly.

3, Methods and Résults of NUSYS Calculations

4 two~dimensional calculation with the full 26-energy groups of the ABN-
set would require a prohibitive amount of time. Hence a one-dimensional
diffusion theory calculation was first made for an approximately equiva-
lent spherical shell reactor. The "equivalent spherical shell" R had the
same core thickness as for the final cylindrical two-dimensional calcula-
tion; the inner radius of the equivalent spherical shell core was deter-
mined by requiring that the central sphere has the same chord length as

that of the cylindrical "trap" in the two-dimensional reactor. The spec-
tra caléulated for the equivalent sphere were then used to condense the

group constants from 26 to 4 energy groups as follows:

ABN (26-Group) Set %Reduced (4-Group) Set ! Energy
1-10 1 | 10.5 MeV - 21.5  keV
11 - 18 | 2 | 21.5 keV - 46.5 eV
; i
19 - 25 ! 3 | 46,5 eV - 0.215 eV
26 4 0.0252 eV

The thermal group constants for both sets are those of a room-temperature
Maxwellian, These values were used, since the thermal spectrum is ex-
tremely spatially dependent, so that a condensation of the two or three
lower ABN groups gives quite varied results for‘the core reduced set
constants, depending on where in the core the condensing spectrum is
taken from, Since the spectrum in the core middle is much "hotter" than
this Maxwellian, these cross sections are quite rough. The effect of
this fact is investigated in Par, 11II.4, below, Figures 1 and 2 show

typical spectra for condensation in the core and reflector, respectively.

4 The equivalence was in the sense that the calculated spectra should

be appropriate for condensation, koss was quite different from that
of the two-dimensional reactor.
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Using the condensed cross sections, the final calculations were made using
the two-dimensional diffusion theory code DIXY [:§7} These calculations
were repeated for various configurations and combinations of boundary

zones, with the followihg requirements:

s

1) core ring thickness Z 6.5 emy
2) core height -7 100 cm,

until the following conditions were satisfied:
3) keff ~“‘ 1.21 i
4) F4 -« 1.7

where F__ . is the radial source dénsity shapé fabtor
The reasons for desiring a limit on the cord fing thickness and height,

which led to 1) and 2); have beén #idhtioned in Par. II.5,

Condition 3) was impcsed to give sufficient excess reactivity for the
following factorsi

Excess Reactivity

a) Beam tubes 5%

b) Xe and Sm 3%

c¢) Stabile fission products 6.4%

d) Uranium burnup 3%

e) Control 1%

£f) Temperature 6.5%
Total 18.9% .

The total of 18.9% excess reactivity corresponds to a value for keff of
about 1,21, The figures are based on calculations for the Franco-German
High Flux Reactor, FGHFR /i2/. a), c), e), and f) are about the same
values as for the FGHFR, b) is lower than the value of 5% for the FGHFR,
since for the reactor discussed here only about half the fissions are in
the thermal group, d) is lower because of an average burn-up lower than
for the FGHFR, All figures are estimated and somewhat high in order to

be conservative,

For condition 4), the maximum value of Fr was somewhat arbitrarily set

ad
at 1,7, to keep the power peaks at the core boundary within acceptable
limits., This required that there be a number of core boundary regions

with reduced fuel concentration,



Figure 3 shows the final ceniiguration for the reactor, and the resuliing
dimensions and nuclear charzcterisiics are coniained in Table 5. The ren-~

dement has been corrected to the approvimate value expscied for k eff = 1.0,

" based on celoulations for the FGIFR, At the core~reflacior 1ntcr“ace there

are four boundary mones, all 2.5 ma widse, with 28%, 25%, S0%, ard 70% of the

norwal fuel concantration. At ths core interface one 2,5 mm zone

with 70% fuel concentration was used.

Figure 4 shows the radial power distribution et the reactor npidplane. Due
to the fact that the thermal group consiants used are for a Maxwellian,

this distributicn is very rough. However, as THERMOS celculations discussed
in Par, III.4. be2low indicate, these psaks are probably cverestimated, so

that the resulis are concervative,

Based on the figures given in Takle 5, 2z moximmm thermal flux in the re—~
ia >
ER ] Z - .3 . .
flector of 107 /cm sec would be raached with a total power of 500 MW, This
corresponds to an average power density of 11,8 MY/1, and z maximum power

density of 25,6 MW/1.

4. Thormal Group Cross Sections

(

As mentioned above, the mption of Maxwsllian values for the fourth

energy group is not accurate, since the therwal spectrum in the core be-
comes increasingly hardenad ags the distance from the boundary is increas—
ed, Thus the thermal cross seciions become increasingly smaller as the

interior of the core is approached.

To investigate the influence of this effect on Xk aff? several diffusion
theory czlcuiations were made in which the thermsl cyoss sections were
reduced to half their original value. All of the thermal cross sections

were changed, since all of the important cross sections have approximately

a 1/v-dependence and would be egually charnged by a spactral shi Hence
keff is relatively insepsitive to this change; k .. never changed more
=R NEN

than 1% due fo this variation., The change in the rendement was not more

than 3%.

The most serious error caused by presuming constant Maxwellizn cross sec-
tion values is that the spatial distribution of the thermal fissioans is

the fizsion digtribution is an

not correctly caleculstad,. The
inportant problem in a reacter with a high uranium conceantration, There—

fore, the prodblsm of the fission
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THERMOS [}i?} which calculates the spatially dependent thermal neutron
spectrum using transport theory., Two one~dimensional slabs were cslcu-
lated which corresponded to UO,-corcentraticns of "100%" (Mixture 2,

Table 2) and "25%". The slab consicted of a three cm "core" region, and

a 15 cn reflector region., The hydrogen and deuterium scatteriné in the
HZQ and D20 was represented by Nelkin kernels, and the oxygen séattering
was represented by a free gas with a mass of 156, All other coré materials
were grouped into one fictional material with the appropriate constant
total scattering cross section. The core absérytioﬁ cross section was
that for the "100%" or "25%" Ucz—concentratiéﬁ, with a 1/v-depetidence.

At the two outer slab boundaries reflector boundary donditiohs were :
assumed, since these boundaries corresponded approximately to the midéle
of the core and maximum reflector thermal flux position in the NUSYS cal-
culation, The results freom a NUSYS calculatiocn were used for the epither-
mal flux distribution, needed to calculate the source distribution in

THERMOS, This flux distribution was practically constant.

Figure 5 shows how strongly the core thermal spectrum varies from the re-~
flector interface to the middle of the core, for the 100% Uoz-concentra-
tion, Particularly for the core middle, presuming that the thermal group
stops at70§215 eV is very inaccurate. The average energy cf the neutrons
below 0,215 eV varies from 1,62 KT 2t a point in the reflector 15 cm from
the core, to 3.47 kT in the core middle, Kence the energy dependent cross
sections averaged over the spectrum up to 0.215 eV, i,e,

0,215 eV 0,215 eV

‘/// B (2,x) o(E) d& // J//ﬂ % (E,x) dE
C

are quite spatially dependent.

However, for our calculations what interests one is the spatial dependence
of the thermal fissions, which describes the "peaks' in the power density,
This dependence is the same as that of

0.215 eV

J// % (E,x) GA(E) ¢E  from THERMOS ,

(6]
since the fission and absorption crcss sections both have 1/v-dependence

in the thermal energy range.
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6 eompabe with the THERNGS valuesj NUSYS edleulatiods werd nmide with the
same geometry as Po% the THERMOS dhses, but using the cress sections as
for the NUSYS reactor calculations, Figures 6 and 7 compare the NUSYS

and THERMOS resul{s for the spatial dependence of the fissions caused by
neutrons below 0,215 eV, As can be seen, in both cases the NUSYS calcu-
lations overestimate the thermal fission pesks, Thus it is probable that
the fission peaks in the NUSYS reactor calculations are a2lso overestimated,
and these results are conservative, Also, since non~thermal fissions make
a large contribution to the total fission distribution in the NUSYS cal-
eulations, the total fission peaks are not as much in error as are the

thermal fission peaks,

IV. Cooling-Water Critical Velocity

The critical velocity is the velocity at which the modificatiens of loeal
velocity resulting from a deflection of the plates produce across the

plates 2 pressure difference sufficient to maintain the deflection,

To. calculate the critical velocity it was assumed that the evolvent fuel
element plates can be approximated by a circumference arc {see Figure 8),.
According to reference /13/ the critical velocity of a flat plate with
built-in edges with a width equal to the chord of the curved plate con-

sidered is given by:

/j 15 E 33 Sa

v, = | (1)
Cc s!;

4
;:ja b (1 ‘}‘%

i
3
i

2

]

where: E = Young's modulus of Inconel 625 at 508°C = 1,785 + 10 Zdynes/cm

» = Poisson's ratio of Inconel 625 at SOSOC = 0,319 L9/
a = plate thickness = $¢,08 cm

b = chord of the curved plate = 8,8 cm

s, = nominal thickness of flow channel = 0,12 cm

P, = mean coolant density = 0,97 gr/cm3 .

The resulting Ve is 5,61 m/sec, A considerable extrapolation of the graphs
of reference /13/ shows that a curved plate, with 2 = 110 and an arc of
1,42 rad., such as that considered in Figure 8, has a critical velocity
about 18 times higher than the above value, i.e. about 100 m/sec.
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[

This value was obtained with two sinplifying assumptions:
a) The evolvent is approximated by a circumference arc, This is a pessi-
mistic assumption because the evolvent under =2n uniform pressure differ-

1,

ence deforms in a way that the plate rotates about 2z point in the middle
which is not displaced /14/; +hus the effective plate width is about half
of the real value,

b) The plate has been presumed homogenéous and formed by Inconel 625 at
508 C which is an optimistic assurp?son hecause the Young's modulus of
the meat is lower (1.492 » 1012 dynes/en ) than that of Incohel 625

Ifitﬁe ééémetrical toierances of the coolant channél and 6f fhe piates
were zero, one could thﬂoreulca’ly wo"P with a water ve1001ty of 100 m/sec‘
in practice the small dimensional differences betWeen ndaacédt channeis
have a strong influerce on the s*resSes on the fuel plates, To take into
account this effect, 'a rather high safety factor was assumed. The select~

ed velocity was 32 m/sec, which is equivalent to a safety factor of 3.

V. Heat Transfer Calculations

The pressure drop in the average channel is given by:

- ) N H |
t a 4
where
Sy = mean water density = 0.97 gr/cm3

v_ = mean water velocity = 32 m/sec
0.25 gives the pressure loss and recovery at channel inlet and outlet
H = channel length = 100 cn

s = chaprel pominal thickness = 0.12 cm

A= friction coefficient givesn by the Moody correlation £§§7

= 0,0239, for a Reynolde numher ecusl to 4.24 « 10° and a dimen-
sionless roughness of the wall egual to 6,002, To take into
account the temperature effect the physical properties of water
appearing in the Reynolds nurber have been evaluated at the
average fuel element wall temperature,

The resulting u4p is 51 Atm, This means 2 force acting on the core in

the vertical direction of aboui 14 tonmes,
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The heat transfer calculation has been performed for the hot streak 5).

To take into account lecal variations of roughness the friction coeffi-
cient has been assumed to be 10% higher than the average. Due to géome—
trical tolerances it has also been assumed that the average thickness of
the cooling channel corresponding to the hot streak is 0,02 cm less than

the nominal value, The resulting water velocity at the hot streak is

therefore:
/ >\a S 1/ 1 0.1
v oz Va \/ -)-\-‘E-;- = 32 \“ m-‘ - 6-.—1-5 = 27.8 m/sec (3)

In the core the fuel element surface is equal to-lO4 cmz per liter, so
that a maximum power density of 25,6 MW/1 is equivalent to a maximum heat
flux of 2560 W/cm2 = 612 cal/cmzsec. For Fax = 1,27 the average hot streak

heat flux is qm = 482 cal/cmzsec and the outlet water temperature is given

by:
2 qm H 2 * 482 » 1GC o
Ts = T+ o =% * 1335 - 0,865 - 5,76 * 105 - 6.1 - 342¢C (®
pmSm
The hot streak water temperature in the middle of the core is:
a4, H 432 * 100 o
Tz = T1 b m—— = 40 + 3 = 229°C (5
Cc & Vs 1,026 - 0,895+ 2,78 *10 * C,. 1
pnl v m

These calculations must be performed by iteration because the specific heat
is rather strongly temperature dependent, The product #V "~ has been as-
sumed constant; in reality it varies like y@?g, because vz is constant,

but 33:;varies little in the range of temperatures and pressures considered,

The fuel plate wall temperature has been calculsted with the Colburn corre-
lation with an uncertainty factor equal to 0,85 [i§7. The heat transfer
coetfficients in the middle and at the outlet of the hot streak sre respec-

tively:

5
) The hot streak is the line in the vertical direction at the point in

the radial direction where the axially integrated power has a maximum,
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k 720 v sy ©C.8
i “y ‘f
h, = 0.85 + 0,023 5o | —2 ) pr 0% -
a \ /2 =
a0 -3/ . o . 9 . 3 . C.8
- 0.85 - 0,023 1:5891077 {2 * 0,305 * 2.78 - 10 e.i) 0.54350+33
20,12 1,248 * 10
2 o
= 3,70 cal/cnsec C {6)
U . 3, V0,8
h, = 0.85 + 0,023 1.167°10 " /2 * 0.395 - 2.78 :310 o.f} 1.0430+33
2:G.12 | 0.785 + 10
= 4,22 cal/cmzsecoc (7
And the wall temperatures are given by:
Ty = T. + Imax 229 + S22 . 394% (3)
Wo = 72 h, = 3.7C0
Ty, = T %3 349 4 ook 424% T
wz = izt T t333 T )

The wall temperature varies very little in the second half of the core
and it reaches a maximum of 42400 at the core outlet corresponding the

hot streak.

These high temperatures require the use of supercritical water; the wa-
ter must be sufficiently supercritical at the hot streak outlet to avoid
a pseudo-burnout, The pressure of 249 Atm is considered sufficiently

above the critical pressure (225 iAtm).

The maximum temperatures inside the fuel plates are obviously in the
middle of the core on the hot streak. The temperature at the interface

cermet~Inconel is given by:

Yoy Sa 612 - 0,015 o
TIZ = TW2 -+ ——-E—-——-— = 394 + W = 622 C (10)
Inc
where s, = thickness of the Inconel cladding
k; . = thermal conductivity of Inconel at 508°%¢ .

The maximum cermet temperature is given by:

qmax s1 612 - 0.025 °
TCZ = TIZ + e T 622 + 5 0.031 = 869 C , (11)

cermet



= i5 -
wher'e , i
51 is eéuai to Hal?f the thickness of the cefmét
the factor of 2 is given by the parabolic temperature distribution
in the cermet

k is the cermet thermal conductivity.
cermet

In the previous calculation it has been assumed that no temperature dif-

ference exists at the interface between cermet and cladding.

VI. Thermal Stresses

The following assumptions were made:

a) The temperature distribution in a horizontal cross section of the fuel
plates is symmetric with respect to the central plane; only strains in
the axial direction have been considered. P

b} The temperature distribution in the cermet is parabolic, while in the
cladding it is linear.

c} The effect of the built-in edges is neglected.

Then the thermal stresses in the cermet and in the clzdding are given

respectively by:

K E, E, [ %21
= - AT - -AT) —
Gl(X) T - oy gngc (43Tc aﬁxx) 82 (12)
:‘1 7“/l - 14
KE E - eT, - 2T ) (x - 5,) |
_ 2 _ 2 - I W 1
aé(x} = 1_}@ «,, %‘STI 5. 1 a3

where K is the strain in the axial direction, common to cermet and cladding,

and is given by:

hlal il (5 AT + .03 + Ezaz JATI<+ 4$§N .
-y 3 aleg #odyp v 37 " 2 2
K = (14
Elsl . Ezsz
I—Vi 1—y2

The most dangerous thermal stresses are those corresponding to the maximum

fuel plate temperatures, that is for:
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difference between maximum cermet temperature and room tem-

ATC =
perture = 869 - 2C = 849°C

zXTI = difference beiwzen zaxinunm ceﬁmeé—claddingointerface tempera~
ture and roonm temumeraturs = 622 - 20 = 652°C

ATW = difference baoiwveen fueil plate wall temﬁxeraé;ure at the niddle

of the hot stireak awd room temperature = 3%4 - 20 = 374% .

The physical properties of cermet and Inconel involved are the following:

E, = Young's medulus of the carmet at 787°C =
5 5
= - 0.6 E o= 4 1 « 10 85 T e
= 0.4 Euoz + 0.8 Lses.ls/ls 0,4 17.45 167 + 0.6 * 13.7 10
= 15.2 + 10° kg/cm?
oy = thermal expansion coefficient of cérmet between 787°C und
20°C = thermal éxpansion coefficient of stainless steel 16/13
between 787°C ard 20°C = 18,99 ° 1078 Oc™*
o
v, = i ¥ ti 2 1 = 0. . .
1 Poisson's ratio of cermet at 787 °C = 0.4 Yuog *+ 0.6 »;03’16/13
=0,4 ° 6.301 + 0.8 -~ 0,23 = 0.3184
5
E2 = Young's modulus of Inconel at 5080C = 183.2 + 10 kg/cm2
a, = thermal expansion coefficient of Inconel between 508°C and ZOOC
= 14.0 - 16% %¢-1
»é = Poisson's ratio of Inconel at 50800 = 0,319 .

With these numerical values and s, = 0,025 cnm, s, = 0.015 cm, equations

(12,13) become:

4

]

2
1,674 * 10° x2 -~ 1,073 - 10 (kg/cen™) (15)

G.770 - 104 + 5.687 - 105(x-0.025) (kg/cmz) (18)

Gi(x)

[

OQ(X)

ci(x) is always negative (compressiog) and has a maximum in the center

of the cermet equal to -10,730 kz/cm”. ALt the interface cermet-Inconel
Gi(x) is equal to -270 kg/cmz; 02(2) is always positive (tension). At

the interface cermet-Inconel G‘(X) = 7700 kg/cmz, at the interface Inconel~
water oé(x) has a maximum equal to 16,3230 kg/cmz. The yield strength of
Inconel 625 =zt the interface cermst-cladding (62200) and cladding-water
(39400) are respectively 8C90 kg/cm2 and 5180 kg/cmz. One can see then
that the thermal stresczces in Inconel, which should be the material giving
strength to the plates, are very high., Thermal stresses about twice the
yvield strength are normally accepted, in cur case, howsver, they are

three times the yield strength,
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Furthermore, the Inconel is subjected to the pressure of the cermet, which,
being not able to sustzin the axial compression caused by thermal stresses,
tends to expand in the transversal direction., However, these transversal
stresses in Incounel should be very small due to the very small rigidity

of the cladding in the transversal direction,

Cbviously, to reach definite conc¢lusions, it would be necessary to confirm
these czleculations and assumptions by means of experiments, However, it
appears that, in a first approximation, with these plates the factor limit-

ing the temperatures, and, therefore, the heat fiuxes is the thermal stress,

Vii, Corrosion

As mentioned in Par, II, one of the reasons for choosing Inconel 625 for
the cladding material is its great resistance to corrosion. The supercri-
tical water used for the cooling in this investigation represents an ex-—
treme condition for the cladding material, and makes corrosion a2 very im~
portant problem, At cladding temperatures in the range needed for this
reactor (Tmax S SSOOC) the normal stainless steels are very suceptible

to stress-corrosion cracking /17,18/., Nickel alloys and alloys of the

O at high tempera-

, 2
tures /18/. Two alloys in particular, Inconel 625 and Incoloy 800, have

Incoloy type show better resistance to corrosion in H

been tested rather extensively at General Electric to determine their corro-
sion characteristics in high-temperature H20 ZEQ—ZQZFTn‘the test condi-
tions, Inconel 625 showed corrosion resistance somewhat better than that

of Incoloy 8CC in the temperature range of interest here (about SSOOC).
Furthermore, Inconel 625 has a greater strength and better creep proper-

ties at high temperatures than Incoloy 800 /9,22/.

Even with the data available for Inconel 625, the amount of corrosion of
the fuel plates is extremely hard to estimate, Corrosion is a very com-
plex phenomenon, and there are s number of parameters involved in a corro—

sion test, such as clad temperature, H_O-velocity, Hzo-density, HZO-tem—

perture, and the heat transfer rate thﬁough the cladding, The tests made
at General Electric 129—217 are for clad temperatures and velocities com-~
parable to those of the reactor considered here, but for a much lower heat
transfer rate and Hzo—density. Table 3 compares the conditions in the re-

actor considered here with those for one element of the G.E. test loop.
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Table 3
|. Element of GE | Reactof considered
S ki test loop here =
{
HzO-Pressure (Ltm) { 70 300 ~ 249
H,O-Temperature o 335 - 450 40 - 342
H,0-Velocity (m/sec) % 37 -~ 4¢ 32
{
Clad Temperature (°C) 480 - 590 530  (max)
Heat Flux (w/cmz) ' 55 2560 {max)
? (average)
* Inconel 625 corrosion loss g 2.5 « 10—4
at 150 hours (mm) j *

. o L
Read from curve in /21/,

Since the corrosion is such a complex process, it is extremely difficult
to extrapolate from the values obtained for the test loop conditions to
determine those values which would be expected for the reactor conditions,
However, LEISTIKOW L§§7'has indicated that it would probably be a fair
approximation to presume that, for the case considered here, the corrosion
depends only on the clad surface temperature. This assumption is based on
the fact that already in the conditions of the G.,E. test loop, the oxide
layer on Inconel 625 was extremely thin compared to that of most other
metals, and was practically non-existent on much of the clad-surface,
Hence, greater heat transfer and Hzo—density, which might in many cases
contribute to a faster removal of oxide and associated faster corrosion,
should not be expected to have 2 strong influence for the particular case
under consideration here. If this assumption is correct, then one can see
from Table 3 that the corrosion is negligible for the short cycle time of

the reactor core ( = 6 days, see Par, VIII),

Another factor which could influence corrosion is the effect of radiation
with fast neutrons [E§7, which was of course not present in the G.E, test
loop. Unfortunately, there are no investigations of this effect known to

us.,
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At any rate, the value for corrosion from Table 3, 2.5 * 10-'4 mn is

about 600 times less than the clad thickness (0,15 mm). Hence, the
corrosion could be many times greater than the value in Table 3, and

still be within acceptable limits,

VIiII. Core Lifetime

No burn~up calculations were made for this investigation. However, an
estimate of the lifetime of the core was made using the following assump-~
tions, and applying 2 correction based on burn~up calculations for the

Franco-German High Flux Reactor:

a) The limiting point for burn-up is the point of maximum flux, on the
core-reflector boundary,

b) During the core lifetime, the flux at the core-reflector boundary does
not change,

¢) For the uranium concentration at the boundary ( == 170 g/l1) the maxi-

mum allowable burn-up is 70%.

The following comment should be made concerning b). This assumption is,
of course, not entirely correct, due to the change of the uranium spatial
distribution during the period of operation, However, this assumption
should give reasonable accuracy in the results, since at this point the
thermal flux, which causes the major part of the burn~up at the boundary,
comes primarily from "in-streaming” from the reflector. This in-streaming
should not vary too much during the period of operation, for a constant

maximum thermal flux in the reflector,

To calculate the allowable burn-up time the following expression was used:
-Solglt

Ut) = U0y e 1+ ° (17)
where
235 . .
U(t) = U~concentration at core-reflector interface
t = time after start of cycle
céi = absorption cross section of i-th group of 4-group set
¢1 = flux in i-th group, at core-reflector interface .
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Using assumption c), U(tm) / U(0) = 0,3, one gets‘§ céi ¢; tm = 1,2,
where t 1is the time for maximum bufrn-up. Qsing the values from Table 4,
ohé arrives at the result that t = 5.6 daysi '

Table 4 Core nuclear values at core duteﬁ fadius (8" values based on
maximum $th in reflector of 1016/cmZsec)

T

i céi (Barn) gt (en? sec™

1 1.7 1.1 - 108

, 15

2 14.5 2.82 » 10

3 55,0 2.1 = 1015
15

4 603, 3.8 +« 10

This calculation was checked by using the same method to calculate the

eycle time for two cases considered for the Franco-German High Flux Reac~-
tor and comparing the results with those of accurate burn-up calculations
which existed for the same cases, The accurate burn~up calculations were
performed using the two-dimensional diffusion code TURBO Z§§7} For both
cases the results using expression (17) were about 4.5% lower than those
from the TURBO calculations. Hence the corrected core lifetime for the

case considered here is about (1.045)(5.8) == 6 days.

IX. Fuel Cycle Costs

For the fuel elements envisaged -~ i.e, U02 in stzinless steel matrix
with Inconel clad -~ no statements on the reprocessing and refzabrication
costs can presently be made, But in order to get at least a rough idea

of the annual fuel cycle costs of the reactor, two cases were considered:

.

a) Optimistic - The fabrication and reprocessing costs are presumed to
be the same as those for a core with aluminium as the "meat" matrix

and fuel plate cladding ("aluminium core').

b) More realistic - The fabrication costs are 3 times, and the repro-

cessing costs are 1.5 times those of an aluminium core,
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The yearly fuel cost "X" is related to the cost per core, Kcore’ through:
365
K = T+2 Kcore (18)

where T = c¢ycle time for one core.in days.

Two days are allowed for changing the core., With T = 6 (see Par., VIII),

K = 45 K -
core

Because of large uncertainties in the cost approximation, a greatly sim-

plified equation can be used to calculate Kcore:

= i 1
Kéore Kfabr + I{ma‘pr + 8 Ku (19)
where K fabrication costs
fabr
X = reprocessing costs
repr
u = uranium cost for a core
= average burn-up = 0,12 ,
. 235 . .
The core being considered contains 25 kg of U, With a uranium price
of 43,2 DW/g /25/, BK = 0.13 ° 10% pm.
Case a)
The reprocessing costs are sbout (1-8)+1600 DM/kg for an aluminium core /26
Then K = 0,40 106 oM ,
repr 6
furthermore K = 0,30 « 10 DM ,
fabr
Thus K = 0,83 +« 106 bM ,
core 6
and X = 37 « 10" DW/yr .
Case b)
For this case: X = 0,606 = 106 DM,
repr 6
and X = 0,800 « 10 DM ,
fabr
Then X = 1,63 106 DM .,
core

Thus the eost for the uranium used is less than 10% of the total fuel

6
eycle cost, The yearly fuel cost is K = 73 » 10 DMW/yr.




Use of a more accurate formula which also takes into account the fuel
interest rates and the dependence of the reprocessing costs on the en-

richment would increase both total costs by about 18%.

X, Conclusions

A summary of the important characteristics of the reactor is given in
Table 5., Cne can see that it is possible to obtain a maxzimum thermal

1
flux in the reflector of 10"6/cmzsec with a total power of 5CO0 MVW.

However, this relatively low total power implies a very high power den-
sity, which in turn leads to high fuel element temperatures. Therefore,
Inconel 625 was chosen as the cladding material. Due to the low thermal
conductivity of this alloy, the limiting factor for the power density is
the magnitude of the thermal stresses. The thermal conductivity of alu-
minium is much higher. However, even if we azssume that the goometrical
tolerances of the fuel plates are zero, the maximum temperature in the
aluminium plates is too high (about 37OOC) to permit the use of this metal,

1
On the other hand, if one wants a neutron flux in the reflector of 0.,5°10 6

n/cmzsec only, then this is probably possible with aluminium (maximum hot
spot temperature estimated 2t less then SOOOC). The fuel cycle costs
would be about four times smaller, due to smaller fabrication costs, It
is evident that the step from 0.5 ° 1016 n/cmzsec tc 1 - 1016 n/cmzsec,
which requires the use of Inconel 825 in place of aluminium as cladding
material, is achieved with a considerable decrease (2 times) in the ratio

neutron flux to fuel cycle costs.

The very short operating cycle and the large fraction of costs which goes
into core fabrication leads cne to comsider otaer types of reactors, such
as a2 homogeneous reactor. However, in our opinion the technical problems
associated with homogeneous reactors are even more complicated than the
type we considered in this report. Due to the extremely high costs and
experimental ipnconvenience associated with such a short cycle, more de-
tailed investigations were not made, Many further problems were not con-

sidered, such as:

1) radiation damage and sealing of the pressure barrel,
2) radiation damage and heat dissipation in the beam tubes,

3) thermal stresses in the fuel plates due to temperature gradients in
the radial direction

4) heat removal from a2 cold source,

5) support of a core with an inlet-outlet pressure difference of 50 Atm,



Table 5

Preliminary design characteristics of a 101

-flux beam research reactor

1. Dimensions and composition

IbO~reflector:

HQO-core:

Al -pressure
barrel:

Fuel element:

meat:

clad:

Coolant:

diameter 300 cm
height 200 om
pressure near atmospheric
diameter 27 cm
height 100 cm
central flux trap

filled with Be,

diameter 14 em
core volums 42 1
between core and
refelctor,

thickness 1.4 cm

one ring HFIR-type
with radial power
flattening

stainless steel
16/13 with 40 % fully

enriched UO2 0.5 mm
INCONEL 625 .15 mm
coolant channel

width 1.2 mm

average fuel load 680%?5U/l

L4

supercritical water

2. Operating characteristics

Coolant velocity
Coolant temperature at core

Mean coolant temperature at
exit

Maximum coolant temperature
core exit

Pressure at core entry
Pressure at core exit
Maximum heat flux
Average heat flux

Maximum wall temperature of
plate

Maximum power density
Average power density
Total power

Maximum unperturbed flux in
refl=2ctor

keff of fresh core

Length of cycle

Average burn-up

entry

core

at

fuel

the

%2 m/sec
40° ¢

160° ¢

342° ¢

300 Atm.
250 Atm.
2560 w/om2
1199 W/cm2

530° C
25.6 MW/1
11.9 MW/1

500 MW

1.0'1016/cm25ec
1.21
©d

12 %
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Appendix A Isotope Reactor

An "isotope reactor”, i.e., one which has the maximum flux in the cen-
tral trap, was also calculated. The core composition and the overall
dimensions were the same as for the beam reactor (except that the outer

radius of the reflector was only 45 cm for this case),

For the isotope reactor, the central trap was filled witthzo, and_the
reflector was Be. There was no pressure Barrel for this case, Furthers
moré, fhe core boundary sbhies were switched so that there were 2.5 mm
zones of 25%; 35%, 50%, and 70% fuel concentration on the inner core
bouﬁdafy, and 50% and 70% on the outer boundary. The factors such as

F * F

, k
ax rad ef
The thermodynamic characteristics were presumed to be essentizlly the

£ etc, were practically the same as for the beam reactor,

same as those of the beam reactor. For the same total power as the
beam reactor, i.e., 500 M¥, the maximum thermal flux in the trap center
was about 2 - 1016. No calculations were made for the case of a loaded

trap.
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Spectrum from 26~group diffusion theory calculation used
for condensation of group constants of mixzture 2, Table 2
{core~100% fuel) from 26~ to 4=groups (see Par:c I11.3.).

Lethargy, u = ln ‘(E,*/E} where E' = 10.5 MeV,
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Fig.2. Spectrum from 26-group diffusion theory caloulation used
. for condensation of group constants of mixture 4, Table 2
(By0-reflector) from 26~to 4-groups (see Par. III.3.).

Lethargy, u = 1n (E'/E) where E* = 10.5 NaV,
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Fig.4. Radial power distribution at beam reactor midplane,
for final 4-group diffusion theory calculation.

(————)Only one point, at ¥ = 7 em, calculated
in this vegion. A%t boundary points between
various core zoneés, power values were not
ealeulated; curves were extrapolated gra-
phically to these points.
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Results for core thermal spectra from THERMDS (see Par’ 111.4.).
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Thermal fission distribution as function of distance, %; from
core-reflector interface, for U0y~concentration 25% that of
mixture 2, Table 2 (see Par. III.4.).

4~group diffusion theory calculation;
P oy of 4th (thermal) group
: 0,215 eV
—————— THERM@S calceulation; [ n%(E} #(x,E) dE




Fig.8, Transversal cross—section of the core

R; = dinner sadius
R, = outer radius

evolvent fuel plate

— ——- givounference arg by vhich the svolvent is appyoxi-
mated in the ealeoulation of the critiecal velocity



