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ABSTRACT

A Zircaloy-clad tube of unalloyed uranium that was 1rradiated in
a loop of the NRU reactor to a maximum exposure of 950 MWD/T at

a maximum uranium temperature of 4%00°C experienced less than 1.5%
volume increase and 0.14% outer cladding strain. Inspecticn of
the swaged oxide tube that had falled during irradistion in a
Savannah Rlver reactor revealed that a G-lnch-long crack of as-
yet-unknown origin had developed in the outer stalnless steel
cladding of the tube. Transient calculatlons showed that bcllilng
D.0 réactors that are fueled with uraniium metal probably would
not operate stably as presently designed, but that these fueled
with uranium oxlde cperating at high fuel temperature probably
would be stable. A computer code for the calculatlon of the :
lattice bucklings.of. D0-moderated reactors..is._descrlibed. A.... . C . -
description is presented of the tandem extrusion process that was '
developed by Nuclear Metals, Inc., for the fabricatlon cf bonded

Joints of Zircaloy and stalnlegs steel.
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HEAVY WATER MODERATED POWER REACTORS
Progress Report
May 1960

INTRODUCTION

This report 1s one of a series that records the progress of the du Pont
study of power reactors that are moderated by heavy water and fueled
with natural uranium. The present effort is divided Inte two maln
categories: (1) the development required for the successful design,
construction, and operation of the Heavy Water Components Test Reactor
(HWCTR), a facility for irradlating fuel elements at power reactor
conditions, and (2) the development of the technology of full-scale
D.0-moderated power reactors. Earlier reports in the serles are:

DP-232 DP-375 DP-445
DP-245 DP-385 DP-455
DP-265 DP-395 DP-U65
DP-285 DP-405 DP-475
DP-295 DP-415 DP-485
DP-315 DP-425 DP-4#95
DP-345 DP-435

Progress during June 1960 will be reported in DP-515.

SUMMARY

The Zircaloy-clad tube of unalloyed uranium that is belng lrradlated

in the NRU reactor was examined after reaching a maximum exposure of

950 MWD/T at a maximum uranium temperature of 400°C. The results of

the examination were generally satlisfactory in that the maximum volume
increase was less than 1.5% and the maximum strain in the outer cladding
was only 0.14%. Mechanical difficulties precluded immediate relnsertion
of the tube into the reactor.

Inspection of the assembly of swaged oxlde tubes that falled during
irradiation in a Savannah Rlver reactor revealed that the fallure was
in the outer sheath (stalnless steel) of the central tube in the
column. A 9-inch-long c¢rack was visible 1n the cladding of this tube.
Although several possible mechanisms have been postulated, the cause
of the failure is not yet known.

Transient calculations for a design of a bolling D0 reactor fueled
with uranium metal indicate that this reactor probably would not be
stable as presently deslgned because of positive vold coefficlents.

It 1s doubtful that this problem can be overcome by any simple changes
in the reactor parameters or in fuel element design. Although these
findings are subject to confirmation by measurements of vold and
temperature coefficients, 1t appears that metal elements wlll not be
sultable for boiling D0 reactors. Oxide-fueled boilling reactors that
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operate at high fuél temperature would be expected to operate stably
bhecause the negatlve temperature coeffleclent of the fuel should be high
enough to overrlde the positive vold coefficient.

A computer code has been written for IBM 650 calculatlons of lattilce
bucklings of Dy0-moderated reactors. The code 1s based on The calculation
methods that were descrlbed by the Savannah Rlver Laboratory at the

1958 Geneva Conference. At present, the code 1s restricted to tubular
fuel assemblles, butft 1t wlll be extended to include clusters of rods

and parallel plates.

A description 1s presented of the tandem extruslon process that was
developed at Nuclear Metals for fabrlcatlon of bonded Jjoints of
Zircaloy and stalnless steel. The varlous out-of-plle tests that have
been performed on bonded Joints are reviewed.




DISCUSSION

I. HEAVY WATER COMPONENTS TEST REACTOR (HWCTR)

The HWCTR 18 a test reactor that is being buillt at the Savannah Rilver
Plant primarily for lrradiatlon tests of fuel elements at conditicns
that are representative of D.0-moderated power reactors. The reactor
is scheduled to be placed in operation in mid-1961. A description of
the facllity was presented 1n DP—383(l) and 1n earlier progress
reports. Progress during May on design, constructlon, and supporting
studles 1s reported in this section.

A. REACTOR STATUS

At the end of May, construction of the HWCTR was approximately 35%
complete. Erectlon of the steelwork for the shell of the reactor
bullding was started. Segments of the "T-flange" were welded together,
and the welds were heat treated and inspected. Thls flange 1s bolted
to the concrete substructure to form the maln jolnt between the

concrete and steel parts of the contalnment shell., Weldlng of the steel
plates above the flange sectlon is in progress.

B. STATUS OF ISOLATED COOLANT LOOPS

The mockup of the bolling loop hayonet znd 1ts dlscharge plping was
completed (except for heat exchangers) and hydrostatically tested. A
description of the mockup, which 18 to be used for vibration studles
and flow tests, was presented in DP-485. Vibration tests are scheduled
to begin 1n June.

An order has been placed wlth the Canadian Westlnghouse Co. for a
protetype of the 5-1nch jolnts to be provided between Zlrcaloy and
gtainless steel in the two reactor bayonets. The quality of thls Jolnt
will be assegsed by subjectlng the prototype to thermal and pressure
cycles. The deslign i1s that of a so-called "graded" Joint in which the
difference 1n coefflclents of thermal expansicn of Zlircaloy and stalnless
steel 18 taken up gradually by lnterposing a series of rings of nickel-
1roen alloys with progressively different coefflclients of expanslon. A
simllar Jolnt 1ls presently in servlice in the E-20 loop of the NRU
reactor. The deslgn of the prototype 18 shown In Figure 1. As shown

in this figure, the seal 1s by means of a conlcal gasket of gold that

18 loaded mechanlcally as the two nickel-iron pleces are welded together.
Shrinkage of the latter pleces after welding further lcocads the gasket.
The principal differences between the prototype and the bayonet Jjoints
are that in the former the Zlircaloy part 1s a cap 1lnstead of a tube and
the 43% nickel - 57% iron section is welded directly to carbon steel pilpe
rather than to another ring of lower nickel content.




€. SAFEGUARDS ANALY3IS OF BOILING LOOP

Calculatlons were made of the transient response of cooling condlitlons
in the boiling Dy0 loop of the HWCTR to (1) changes 1n the dlstribution
of Dy0 flow through the loop, and (2) accidental reactivity additions.
The results of the calculations indicate the conditlons under which
these situations will lead to incomplete quenching of the steam that 1s
generated in the loop and, eventually, to loss of coolant for the fuel
assembly.

The results of earller calculations of transients 1n the bolllng loop
were revliewed in DP-485, which alsc 1ncluded a description of the
mathematlcal model of the leoop and the calculation procedures. Initial
conditlons for all of the translents reported thus far are as follows:

Reactor power - 30 MW
Loop pressure (equals reactor pressure) - 795 psia
Inlet temperature of cocling water to loop heat

exchanger - 22°C

It is assumed unless otherwlse gtated that the coolant flow through
the fuel assembly in the loop remalns constant. The direct effects
of the transients on the burnout safety factor in the fuel assembly
have not been considered yet. - . :

1. Effect of Bypassing the Fuel Assembly

When the flow of D0 through the fuel assembly 1s decreased, the Steam
quality of the effluent from the assembly increases. Figure 2 shows
the steam quality as a functicn of the fractlon, f7, of total loop D0
flow that passes through the test assembly when a constant f3 (0.%) of
the total flow is passed through the heat exchanger that 1s in parallel
wilth the test assembly. If the flow through the test assembly 1l1s
decreased at constant f3, the fractlon fo that bypasses both the test
agssembly and the heat exchanger must be lncreased correspondlngly.
Under these conditions, both the steam quality and the D0 temperature
at the lnlet to the steam gquencher increage. Flgure 3 shows the rates
of increase for three linear rates of ilncrease 1n the bypass flow.

2. Effect of Bypassing the Heat Exchanger

If the rate of D0 flow through the heat exchanger 1s reduced while the
power generation and D0 flow 1n the test assembly are held constant,
the Ds0 temperatures at the inlet and outlet of the steam guencher
Increase. In turn, the subcocoling of the inlet D0 to the test assembly
decreases and the exit steam quality increases. Flgure 4 shows the
translents that follow a linear reductlon of fo from 0.4 to 0.3 1n 5
seconds. With f, constant at 0.6, f, must risé from zero to 0.1. In
this case, the temperature of the D0 at the guencher outlet rises
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almost to the saturatlon temperature. If f3 were reduced to 0.28, the
Do0 would leave the quencher at the saturatlon temperature; a further
reduction of f3 would result in a mixture of Dp0 liquid and Dg0 steam
emerging from the guencher.

3. Effect of Ramp Addition of Reactlvity

If two control rods are driven ocut of the HWCTR at maximum speed as
the result of operator error or fallure of the gang control switch,
reactlvity is added at a rate of 0.0003 k/sec. Thls acclident is
self-1imiting as far as the reactor itself 1s concerned, even if the
seram circults fall to function (see DP-383)(). It 1s seen from
Figure 5 that in the boiling loop the steam quallty at the outlet of
the fuel assembly rilses rapldly. Within 5 seconds the temperature

of the D0 at the quencher outlet lnereases to the saturation tempera-
ture. If the reactor 1is not scrammed, Dz 0 steam will flow into the
reactor and the test assembly will be deprived of coolant.

4, Effect of Step Addition of Reactivity

If a half rod falls from the midplane of the reactor to the bottom as

a result of a broken latch, the reactivlity 1ls suddenly lncreased by as
much as 0.006 k. For a reactlivity lncrease of thils magnitude, there 1s
insufficlent time for the safety rods to prevent coolant bollling and
local fuel melting in the reactor (see DP-383).(%) For reactivity
increases of less than 0.004 k, the accident is self-limiting as far as
the reactor 1itself 1s concerned. In the bolling loop, a step 1lncrease
in reactivity of 0.004 k causes the D,0 temperature at the steam
quencher outlet to reach the saturation temperature 1iIn less than 0.5
second, after which Dz0 steam will begln to flow into the reactor
vegsel. TFigure 6 shows that the loop can tolerate a step reactivity
increase of 0.001 k, although the margin between the steam guencher
outlet temperature and the saturatlon temperature 1s only 3°C at one
point {6 seconds after the Ak introduction).

D. FLOW TESTS

A flow test of a mockup of a fuel assembly for irradlation of rods of
uranium oxide in the HWCTR was started in deionized water at 260°C.

The deslgn of the fuel assembly was previously descrlbed 1n DP—485 and
DP-495. The mockup containg a bundle of 19 rods of stainless steel
tublng, 0.540 inch in 0D, that are filled with lead to simulate the
welght of the oxide rods. The teat bundle, which is 3.10 inches in 0D,
is assembled 1in a stainless steel housing tube of 3,18 inches in ID.
The resulting diametral clearance of 0.080 inch 1s about twilce the
deslgn c¢learance of 0.038 ineh. Delonlized water 1s supplled to the
test assembly at a flow of about 260 gpm.
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Il. TECHNOLOGY OF FULL -SCALE REACTORS
A. PHYSICS

1. Stabillity of Boiling-D-0-Cooled Reactors

Studies of the stability of bolling-Dy0-coocled power reactors
operating on a dlrect steam cycle indicate that 1f such reactors were
fueled wlth natural uranium metal, they probably would not operate

in a stable manner. Oxlde-fueled reactors of this type, however, are
expected to operate stably. The calculations that led to these
conclusions were carried out in two ways: (a) by analysis of the
transfer functions associated with a greatly simplified representation
of the system, and (b) by numerlcal integration of a set of equatlons
that describe the system in more detall.

In order to obtain a suffiliclent amount of heat transfer surface for an
economical bolling reactor, 1t 1s necessary to use fuel assemblles wilth

a large Internal surface. These assemblies might be clusters of thin
concentric tubes or of many thin fuel rods. In such assemblles, the
vold coefficlent 18 generally positlve. If the fuel were uranlum oxide
and were to operate at a very high temperature, the negative temperature
coefflcient from the Doppler brcadening of the U2%® resonances might be
sufficlent to override t{he positive vold coefflcent and glve the assembly
a net negatlve power coeffilcient. In metal asgssemblles, on the other
hand, the change in fuel temperature per fractlonal change of power

is mueh smaller while the voild coefficient 1tself 1s usually somewhat
larger than for oxide asgsemblies. Thus, in metal fuel assemblles the
net prompt power coefficlent is likely to be positive. = . = = _
The present study was directed toward determining ranges of wvalues of
the power coefficients for which such a system 1s stable or at least
operable. The stabilities of both the power level and the power
distrlbution in a large reactor were Investigated. Further studles of
boiling-Ds0-reactor stabllity are scheduled to Include the experimental
determination of the vold coefficients of reactivity, so that a more
accurate appralsal of the system can be made.

The discussion below 1s concerned primarlly with metal-fueled reactors,
but the methods described are equally appllcable to the oxlde-fueled

reactors.

a. Transient Response by Trangfer Function Analysls

A study was made by transfer funciion analysis of the ranges of values
of the temperature and vold cocefflcients for which a bolling Dz0

reactor would be stable. The reglons of stablllty were flrst determined
by an analyslis of the transfer functions for a greatly simplified
representation of the reactor sysftem. Particular polnts were then
checked by numerical integration of the equatlons that describe the

- 12 -




reactor in more complete detall. The transfer function analysis was
used to determine the reglons for stabllity for both the power level
and the power dlstribution within the reactor core.

The simplified representation of the bolling reactor system that was
used in the transfer function analysis is shown in Figure 7. The

heavy water coolant enters the fuel assemblies at an amblent temperature
that is consildered constant in time. The coolant boills inside the fuel
channels and the steam-l1lguid mixture passesg into a steam drum from
which the steam flows 1nte the turbine. In the reactor, the fuel
assembly conslsts of fuel, coolant, and volds and 1s characterized

by a temperature, Tf, and a power coefficlent, ap, that has a
characteristic time constant, Ap. The moderator is cooled by a separate
cooling system and could be characterized by a mederator temperature,
Tpe @ power coefficient, o, and a characteristic time, Ap. However,
for the present calculatlons the moderator coefficlent 1g consldered

to be too slowly acting to be of concern and 1s 1gnored. The steam
drum is at a pressure, p. A fractlonal Increase iln the pressure results
in a change of reactivity in the reactor through the pressure coefflcient
of reactlvity, ap, which acts wilth a characteristic time, kp.

For the analysis 1t was assumed that the prompt neutron lifetime 1s
zero and that there 1s only a single group of delayed neutrons. The
reactor kinetlec equations are listed as Equatlons (1).

0= M2V2¢ + (k -De - k(¢ - C)

Ao - C)

|

= nplo - Ty) (1)

dp _ -
rra kp(¢ ¢o)

k =k + af(Tf - Tfo) - ap(p - po)
In Equations (1) the migratlon area, M2, the time constants, Ap and Ay,
and the power coefficlents, ap and , are assumed to be constant 1in
both space and time. The flux, ¢, the multiplicatlon constant, k, the
concentration of delayed neutron precursors, C, the normalized fuel
temperature, Tf, and the pressure, p, vary 1ln both space and time. The
subscripts, o, refer to initlal steady-state condltlons. The power
coefficient assocliated with the fuel assembly 1s made up of two terms:
one corresponding to the temperature coefficient of the fuel and one
corresponding to the change in vold fraction, €, assocliated with a

change in reactor power level at constant reactor pressure, or
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oT
3k dk T akfae
f=('a"s)p o, §7¢T+ae(a)p (2)

Its time constant 1s given by

P
0

M =TT 3 (3)

f( fo Tfa

Where P, is the power generated in the fuel in MW, He is the heat
capacity of the fuel in MW-sec/°C, and Tg, and Try are the temperatures
of the fuel and of the amblent coolant, respectively, in °C.

The reactlivity coefficlent of the system pressure 1s glven by

) _ ak fae
- (%), - #(5) s

o ST i (5)

where P0 is the reactor power in MW and Vg, 1s a measure of the volume
of the steam drum 1n MW-sec of steam.

To obtain appfoximété solutions to Equations (1), the following
mathematical steps were taken:

1. The eguations were made linear by the asgsumption of small
perturbations abcut the steady-state operating conditions and the
subtraction of the steady-state conditions.

2, The time derivatlves were elimlnated by the taking of
Laplace transforms of the equations. The transforms of the varlables
C, Ty, P, and k were eliminated from the resulting set of algebralc
equations.

3. The spatlal derivatlives were elliminated by the expansicn
of the flux in terms of a set of eigenfunctiong that is orthogonal
to the unperturbed power distribution and satisfles the same boundary
conditions as the reactor flux.

4. The spatial dependsence was removed by successive
multiplication by each of the crthogonal elgenfunctions and integration
over the reactor volume.
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The result of these steps 1s an infinite set of algebralc equatlons

in the expansion coefficients that are the Laplace transforms of the
amplitudes of the various spatial modes of the power distribution. If

the expansion for the flux is cut off at a finite number of elgenfunctions
the equations can be solved for the expansion coefflclents.

However, the solution of these equaticns 1s greatly simplified 1f 1t 1s
assumed that the coupling between the spatlal modes of the power
distribution is negligible. Thils coupling 1s through terms of the

form ¢ or k welghted by the product of two orthogonal functions and
integrated over the reactor volume. These terms are jdentically zero
1f the flux and reactivity are constant over the reactor volume.

If the coupling between modes 1s neglected, peparate equations result
for each of the expansion coefflclents, the flrst two of which are as
follows:

- s aLA a A
ST +o 4o —P—R] A =0
o} + A o~s + A s o}
| 1 J
(6)
[ 21‘112_—):‘31s 3 _ifj_ﬁ_o
- M 15 + A, 15+

In Equations (6), ko, and ¢ are k and ¢ averaged over the reactor
volume as welghted by the square of the unperturbed flux distribution.
The quantitiles El and 31 are the averaged values of k and ¢ welghted
by the square of the first harmonic of the flux distribution. The
quantity uf is the difference in buckling between that of the flrst
harmonic of the flux distributlon and that of the unperturbed flux
distribution. The symbol P 1s the delayed neutron fractlon.

In order for nontrivial soclutions for perturbatlons iIn the power level
or in the power distributlon to exlst, the terms 1n brackets 1n
Equations (6) must each be egual to zero. The numerator of each term
i1s a polynomial in the Laplace transform variable, s. The roots of
these polynomials define a set of values, s, that describe the posslble
time behavior of small perturbations in the power level or in the first
harmonic of the power dlstribution since such perturbations willl behave
as e®nt,  If one of the Sp's has a positive real part, the system 1s
unstable. The limits of stability correspond to those values of

the reactor parameters for which one of the roots has a real part that
1s equal to zero.

If the approximation 1s made that Eb, %, Ei, and ¢y are all unity, the
polynomials correspondlng to the numerators of Equations (6) are as
follows:
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Power level

3 2 _
87 + a8 +as+a =0
- - +
afhf aphp Skf
&, = 5
(7)
. - a A - apkp(h + lf)
1 8
. -a A le
o p
Firet harmonlie perturbation
2 2 2
(B - a)h, + p2ME(n + A) (WEM® - o)A
2 £ f 1 T 1 by by
g7 + 55 s + 55 =0 (8)
B+ uoM B+ M

Figure 8 shows the values of the power coefficlent and of the pressure
coefficient that correspond to the stability limlts. Values of the
reactor parameters were assumed as follows: Ap 1s 1 sec-l, A  1s 0.1
sec‘l, and A is 0.1 sec-l. The product, u%ME, 18 .0.02 and corresponds

to a heavy-water-moderated reactor that 1s 15 feet long in one linear
dimension and in which the power distributlon 1s flattened over
approximately 40% of the linear dimension. The solid lines in Figure 8
glve the stabllity limits for a value of B of 0.008, which corresponds
‘to” a2 fresh charge. The dd4shéd 1ing S§Hows the 1imit To¥ g value of
B = 0.00%, which would be approached at long fuel exposure when a
substantlal fraction of the reactor power would be obtalned from fissions
in pluteonium.

The design point for fthe du Pont boiling reactor fueled with assemblies
consleting of four concentrle metal tubes i1s also shown on Flgure 8.

It 18 seen that this design 1s in the unstable region for the power
level although 1t would be stable with respect tc the power dlstribution.
The design point can move to the right cr left with changes in pump
characterlistics, steam quality, or fuel assembly design. For example,
the deslgn point corresponds to 30% steam quallty and an ap of 0.0088,
If the steam quallty were reduced to 15%, Cp would be 0.0135. The polnt
can move up or down wlth changes in the velume of the steam drum. A
twofold decrease in the volume of the steam drum would move the polint
down to ap = -0.0024.

b. Transient Responge by Numerical Integratlon

The bolling-Ds0-cooled reactor system was represented by the model
shown 1n Flgure 9 1n the numerical intepgraticn computations of the
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translient response of the system. The set of equatlons derived from
this model was coded for solutlon on an IBM 650 computer., The response
of a metal-fueled system to small perturbations In reactivity, as
computed by numerical integration, conflrmed the degree of 1nstabllity
indlcated by the transfer functlon analysis.

(1) Description of Eguations - The average fuel temperature,
T4 {°c), 1s computed from the following rate equation

ar,
By g5 = MY - (T - T) (1)

where Kl’ the fraction of total power generated in the fuel, 1s taken
as unity (i.e., power generation in the moderator 1s ignored). For a
steady-state pile power of $° = 1220 MW, an assumed steady-state fuel
temperature of 370°C, and a steam temperature of 270°C, Ay = 12.2 MW/°C.
The heat capaclty of the 63.8 tons of natural uranium in the core is

Hy = 7.51 MW-sec/°C. The quantity, To, ls the temperature of bolling
D,0 (°C) at the system pressure.

Five groups of delayed neutrons are used:

du
1,

at 11+ kg de - Ay (2)

The propertles of the delayed neutron groups are shown in the table
below.

Propertlies of Delayed Neutron Groups

1 Decay Constant, Ai Praction, Bi
1 3.19 sec™t 0.000324
2 1.19 0.000904
3 0.1997 0.004206
4 0.02469 0.0017133
5 0.0001305 0.000016516

B 0.007163816

In Equation (2), Wy 1s the concentration of the 1th delayed neutron
precursor relative to its initial equilibrium value, and ¢ ls the
neutron flux relatlve to 1ts initial equllibrium value.

The deminerallzer and regeneratlve heater are merged into a single heat

capacity block, and the temperature of the Dp0 emerging from this
block 18 given by
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_5_ _
He qg= = Fo(T) T5) (3)

where F, 1s the flow rate in MW/°C into the demilneralizer and
Hg = 78.9 MW -sec/°C.

The number of moles, n, of steam in the sfeam separators 1s computed
from

]
aT

dn Frxt f‘g‘ Ve.gp,ec 2 (ll-)

m  hm 4t

where m = 20 gm/mole, h = 345 cal/gm vaporized, C = 1.131 cal/zm-°C,
P! = total flow through core = 1.777 x 10° gm/s=ac, Fé is the flow rate
in gm/sec of steam from the separators, x' 1s welght fraction of steam
in the mixed phases entering the separators, Vpp is the volume of D30
in the separator sumps = 3.68 x 106 em?, and p; 1s the density of D0
in gm/cm”.

The pressure in the steam separators 1s gilven by

ar R(T2 + 273.2) an , nR T, ()
at = v dt v dt
285 28

where R 1s the gas constant and Vo  1s the gas velume in the steam
separators (8600 £t2), and where

4aT e e e e e e~

e e e AT -

el ATE/At (6)
At belng the time increment used 1n the numerlical integratlon of the
differential equations.

The weight fraction, x', of steam in the mlxed phases enfering the
separators 1s given by

dxl

Bl o (x -x) (7)

where x 18 the weight fraction of steam in the mixed phases leaving
the reactor and where the lnverse transpcrt lag time A' 1n secl is
obtained from

SR (8)
Here, V. is the total piping volume between the core and the separators

= 3.40 x 107 cm? and p 1s the density in gm/em® of the mixed phases
as glven by
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Spspﬂ
- xp, + S(1 - x)p

(9)

s

The sllp factor, S, has been taken as unlty. The denslty of DyC steam,
ps, is computed from

0.022285P

Py = T, + 273.2

(10)

where P 1s the pressure in psl. The density of liquid D20, py, in
gm/cm”? 1s computed from

8
P, = C, +CyT, + - + CgT, {11)

Two other loop D0 equations are computed from daifferential equatlons

2 |

o 56 7 T1{fe - T (22)
ar, !

f2 5 = T - %) (1)

where the volume of the hot liquid return piping 1s 778 gallons,

1mplylng that H2 = 10.4 MW~sec/°C, and the total vclume of the pump
suction pilping, pumps, pump discharge pliping, 1nlet collection header,

and coolant inlet pipes 1s 4354 gallons, implying that Hg = 62.2 MW-sec/9C.

The Dg0 saturation temperature, T,, is given in °c by

7
273.2 = ! ces !
T2 + 273 a + 8 log P' + + a7 log' P (14)
where P' is the pressure 1n atmospheres.
Pile reactivlity 1ls computed from
dk o ok o
= * —— € - € _— -
k= k(t) + 1o+ (§9)( ) Gy - ) (15)

where k* represents the effect of control red motion arlising from

an as-yet-unspeclified feedback control system relating rod motion and
electrical power demand and k{(t) 1s the sum of all other externally
imposed reactivity changes, such as that introduced by manually applied
control rod motion. In Eguation (15), ¢ 18 the average steam vold
fraction over the entire reactor core and is given by

¢ = (1,/L)(G/a)(a) (16)

- 19 -




where Lb/L is the fraction of the core 1n which bolling 1s oceurrling

and @/a 1s the ratio of the average steam vold fractlon @ in the boiling
portion of the core to the steam vold fraction at the core exit a. The
steam vold coefficient of reactivity, ok/o0€, multiplied by the change

in the core-average steam vold fraction, €, from 1ts initial equillbrium
value, €%, yields the effect of steam voids on reactivity. The last
term in Equation (15) takes into account the fuel temperature coefflclent
of reactivity. Since the moderator loop with 1ts own heat exchanger 1s
1solated from the core coclant loop, the moderator temperature has been
assumed constant for the duration of rapld transients, and hence no
moderator temperature coefflclent of reactivity appears in Equation (15).

The relatlve flux, ¢, and the pile power, ¥, in MW are related by
5
Y B

¥ i T

= O = -
¥ B(1 + kex) kex

(17)

The -welght fraction, x, of steam In the mixed phases at the core exit
1s computed Trom

CTE(Tl - T2) c(T2 - T6)
* = hF - h (18)

and the corresponding steam velume fraction, a, at the core exlt 1s

xp
- e . - - . - - e Qs T T
%P, +8(r + x)pS

The fraction of the core in which boiling 1s occurring 1s computed from

. hx (20)
- 1
L  hx + c(T2 T6)
The electrical power output, ¥,, from the turbine 1s assumed To be
proportlonal to the steam flow, F3’ to the turbine
- 0 FO
¥, = ¥2(Fy/FY) (21)

The various steam flows are as follows:

F

i
Hy
=
——
n
no
L

3 12

F4 = f2F2 (23)
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F.={(1-f - f))F

5 1 272

where the relative flow rates, fy and f», are lnput parameters.
The D0 temperatures, T) and Tg, are obtalned from

. TB(FB + FL;)C + F5(h + CTE)

b CF2

where T3 is the condenser outlet temperature, and

1
FéTB + F1T2

6~ F
The liquid Ds0 flow, Fl’ from the separators 1s simply

1 2
In the design, the following equllibrium values are specifiled:

9.9 % 106 1b/hr

Fl =
6
F2 = 4,2 x 107 1b/hr
'I‘3 = 41°C (assumed to be constant)
o _ o
T2 = 270°C
' ¥O = 1220 MW
YO = 300 MW

From these, the following equilibrlium conditlions can be derived:

x° = x'°? = 0.2979

)
o]
]

814.66 psi

n° 3,029 x 105 moles

pg = 0.03342 gm/om3
pz = 0.8449 gm/cm3
a® = 0.9147

(Lb/L)° = 0.6264
€® = 0.4584

.

(24)

(25)

(26}




T2 = 719 = 215.8%

6 6
TE = Tg = 88.1°%
TéD = 270.0°C

£, + £, = 0.9118

In addition, it is assumed that fl = 0.90 and 83 = 1.0.

{2) Translents Following a Step Reactivity Increase -

Figure 10 shows the reactor power transients that follow a sudden
reactivlity i1ncrease of 0.001 k, for assumed values of the steam vold
coefficient of reactivity of -0.03, 0, and +0.03. 1In all three cases
the fuel temperature coefficlent of reactivity 1s taken as -2 x 10-5
k/OC; the initial plle power is 1220 MW; the electrical power output
(300 eMW) and the steam flow to the turbine (2.25 MW/°C) are held
constant.

Evlidently the system could be controlled 1f it had a zero or negatilve
vold coefficient; a positlve vold coefficient such as a value of +0.03,
which is appropriate for natural uranlium metal fuel, leads to an
extremely severe power surge when the system is subjJected to a sudden
"increase in reactivity.

B4 o . . B . -
With a constant steam flow from the separators, the pressure increases
as the power rigesg. This lncreased pressure opposes the power surge
by reducing the steam vold volume. Filgure 11 shows thils effect to he
much too small to be of any help. Even for a rather small Ak = 0.00005, L
the plle power climbs to cover 3100 MW; operation at constant steam flow
does in fact reduce the power level, as compared to operation at constant
pressure, but does so to a slgnificant degree only after the destructilve
power surge has occurred.

With a posltlve vold ceoefficlent of reactivity, there 1s a threshcld
value of 3k/de bhelow which osclllations 1n plle power, caused by changes
in reactivity, are small and decay wlth time. Flgures 12 and 13 show
that, for a plle power of 1220 MW and a core exlt steam quality of

about 30%, this threshold dk/d€ has a value of +0.0167.

¢. Concluslicns Concerning Metal-Fueled Bolling D,0 Reactors

The preceding twe artlcles have shown that a uranlum-metal-fueled
boiling-Ds0-cooled power reactor operating on a direct steam cycle

will probably be unstable unless a very fast, foolproof feedback

control system can be devlised. It is doubtful that any simple changes
in the reactor parameters, fuel element deslgn, or reactor system will
overcome this stability problem. Although these conclusions are subject
to confirmaticon by measurements of the vold and temperature coefficlents,
there 1s 1i1ttle likelilhood that they will be invalidated by the
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experimental data. Thus, 1t appears now that natural uranium metal fuel
elements will find applicatlon only in liquid-{or gas-) cooled power
reactors.

2. Machine Code for Computing Lattlce Buckling

A code was wrltten for the IBM 650 to calculate lattice bucklings by
use of the method described in the SRL contributions to the 1958 Geneva
Conference(a). The 1nput data required are the lattlce gecmetry, type
of fuel assembly, moderator temperature, lengths of fuel and end caps,
and, for tubular assemblies, the size and composltion of each region
within the fuel assembly.

At present, only the lattice parameters for tubular assemblles can be
computed with the code. The next step 1n this study will be to extend
the code to permit machine calculation of the lattice parameters for
clusters of solld rods. This latter calculation will employ the
approximation of Carlvik and Pershagen(aj for the effectlive surface for
regonance absorptlon of the clusters. The code will subsequently be
extended to include the calculation of the lattlce parameters for
parallel plate assemblies.

a. Buckling
2
The buckling, B, is obtalned from the critical equation, ¥
2
T.B

e (1)

Equation (1) may be solved for BZ as a polynominal in z = (k - 1)/M%,

k= {1 + LEBE)(I + TlBE)e

B2 =z - er + 2F22

2 1 2 2
F= 1Lt + 11, +3 7, ]/AW (2)

3

where

k = nepf

In the above equatlions and those below the followlng nomenclature 1s
used: )

k

2
B

Il

multipllecation factor

buckling
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L = diffusion area

T = neutron age

T, = "age" of fast neutrons

1. = "age" of epithermal neutrons

M? = migration area

1 = neutron reprcduction factor
€ = fast fisslon factor

P = resonance escape probabllity
f = thermal utilization

a, = 0.%78 for D0

Definitions of cther symbols are glven in the text as they are
encountered.

b. Thermal Utilization and Diffusion Area

Values for the thermal utilization, f, and the diffusicn area, LE, are
obtailned from the already avallable P-3 code for calculating the flux
distribution in cylindrical lattice cells. At present, the P-3 input
data sheet must be filled out to run a problem; however, a subrcocutlne

is belng prepared to calculate the required P-3 input data directly from
the Input data requlired for this bucklling code.

¢. Thermal Neuftron Reproduction Factor

At present, the fhermal neutron reproduction factor, 1, 1s assumed to
be a constant, 1.3%27, for all lattices.

d. TFast Fisslon Factor

The conventicon used in calcdlating €, the fast fisslon factor, 1s that
all fisslons in U2®® are included in € but the assoclated (n,7V) reactions
are included in p. Thus

5 =1+ a.d (%)

where & is the ratio of the number of fissions in U2%8 £o5 the number in
U225, The values for Y and Vi An natural uranium are taken as 2.51
and 2,46, respectively.

A famlly of curves was presented in Reference 2 that gave & as a
functlen of the radius of the fuel assembly and of the relative
amounts of Dg0, U, and Al. These curves were obtalined using the
modification of Spinrad's method(2).
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In this method, all of the material inside the outer uranium surface,
or inslde a surface defined by a rubber band stretched around the outer
uranium surfaces, 1ls homogenized. If the volume of this reglon 1is

V,, 1ts effectlive radlus 1is ry = (Va/ﬂ)l 2, The family of curves for

6 was fitted wlth the equation

2
& = [1 - {0.725 - O.225fu)fa] [0.0491 + 1.2116f + O.622fu]

x [0.0057 + 0.02057ra - 0.001133r§ ] (4)
In Equation {4),
fu = vu/(vu + VD)

fA = VA/(Vu + Vo VA) = VA/Va

Vys Vp: and Vp are the volumes of uranlum, water, and structural
materials, respectively, in the homogenized reglon.

e, Neutron Age

The expresslion used for T, the neutron age, is

2
(7) Vg 17

1l u
= {120 - 400 fN 1 - T "3 VT (5)

(7)

where fy is the atom fractlon of Hz0 in the moderator, Vi 1s the
total cell volume, Vg is the total volume of structural materials and
volds in the cell, and Vy 18 the uranium volume. Thils expressilon ylelds
T for 20°C water and must be multiplied by the square cf the ratlo of
the density of water at 20°C to that at the cell temperature, T. At
present this can be accomplished 1n the code by replacing 120 by

2
120 [g%%%T] as part of the i1nput. A calculatlon of the density of

D0 as a function of T 18 belng incorporated.

f. Rescnance Escape Probabllity

In the Geneva paper(z), the resonance escape probabllity, p, 1s assumed to
be linear in the fractional absorption rate,

(1)
NV (RI)

(6)

Ap = A®
PT (2 (v(® 4 v(T)
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where

(RI) = resonance integral
Eis = macroscoplc slowlng down power
= number of fuel atoms per cc

N
V'(l-)L = total volume of natural uranium in cell
V(6) = total volume of D30 in cell
V(T) = total volume of Hy0 1n‘cell

¢ = flux ratlo (defined below)

e
A = normalization constant (explalned below)

The code has been made a little more flexible by deflning p as

¥+ 2, (ap)° (7)

p=1-Ap + a_(4p

3
The SRL recipe given at Geneva is reproduced by taking a, = a) = 0;
an exponential dependence is obtalned by taking az = 1/2; ay = -1/6.

The correction for the fact that resonance flux 1s lower far out in
the moderator than 1t 1s near a source that does not absorb many

reschance neutrons was expressed by Critoph(4) and in the SRL recilpe
as a sum of the contributicns to the resonance flux from nelghboring
assemblies. In the present calculatlon this sum 1s replaced by the
ratio, ¢,, of flux in the center of the cell to the average flux in
the cell, ag given by the expression,.

Ty 1/2 2
o =1 +0.0089 (——) s - 6.2 (8)
c T .
M
where
K
N R -
TM VT 2 VT

and s 1s the trilangular lattlce spacing 1n inches.

In the SRL Geneva paper, the denominator of Ap contained the total
volume of the cell. This has been replaced with the total volume of
water 1n the cell, V 6) + V(7 . The value of (EES), the slowing down
power of the moderator, 1s taken as

(6

(€2 ) = 0.370 £ (7)

)
+1.53 £y

(10)

where N indicates the outermost region.
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The resconance lntegral that is used for uranlum 1s of the form

a Se Se °
RI =-G-;-+b(ﬁ) + c(-ﬁ) (11)

where S, 1s the effective surface of the assembly in cm2 per unilt
length and M is the mass in grams per unlt length. Values of a, b, and
¢ were quoted 1In the Geneva paper.(z) These constants should now be
different for two reasons. Originally they were obtalned to coptimlze
the agreement between the calculated bucklings and a series of central
hex measurements 1n the PDP. These measurements have slnce bheen
corrected. In addition, the constants were derlved using the total
volume of the cell in the denominator of Ap and the substitution of
the water vclume for the total volume will cause changes 1in these
constants. The constants will be re-evaluated by comparling measured
and caleculated bucklings.

The masa 1is

5

where a value of a_ of 0.46 1s used and V(l) and V(E) are the total
volumes of uranium”metal and uranlum oxide in the cell, respectlvely.
The effective surface is

M= 18.9 [v(l) + a V(g)] (12)

1
S, =S, + G [Ecs2 +Zi:Esisﬁ] (13)

where 3, 1s the outer surface for tubes or the rubber band perimeter
for plates or clusters. For tubes, S, 1s the interlor surface of the
1nnermost tube and S 1 18 the sum of the two surfaces faclng coolant
annulus number 1. Tge quantity, E,, 1s the effectliveness of the Inner
surface for resocnance energy absorptlons as gilven by

2

4 -1
E, = —%* [(Ey +y K (I () + 2yK ()T (y) - 2
- KT+ K )T, ()] (18)
where y 1s the reduced radilus
1 nb 2 2
so i 2 e [ ) 5
b n=1

The sum 1s taken cver all reglons 1lnslde the Innermost fuel regilon;
Bu(n) is the value of 21 in material M divided by 0.351, the value of
A‘l, the reciprocal of the transport mean free path in heavy water.
The effectlveness for slabs, Eg = [1 - EEB(tK‘l)], 1s used for the
effectiveness of the tubular surfaces separated by annulil, where E3 is
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the collision probabllity function for slabs and t is the slab thickness.
Tn the range of interest, Eg 1s accurately fitted by the polynomlnal

Esi

2 3
1.85xi - 2.00x1 + 1.00xi (16)

where x, 1s the reduced thlckness, which for the case of two tubes
only 1s gilven by

E : 2 2
P - 1
) B (n [ n I1r1—1:| ( 7)
=Ny 42
For other cases 1t is only necessary to change the limits of summation.

i Mr, g - Tpy

The quantity, Gg, corrects for the flux dip of resonance energy

neutrons withln the fuel assembly. It is the ratio of flux at the outer

surface to average flux 1ln the fuel. To obtain Go’ the assembly 1s

divided inte 3 homogeneous regions. Region I extends from r = 0 to

ro= Ty, the inner radius of the inner fuel tube. Reglon II extends from
= rp to ry; where Ty 1s the outer radius of the cuter fuel tube.

Reglon III extends from r_ to the outer cell radlus, ry. The flux

shape is obtalned by solving the diffusion theory equatlons,

2 —_
DV b, - (ezsI/ag)¢I +ap =0 (18)
D.V%__ -5 _6__=0 (19)
ITI 'II aIl II
Tt D LR T (BRI T L, 0T T T S (20) T
IIT° "IIT sIIT ITT IIT

where D 1s the diffusion coefficlent, EES is the slowlng down power
of the moderator, £ 1s the macroscoplc absorption coefficlent, Al is
the effectlve lethargy interval of the resonance absorptlon region 1n
uranium, and ¢ 18 the neutron source term.

The usual boundary conditlons of zero current at the cell center and
edge and of continuity of flux and current at.the two Interfaces are
applied. This gives numerical values for the constants, B and ¢, 1n

¢II(P) = BIO(mIIr) + CKO(KIIr) (21)
Then,
o, = ¢II(ra) (22)
F = ——=0 Br I ( e ) - Br I(k_.r ) - Cr K (k_.r ) + Cr K, (k-.r )| (23)
KIIVII a 1 a b IT b II 1 IT b
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and
G, = ¢s/¢ (24)

To solve the diffusion equations it 1s necessary to supply the ratio,
v, of dr to qryr. This 1s assumed to be

A6 L (1) /4(6) | (1)

1 V1 III © 'IIT
I TII

Values of k;, the extinctlon coefficlent and Dy, the diffusion  _
coefficient or, what 1s egulvalent, values of 2., Ztr’ Zapgs and £ the
macroscople cross sections for scattering, transport, absorption, and
the average logarithmic energy decrement per collision, respectively,
for each materlal are supplled within the ccde; they are not required
for each problem.

In the expression for Ap, A 1g a parameter that can be adjusted to
obtaln agreement between calculated and measured bucklings. Its
primary use 1s in calculating bucklings for a serles of simllar
assemblies, the buckling of one of whlch has been measured. It 1s
intended that A be determined for an experimental assembly and then ke
used for caleculatlng p and B2 for other simllar assemblies.

g. Calculatlon of Volumes and Surfaces

The volumes and surface areas required for the above equatlons are
calculated from the dlameters provided as input data for each reglon.

At present thils section 1s programmed only to handle tubular assemblies.
It 1s planned to extend the programming to handle clusters of rods and
bundles of plates. The only changes that will be requlired in the maln
part of the code are 1in the equations for surface effectiveness.

3. Shileldlng Experiments

Many of the current deslgns for Dg0-moderated power reactors require
internal thermal shields composed of various milxtures of iron and DZ0.
The effects of such shields are qulte complex and Ilnvolve the slowing
down and capture of fast neutrons, the absorption of slow neutrons, and
the attenuation of both the pile gammas and the gammas resulting from
neutron capture in the shield itself. Whlle these processes have been
studled extensively for iron-Hz0 mixtures, almost no experimental

work has been done on lron-Dg0 mixtures. In order to partially f1ll
this gap 1n the data, a few experlments were performed on a candldate
iron-Dy0 shield in the Shielding Studles Tank of the Process Development
Pile (PDP) at the Savannah River Laboratory.

The PDP shield test facllity conslsts of a stainless steel tank, 70 1lnches
high, 74 inches wide, and %0 inches thilck, positioned against the outer
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wall of the PDP at the vertical midplane of the plle. The shield tank
covers approximately a 50° sector of the PDP tank wall. A diagram of
the shield facllity is shown in Figure 14. During the experimesnts
described here, 49% of the volume of the front half of the tank was
occupled by "Duriren" grid blocks.

Two serles of measurements were made during the course of the Dg0
shielding experim=nts. One series compared the effects of DO

(99.16 mol %) and Hz0 in attenuatlng the plle leakage flux passing
through the shleld tank. The cther serles determined the neutron age
for Po-Be neutrons in the shield tank. Different tank fillings and
source positlons were used to cbtain age values for D20 and HgO as well
as for the varlous lron-water ratlos.

a. Atftenuatlion of the PDP Leakage Radliatlon in the Shield Tank

In the first set of experliments the PDP was lcaded with an unreflected

lattice of natural uranium rod clusters 1n Dg0. Leakage neutrons from

thils lattice had a cadmlum ratio for gold pins of approximately 3.7

at the tank wall. The effectlveness of the shield in attenuating these

leakage neutrons was determlned by ilrradlating geold and indium foils

placed throughout the shield tank. In the inner half of the shileld

the folls and plns were taped fto 28 aluminum strips and inserted at

the positions shown in Figure 1%. Spacers were used at these positilons
. to keep the folls approximately 0.5 inch from the iren. In the outer

half of the shleld tank a specilal frame constructed with 23 alumlnum

strips was used to hold the foils.

A plot of the relative flux distribution through the reactor and the

‘shield tank, as obtained from the gold pins and foils, 1s shown in
Figure 15 for both the Dg0 and Ho0 tank fillings. The distribution from
the indium foils are shown 1n Flgures 16 and 17.

The accuracy of these measurements as deftermined from average counting
statistics varied from *5% for the folls nearest the plle to +50% for
the folls in the lowest flux reglon in the center of the shield.
Essentially only the measurements made in the inner half of the shleld
tank have any meaning. BRecause the shield covers only a small portion
of the PDP tank, a large fraction of the PDP leakage 1s emltted without
atfenuation and some sizeable portlon of thls attenuated flux is
reflected into the shield tank. The cuter half of the tank serves
primarily as a shield agalnst the reflected radiation. Likewlse all
measurements are made at the center line of the shield tank to elimlnate
the effects of reflected radiations at the sides and %op. The magnitude
of this effect can be determined from the flux rise at the outer wall of
the shield tank.

Gamma ray attenuation through the shileld tank was determined from

photographlc film exposures wlth Ho0 in the tank. The results are shown
in Figure 18. No such measurements have as yet been made with D,0.
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However, the gamma ray attenuation coefficlient, as distinet from the
gamma source dlstribution, should be essentially identical for both
the Dz0 and Hp0 fillings.

r

b. Neutron Age

The age of Po-Be neutrons was determined for the various ratios of 1ron
and water used in the 1lnner half of the shield tank by measuring the
spatial distribution of the neutron slowing down density at the 1.4-0v
resonance of indium. In the same manner, the age was measured in the
outer half of the shield tank for both Hz0 and D0 (99.16 mol %) for
compariscn wlth previocusly reported values ). Because 1t was difficult
to establlish the effective boundaries of the mixtures, different source
positions were used. In this way the possible boundarles and, thus,
the value of T were bracketed. These positions were: (1) the inner
water space between the "Duriron" and the wall of the tank, (2) the

wet side of the outer wall, and (3) the space between the double wall
gpacer between the 1nner and outer half of the shleld tank.

In terms of the foll activitiles, T in spherical cocrdinates can be
expressed as

2

m
T (to 1.4 ev) = -%— = 4r [ r A{r)dr

24w [ rzA(r)dr

(1)

where r 1s the distance from the source to the detector and A(r) 1s
the measured activity. In crder to use thls expression 1n evaluating
T from the data, the logarithm of the foll activitles, A, was plotted
against r. A smooth curve was drawn through the experimental polnts.
This curve was then used to aid in the construction of the curve, 1n
Ar2 agalnst r. Also, 1n the cases 1n which the counting statlstics
were very poor, the logarithm of the product A'r was also plotted
agalnst r, where A' 1s the activlity of the bare indium foils. The
slope of A'r vs. r was used to extrapolate the 1n Are vs. r curve for
values of r greater than 30 cm.

The experimental curve of 1n Ar2 against r was extrapclated te Infinlty

by a7%uming that the slowing down density was proportional to

e-r'

5 at distances greater than 30 cm. The slope, A, of the

r
extrapolated portion of the curve was determined by welghting the
accuracy of the experimental polnts and the slope of the line drawn

for the curve, 1ln A're vs. r.

The extrapolated curve of 1In Ar2 vs. r was then used to construct plots
of Ar2 and Ar against r. The areas under these curves were measured
with a planimeter and the values thus obtalned were used for the Integrals
in Equation (1).




The experimental results are given in Table I. The errcors in 7 listed
in the tabie were estimated from the statistical error in the fell
countsg and the uncertainty in the extrapolated portion of the curves,
The following values of the neutron age were obtained by averaging the
values glven in Table I.

Neutron Age to 1.4 ev, Po-Be Neutrons

Current Experiments pp-163 (5}
2
Hz0 68 em” 56 cm
2 2
D20 (99.16 mol %) 151 cm 148 cm
2
HoO-"Duriron” 1:1 by volume 77 cm -
Dz0-"Duriron" 1:1 by volume 215 em® -

Although these values for the age are scmewhat hligher than those
previously measured, presumably because of the poor geometry of the
ghield tank, the agreement was regarded as satlsfactory for the purposes
of these experiments.

B. REACTOR FUEL MATERIALS

1. Fuel Elements of Uranium Metal

a. Thin Tubes for Irradiaticn Testing

Work has been started at Nuclear Metals on the development of modified

- fabrication—techniques—to- permit-the -production-of~thin-tubesg-of-uraniuvm——-— -

metal for irradiation testing. Several blllets of Zircaloy-clad
unalloyed uranium are beilng assembled for experimental extrusions to
determine the optimum extrusion temperature and to explore the effects
of various core-end shapes. Information from this study should assure
that tubes can be produced within speclifications for claddlng thickness,
especlally 1In the area of the core-end tapers. Concurrently, full-scale
tubes of unalloyed uranium are belng extruded, with blllef designs based
on the best information avallable from previous work.

Two types of core-end shapes, "spherical'" and "angular", were
incorporated iIn twe tubes extruded early In April. Subseqguent
autoradicgraphic and destructlive evaluatlon revealed thinning of the
outer cladding near both front and rear ends on the tube with the
"spherical” core-end shape and thinning of only the outer cladding near
the front end on the tube with the "angular® core-end shape. Accordingly,
the latter desgsign, with a slight modiflcation of the front, was usad
for a subsequent set of threes tubes. Autoradiography of one of these
tubes showed that there was st1l1l some thinning of the outer cladding
on the front end, as well as slight thinning of the inner claddlng. The
Processing of this tube willl be completed to permit its use for flow
testing at Savannah River. Evaluation of the other two tubes 18 not yet
complete.
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Two additional tubes of the thin-walled design, with U - 1.5 wt % Mo

and U - 1 wt % Si cores, respectlvely, were extruded as prototypes for
tubes desired for irradiation testing at Vallecitos. Evaluatlon of these
tubes 1s in progress, to determine whether the desligns used wlll be
satisfactory for fabricafion of similar tubes wilth 3% enriched uranium
cores.

. Swelling of Uranium-Base Alloys

As was reported in DP-495, an experimental program has been initlated
at the Savannah River Laboratory to characterize the metallurgical
behavior of uranium and some of its alloys during lrradlatlon at power
reactor temperatures. The objectlve of the program is to define the
causes and possible means of control of fuel swelllng. In this program,
Zircaloy-clad tubes of uranium about 8 inches long will be irradiated
in lead-insulated capsules of sgtalnless steel in a Savannah River
reactor. Progress durlng May in the preparatlon of these 1rradlation
speclmens is revlewed below.

Zircaloy-clad tubes with cores of U - 2 wt % Zr and U - 1.5 wt % Mo
were successfully ceoextruded to the reguired dimensions. Blllets are
now belng prepared for extruding the 1rradiatlon specimens. The flrst
group will contain unalloyed uranium. The billet cores for these tubes
will be machined from a heavy-walled tube that was pre-extruded from a
forged billet. The coextruded tubes will be sealed at the ends by
counterboring to remove the exposed uranlum and inserting a Zlrcaloy
end plug, which will then be welded to the sheath fto cocmplete the
clogure. Excellent welds were obtalned at these jolnts with the SRL
electron beam welder. A cross sectlon of a typical weld 1s shown 1n
Flgure 19.

The capsule for the tubular specimens 1s a tube that wlll be water-cooled
on both the inside and outside surfaces. The speclmens willl be enclosed
in stalnless steel cans formed by weldlng end plugs in the annulus
formed by two concentrlc tubes. The most desirable heat transfer
conditions require a 0.060-inch annulus of lead on the inside surface

of the specimen and a 0.122-inch annulus on the outside surface. Three
dummy assemblies were made to test the feasibllity of preparing such a
capsule. Both annull of each assembly were fllled with lead along the
entire length of the T7.5-inch specimen. Longitudinal and transverse
sections of the completed capsule are shown in Figure 20. The bottom
end plug and top spacer that were used in the experiment maintained

the desired concentriclty.

The encapsulation was performed 1n a vertlical tube furnace that was so
arranged that the specimen could be lowered at a controlled speed
through the furnace. First, a predetermined amount of lead was melted
in the can. When the lead was mclten, the specimen, with top spacer
attached, was inserted in the can. When the speclmen centered 1tself
on the conical bottom end plug, the assembled capsule was slowly

- 3% -
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lowered from the furnace to obtailn directional freezling. The result
was that the shrinkage cavity formed at the top of the capsule, where
heat transfer was not impcrtant. An inert atmosphere cover the molten
lead was necessary to avold the formatiocn of lead oxlde during the
encapsulation.

¢, Creep and Stress-Rupture Studies of Fuel Cores

Measurements of the mechanlcal propertles of unalloyed uranium and

U - 1.5 wt % Mo are being made at Nuclear Metals to determine whether
the differences in propertles of these two materials can be related teo
differences in their irradiation behavior. Under irradiation the
dimenslonal stablliity of the U - 1.5 wt % M> alley has been much
superior to that of the unalloyed uranlum. The measurements that will
be made under this study willl include (1) short-time tensile tests at
room temperature as well as at elevated temperatures and (2) creep
tests at varicus temperatures and lnltlal stresses. The unalloyed
uranium test speclimens were beta heat treated; the U - 1.5 wt % Mo
gpecimene were given a speclal heat treatment consisting of 15 minutes
at 775°C, a furnace cocl to 620°C, one hour at 620°C, and then an air
cool to room temperature in the evacuated heat-treatment contalner.
Thls latter heat treatment produces in extruded material a mlcrostructure
resembling that of the "as-cast" alloey.

Short-time tenslle tests to date have shown that U - 1.5 wt % Mo 1s
considerably stronger than unalloyed uranium at temperatures up to about
550°C. The ductility of the U - 1.5 wt % Mo lncreases with temperature.
Uranium, on the other hand, was anomalous in its behavior; the
elongaticn at rupture decreased continuously from 28% at 150°C to 18%
at 500°C, arid these Specimens were deformed over the full gage length. ~—

Creep and stress rupture data have zalso bheen obtained for U - 1.5 wt
%4 Mo, but are not yet avallable for unalloyed uranium. The results
for both materials will be reported when the tests on the unalloyed
cores are complete. :

d. Studies of Zlircalcy Cladding for Metal Fuel Elements

A study has been 1In pregress at Nuclear Metals to evaluate the factors
that may determine the service 1life of Zircaloy-clad fuel elements

by affecting the strain limlt of the cladding and/or the core. Last
month, in DP-495, a summary was lncluded of the experlimental results
obtalned from burst tests of samples of cladding, core, and c¢cladding-
core composite, representing varlous fabricatlion parameters. The
results of subsequent metzllographlc examlnations are now avallable

£o aid in interpretation of the experimental observations.

The recent test results indicate that the ductllity of unalloyed

uraniuvm in the beta-treated condltion is improved (from 6 to 15%
fracture strain) by the standard acceptance corrosion test for clad
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specimens, i.e., 24 hours in 340°C water plus 24 hours in 400°C, 1500
pel steam. Thisg thermal treatment causes a reduction of the average
graln size from 120 to 85 microns. This graln refinement and the stress
relief that probably accompanies the recrystallizatlon appear to be a
reasonable explanation for the observed 1ncrease In ductility.

The burst tests indlcated a limited ductility (8% fracture strain) for
speclmens of Zircaloy-clad U - 2 wt % Zr in the diffusion-heat-treated
condition. In contrast, the core alone, tested in the same metallurgilcal
condlitlon, gave 18% fracture strain. Also, durding burst testing of the
cilad specimens, cracks were formed at the c¢ladding-core Interface, and
these cracks led to dimpling of the cladding. Metallographlic examlnation
of these speclmens revealed a diffusion zone between cladding and core
that was about 0.0055 Inch thick and comprised four or five bands. In
this zone were large cracks parallel to the tube axis; the cracks were
widest in the diffusion zone, but many of them penetrated infto the core.
These observations indicafte that the low ductllity of the diffuslon

zone 1s probably the factor limiting the ductllity of these diffusion-
heat-treated fuel tubes.

2. Fuel Elements of Uranium 0xide

a. Vibratory Compactlon Plus Swaging

Equipment for experlmental study of the vitratory compaction of fuel
elements of uranium oxide was put into service at the Savannah River
Lahoratory. This equipment consists of an MB Electronics Co. Vibrator
(Model C-10) and a Model T-151 amplifier. When oxide tubes were
compacted in thls equipment,; the number of subsequent swaglng passes
to achieve a final density of nearly 90% was reduced from twelve to a
maximum of six. Six tubes with stalnless steel cladding were loaded
with -20 mesh Norton fused,UOE; the tubes were vibrated at 550 to

625 cps with an acceleration of 20g. Densities after vibratory compaction
ranged from 70 to 76% of theoretical density. The tubes were swaged
to final densities that ranged from 85.3 to 89.5% of the theoreticsal
density, as shown in Table II.

Vibratory compactlion and a new hydraulic feeder for the swager produced
the smoothest tube surfaces achieved to date.

. Improvement of Vibratory Compaction

Initlal experiments wlth vibratory compactlon were conducted tc determine
the optimum distributlon of particle size for high packlng densltiles

of fused U0s. Although tubular elements are the deslred shape, rods

were used ln these experiments. Both tubular and rod elements have

shown maximum settling at the resonant frequency (between 400 and 650

¢ps for both 2-foot pileces and 4-foot pleces). The maximum density
attalned was not dependent upon the acceleration, but the rate of
settling was greater at hilgher acceleratilons.
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The particle size distributions of "as-pulverized" -20 mesh Spencer
fused U0, or Norton fused UOp did not result in a satisfactory increase
in packing density 1n the vibratory compaction rod speclmens. However,
conaiderable 1lmprovement was obtalned by blendlng various particle
glzes in special mixtures. These results are shown in Table III. The
maximum density achleved thus far was 88%, which was obtalned with a
mixture contalning 58.0% of -10/+16 mesh particles, 15.2% of -70/+100
mesh particies, and 26.8% of -200 mesh particles. These data will be
applied to the compactlon of tubular specimens.

C. TIRRADIATION TESTS

1. Coextruded Tube of Unalloyed Uranium in NRU Reactor

The Zircaloy-clad tube of unalloyed uranium that is belng irradlated
in the E-20 loop of the NRU reactor at Chalk River was removed from
the reactor for interim examination after reaching an average exposure
of 750 MWD/T and a maximum exposure of 950 MWD/T. Results of this
examination were generally satisfactory; the maximum volume increase
was less than 1.5%, and the strain in the outer cladding was 0.14%.
In view of this satlsfactory behavior, 1t was decided to contlnue the
irradiation. Mechanlical difficulties not related to fuel behavior
precluded immediate relnsertion of the element, but plans are belng
made to correct these difficultles so that the test can be resumed

at an early date. . o

2. Tube Description and Operating Condltions

The purpose of the irradlation test is to obtaln data on the dimensional '

stabllity of tubes of unalléyed uranium under irradiation conditions
approximating those predicted for D,0-moderated power reactors. The
nominal dimenslons of the coextruded tube were as follows:

Cutside dlameter 2.070 1nches
Inside diameter 1.467 inches
Cladding thickness {Zircaloy-2) 0.030 1nch
Over-all length 11 feet
Effectlve core length 8.9 feet

A typlcal set of operating condltions are:

Reactor power 200 MW

Total power output of lecop 935 KW

Power output of fuel 885 KW
Maximum specifie power 22.9 MW/T
Maximum heat flux 275,000 pcu/(hr){(ft2)
Maximum-to-average flux ratio 1.265

Coolant flow 202 gpm
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Loop pressure 1090 psilg
Coolant inlet temperature 177°¢C
Coolant outlet temperature 196°¢C
Maximum surface temperature 250°C
Maximum core-clad interface temperature 335°¢C
Maximum core temperature 4o0°c¢

During this initlal exposure, the conditions outlined above were
maintained so that the maximum metal temperature durlng full-power
operation was held to 400 t5°C. Eight thermal cycles (trips or scrams)
were experienced; the duration of these cyclies ranged from 5 to 40
minutes.

b. Postirradlation Measurements

Volume Changes - Diameters were measured at a number of
inspection statlons along the length of the fuel tube by means of a
Dixle Gauge. The Dixle Gauge 18 an underwater device whosge maln
component is a linear differentlal transformer, the signal from which
1s transformed into a dlrect reading of diameter. These measurements
and the resultant calculated volume changes are shown 1n Table IV
together with the fuel exposure and calculated temperatures at each
station. The temperatures are based on a maximum metal temperature
of 400°C. These dlameter and volume changes are also plotted in
Figure 21. As seen in this figure, a falr amount of scatter was
observed because of the small magnitude of the changes in dlameter.
The real changes 1n dlameter are most likely represented by the smooth
curves in Flgure 21. On this basis, it is concluded that the maxlimum
volume change 1s between 1.0 and 1.5%.

A comparison of the behavior of thls tube with that of a U - 2 wt % Zr
tube irradiated at Vallecltos (see DP-475) shows no significant
difference in the amount of volume change for the same exposures.
There 1s, however, a significant difference 1n the manner by which
these two tubes increased 1ln volume. The outside diameter of the
Vallecltos tube changed about 3.5 times as much as dild the inside
diameter, but in the NRU tube the change in outslde dlameter was no
more than one-half the change 1n inner diameter.

Based on a maximum lncrease of 0.003 inch in the outslde dlameter
(Station 1% in Table IV), the maximum strain in the outer cladding of
the NRU tube 1s 0.14%, which is well within the performance limilt
normally considered acceptable for conditions such as those of thils
test.

Surface Appearance - Prior to irradlation, the surface
of the element was characterized by slight undulatlons most easily
observed by oblique light. These surface undulations extended over
the entire length of fuel and probably occurred durlng the beta heat
treatment. Wlith proper lighting, the undulations were observed in the
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postirradiation examlnation with no notilceable change except over the
end seals, where some minor additional rippiing apparently occurred.
The surface after irradlation was black and shiny with no sigh of film
builldup.

2. Slugs of U - 2 wt % Zr

Four Zircaloy-clad slugs of U - 2 wt % Zr were inspected visually

after belng lrradliated to modest exposure at uranium temperatures in
the range of 1interest for Dz0-moderated power reactecrs. The four slugs,
which were clad with 0.005 to 0.025 inch of Zircaloy-2, were irradlated
in a Savannah Rlver reactor with the objective of obtalning data on the
effects of cladding thickness and exposure cn the dimensional stability
of the U - 2 wt % Zr allcy. The irradiation condltions for these slugs
and the results of similar tests on eight other slugs are repcrted in
DP-340. ’

The 1nspectlon revealed that one end cap had separated from the slug
that had 0.005 inch of c¢ladding. The separation was at the core-cap
interface. This is the second instance of end cap separation on a

slug with 0.005 inch of cladding. No cracks were detected in the
cladding over the cores of the sluge. A more detalled inspectlon of the
slugs will be made at higher magnification, and dimensions will be
measured after the cladding ig cleaned.

3. Swaged Tubes of Uranium Oxide

The assembly of swaged oxide tubes that falled during irradiation 1n a
Savannah River reactor (see DP-485) was disassembled, the locatlon and

" rature Of the fallure were established, and preparations were made for

metallurgical examination of the failed element. The assembly contailned
five tubes of uranium oxide that were swaged 1n stalnless steel claddling
with welded end closures. Each tube was 2.14 inches in 0D, 1.46 inches
i1n ID, and 2 feet long. Measurements of radicactivity release from the
individual tubes revealed that the third element in the column of five
was the one that had failled. A phetograph of the failure is shown in
Figure 22. The failure was 1n the form of a 9-inch-long crack in the
outer cladding at a position opposite one of the ribs cof the housing
tube. Apparently, little or no uranium oxide escaped.

Although the cause cof the fallure ls unknown, several hypotheses have
been advanced. The most probable causes are (1) internal steam formation
following "waterlogging”, and (2) volume Increases produced by conversion
of U0, to UzOg; elther of these modes of failure requlres the presence

of an initial cladding defect. Such defects might have existed in the
welded closures, might have been introduced in the tube wall by the cold
swaging operatlion, or might be ascribed to the use of "Weldrawn"
stainless steel tubing; however, tests of swaged tubing from the same

lot indicated that the metal ls ductlle and the weld is sound. Other
hypotheses ascribe the rupture to thermal expansion of the oxide, water
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originally present in the element, corrosion of the cladding, or buildup
of fission gas pressure.

I, Swaged Rods of Uranium Oxide

Postirradiation examination of four swaged rods of arc-fused U0, -clad
in stalnless steel and irradiated in the MIR revealed no appreciable
changes 1n speclmen dimensions (Table V) or in general appearance. The
rods were punciured and the fisslion gases were collected for analysis
by mass spectrograph.

The rod assembly was Irradiated in reflector positlon A-39 in the MIR.
The estimated fuel power ranged from 10.2 KW/ft at the reactor midplane
to 2.2 KW/t near the top of the core. The calculated maximum burnup
was 4460 MWD/T of uranium. The power and burnup values summarized in
Table V are based on a peak unperturbed thermal flux of 1.15 x 1014
n/(em?){sec) as reported by MI'R personnel and on a typical flux pattern
for a similar test position. These values are tentatlve and subject

to correctlon or confirmation by the postirradiation burnup analyses.

5. 8talnless Steel Weld Metal

Comparative lrradiation tests of stainless steel weld metal and of
parent plate showed that welds in Type 3C4 stainless steel have higher
yvield strength and lower ductllity than does the parent plate, both
before and after lrradlation to fast neutron expesures as high as

1.2 x 1041 n/cme. The effects of irradlatlon on the tensile
properties and the hardness cof weld specimens are summarlzed in
Pigures 2% through 26.

The speclmens that were usged 1n these experiments were machlned from
5/8-inch plate of Type 304 stalnless steel that was butt-welded with
Type 308 filler metal according to du Pont standard englneering
specifications. The longitudinal axes of the specimens of weld metal
and of the heat-affected zone were 1n the direction of the weld line.
The parent plate was in the "as-rolled" condition prior to welding.
The specimens were irradiated while 1lmmersed in high purlity D0 at a
temperature of less than 100°. Fast neutrons are defined here to
include all those with energies greater than 0.1 Mev.

D. JOINTS OF ZIRCALOY AND STAINLESS STEEL

One of the chilef problems that must be faced in the deslgn of pressure
tube power reactors is that of Jolning pressure tubes of Zlrcaloy to
coolant distrilbutors of stalnless steel. A bonded Jjoint 1s thought to
be a potentially petter solution to this problem than 1s a mechanlcal
Joint because the former is more compact. Therefore, a program was
undertaken at Nuclear Metals, Inc., under a du Pont subcontract te
develop a suitable process for fabricatlion of a bonded joeint. The
progress of thils program was discussed in DP-445 and In subsequent
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progress reports. This article descrlbes the fabricatlon process that
was developed at Nuclear Metals and recapitulates the various tests
that have been performed on Joint specimens.

1. Fabricatlon Process

The bonded Jjoints produced at Nuclear Metals are prepared by extruding
stainless steel and Zlircaley ln tandem in fthe stated order. Prepared
billets of the two materlials are etched, assembled intec an evacuated
can, and extruded at 870°9C. After the extruded speclmen 1s cooled, it
1s machined te final dlmensions. The shapes of the billet and the
extruded jolnt are shown 1n Figure 27.

Y com A

P S e 1

The principal process varlables are as follows:

a. Temperature - Extrusion temperatures of 815, 870, and
900°C were tried with equally good results. At 815°C, the stainless
steel wag stiffer than was desired, while at 900°C the thickness of
the bond layer was excesslve. The Intermedlate temperature was selected
as the process standard although temperature conftrel appeared not to be i
a particularly critical factor.

b. Ram Speed - The ram speed was varled from 13 1nches per
"minute to 140 inches per minute without notlceable effect on the
extrusion. The lower speed was selected as the standard speed.

iy o~ Y

¢. Reduetion 1in Area - Extruslon ratics of & and 10 were
investigated. No difference 1n results between the Ltwo was noted, but

d. Cocling After Extrusion - Although 1t had been thought
that rapld postextrusion cooling would be helpful in minimizing growth
of the diffusion layer, an investigation of water quenching and ailr
quenching Indicated that the guench method does not have a detectable
effect on the diffusion layer.

e. Bond Layer - The use of fitanlum and nioblum as Interface
materials to faclllitate bondlng between the Zircaloy and the stalnless
steel was investligated. The titanium produced a low-strength joint
that had poor corrosion resistance. The nlobium joint alsoc exhibited
poor corroslon resistance. In view of thegse findings, the use of [
Interlayers was discontinued, "

f. Types of Materlal - All of the development work thus far
has been with jolnts containing austenltic stainiess steels; no stainless
steels in the 400 series have been investlgated. Most of the develop-
ment has been with Types 304L and 347; Type 304 has been used 1in a few
rod extrusions wilth good results. Zircaloy-2 has been used for all
Jolnts fabricated to date.
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2. Characteristics of the Jclnt

Evaluation tests indicate that the properties of the tandem-extruded
Joints are as follows:

a. Strength - By proper contrel of the geometry of the
extrusion billets, the joint interface 1s a taper that 1s 8 to 12 inches
long. With such an 1nterface, the operating stresses at the jolnt are
chiefly shear stresses. Tensile tests show that the strength of the
Joint 1s greater than that of the Zircaley-2. All of the fallures in
some 25 tenslle specimens occurred in the Zircaloy-2, which exhlblted
strength values of 30,000 to 50,000 psi.

b. Bond Thickness - The thlckness of the d4iffusion bond is
0.0001 to 0.0002 inch.

¢. Brittleness - Although the interface layers are more
brittle than the parent metal, this does not appear to be disadvantageous.
A tensile test of a joint specimen that was rolled to 20% reduction in
area resulted in fracture of the Zircaloy-2 rather than the bond. No
separation occurred at the interface when longitudinal strips from a
2-1nch-0D tubular jolnt were subjected to 260° bend tests.

d. Corrosion Resistance - In 28-day corrosion tests of
several specimens Iin water at 360°C, there was no evlidence of preferentlal
corroslon at the joint interface. Thils test is estimated on the basis
of Zircaloy weight gain to be equivalent to 8 years of exposure to water
at a service temperature of about 250°¢. Bond strengths of other Jolnt
sectlons were measured by performing stud-weld tests after a 14-day
corrosion test of the sectlons in water at 360°C. The exposure to
elevated temperature apparently did not adversely affect the bond
strength.

e. Fatlgue - Twec tubular Jolnts successfully wlthstood a
116-cycle test in which they were Internally pressurlzed with water at
a maximum temperature of 260°C and a maximum pressure of 1000 psi.
Metallurglical examination of the joints after completion of the cyeclic
tests disclosed no distortion and no correcsion.

f. Cracks - No cracks were detected in Jolnts that were
examined at a magnhification of 1500.

E. HABAVY WATER LEAKAGE

The mechanical seal assembly on the outboard end of a centrifugal pump
in a flow loop at the Savannah River Laboratory was recently modified

so that the rate of leakage of water vapor from the seal could be
measured. As discussed in previous reports, the vapor leakage from
mechanlcal seals is of interest in the design development of DgO-
moderated power reactors because such leakage 1s not readlly recoverable.
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During the first 6 hours of operatlon at a pump suctlion pressure of B850
pslg, the maximum vapor leakage from the test seal assembly was less
than 0.02 1b/yr of water, which 1s insignificant. The measurement of
1liquid leakage from both the inboard and outboard seals of the test pump
is contilnuing. The liquid leakage during 103 days of cperation averaged
%50 1b/yr from the inboard seal and 730 1b/yr from the outbhoard seal.
The pump, which is driven at 3600 rpm by & 200-hp motor, 1s used to
recirculate deionized water at a maximum flow of 2800 gpm and at 260°C
1n the test loop.

The outboard seal and bearing assembly of the the test pump and a flow
dlagram of the liguid and vapor collection systems are shown In Filgure 28.
Any vapor that leaks past the throttling ring In the seal flange 1s swept
out of the vapor collection chamber by a metered stream of dry nitrogen.
The vapcr leakage 18 then measured by analyzing the effluent stream of
nitrogen for moilsture. A positive pressure of about 2 Inches of Hp0 1s
malntalined in the llquid and vapor collection systems to prevent lnleakage
cf alr. Leakage rates between C.005 and 50 1b/yr can be measured with
the molsture-detecting instrument.

The average vapor leakage from a mechanical seal on the outboard end

of the bench-scale seal test equipment discussed in DP-495 was 7 1b/yr
of HpO during a 55-hour test at a shaft speed of 3600 rpm and at a
pressure of 1000 peig. The average llquid lezkage from the seal during
this pericd and at the ‘same conditions was 200 1lb/yr of HgO: -A -
"Durametalllc'" mechanical seal for a shalt dlameter of 2.63 inches was
used for the test. An ldentical seazl except for a shaft dlameter of
2.00 1nches was also tested at the same tlme on the Inboard end of the

_tester, However, on the latter seal only the liquid leakage was measured,

Y e

becauge it was not practical to meodlfy the test apparatus for measurlng
vapor leakage. The average liquid leskage from the inboard seal at the
above conditions was 510 1b/yr of HsC. The leakage colliectlon systems
were almost 1dentical with those discussed above and shown 1n Filgure 28;
the mechanical design of the "Durametalllc" seals was also similar to
that of the seal on the centrifugal pump.

¥. HEAT TRANSFER

1. Burnout Heat Flux of Roughened Surfaces cof Zircalcy

The measured burnout heat flux of a water-cooled surface of Zircaloy-2
that was intentilonally roughened wlth a diamond knurl pattern was 40%
higher than that of a smooth Zircaloy surface at the same coolant
conditicns. The fricstion factor for the roughened surface was 1.8 times
that of the smooth surface. These measurements were made as part cof a
program to determine whether a significant ilncrease in heat transfer
limits for fuel assemblies in a liquld-Dz0-cooled reactor can be realized
by mechanical roughening of the cladding surface. Although the
experiments were conducted at pressure levels which are well below those
of interest for power reactors, 1%t 1s not expected that the effect of
surface roughening on the burnout heat flux will be greatly different at
hilgher pressures.
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The results of burncut teats on two knurled specimens of Zircaloy-2 are
shown 1in Table VI. Simllar data for smooth speclmens were presented

in DP-U4L45. The burnout heat flux for the knurled specimens was about

10% lower than that of a knurled surface of stalnless steel at the same
frictlon factor. The tests were made with electrically heated tubes

of Zircaloy-2 that were 0.50 inch In dlameter and 2} 1nches long. The
heated specimen formed the inner surface of an annulus and was cooled
wlth subcooled water. The outer surface of the annulus was formed by a
smooth houslng tube of glass. The Zircaloy-2 that was used for tThe fests
on rough surfaces was not etched or autcclaved.

2. Design of Fuel Assemblies Cooled by Beiling D0

At present, the design of fuel assembliles for a bolling D0 reacter

is nhampered by lack of adequate experimental data on heat transfer
burnout and hydraullc characteristics for flow of bolllng water,
Experimental programs at the Savannah River Laboratory and at Columbila
University are directed toward obtalnlng such information 1n sufficient
quantity to make relilable designs of fuel assemblles. In the meantime,
avallable calculatlonal methods are being used as a basis for appralsing
candidate fuel assemblles for ilrradiation 1n the bolllng D0 lcoop of
the HWCTR. The results of the appllcation of these methods to
concentric-tube assemblies and to clusters of rods are summarized in
Tables VII and VIII, and are discussed in the followlng paragraphs.
These results indicate that a satlsfactory distribution of bolling
coolant can be achleved in both types of fuel assembly from the stand-
polint of uniformity of steam quality.

The flow distributlion in the fuel assemblies was calculated by the method
outlined in DP-445. This method treats a steam-water mixture as a
homegeneous fluid, the properties of which are obtalned by welghting

the properties of the two phases according to thelr relative mass.

The applicability of this method to flow in Individual tubes has been
verified at pressures of about 100 psi.

The two types of assemblles presently belng considered for 1irradlation
in the bolling Do0 loop of the HWCTR are (1) two concentric tubes of
metallic uranium, and {2) a bundle of 19 rods of uranium oxide. Both
of these assemblies were described in DP-485. The concentric-tube design
contalnsg three coolant annull that are not lnterconnected along thelr
length. They all have the same total pressure drop, the same exit
pressure, and the same inlet subcoollng. Once the heat release to each
annulus and the total cocolant flow are specifled, the divislion of flow
in the element can be calculated by matching the pressure drops in the
individual annull. The exlit steam qualltles can then be calculated.
The results of these calculations at nominal operating conditions for
the bolllng D,0 loop are shown in Table VII. These data indicate that
the design descrlbed in DP-485 provides adequate coolant distribution
(Design I in Table VIT). Uniform steam quality could be achieved by
decreasing the dlameter of the housing tube, but thls deslign change 1s
not regarded as essential for purposes of HWCTR irradiatlon tests.
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The basle rod bundle design that was considered in the calculatlons 1s
compoged of 0.55-inch~dlameter rods on G.63%-1inch centers. The lnner
gseven rods are arranged hexagonally, while the peripheral twelve rods
are arranged on a cirecie. In the calculatlcons for the 19-rod bundle,
the total cross section for cocolant flow was divided Into three
regions, as follows:

Inner reglon - bounded by the central rod and the hexagon
defined by the centers of the six middle rods.

Middle region - bounded by the hexagon defined by the centers
© of the six mlddle rods and by the circle
defined by the centers of the twelve
peripheral rods.

Outer reglon - bounded by the circle defined by the centers
of the twelve peripheral rods and by the
housing tube.

These three reglons were treated as though they were not interconnected,
i.e., 1t was assumed that nc crossflow of coclant could occur between
the reglons. This assumptlon is gquestionable, particularly since the
rods are spaced by helical ribs which may promote mixing of coolant.
Otherwise, the calculations were the same as those for the concentric-
tube assembly. The results are presented in Table VIII. It is seen
that the. indicated distribution of coolant is poor for the 19-rod.bundle
in a circular housing tube. Better coolant distributicns could be
obtalned by using a scallcoped housing tube to eliminate some of the
cross section for flow in the outer reglion, or, alternatively, by
substituting a dummy rod for the central fuel rod to reduce the heat
input to the 1nner reglon. B
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TABLE I

SUMMARY OF AGE MEASUREMENTS IN PDP SHIELDING TANK

Area Asrz, Area Asr“,

T to 1.4 ev

46 -

Po-Be x 10° em® x 10% en® Ei:acinfd
Source Neutrons, Estimated Extrapclated Extrepolated 8 X,
Positlon _Mixture em® Error, em® Total Portion Total Porticn Extrapolated _enm
Front Da0-Iron 214 +25 T0.G2 15.84 90.85 50.6 67 16.6
Center Do0-Iron 216 +20 138.65 32.1 179.9 12¢.9 67 18.4
Front Ha0-Iron 8s 10 79.65 4,95 4.05 1.4 34 11.2
Center Ha0-Iron 63 £10 17.36 0.67 7.28 1.92 26 9.6
Rear Dgl 168 25 184.7 32.7 186.6 113.9 61 15.9
Center Dg0 161 120 132.5 22.4 106.1 67.1 58 15.1
Rear HpO 79 £10 13.41 0.55 6.4 1.70 27 g.6
Center Hz0 56 *10 12.76 0.375 4,31 1.00 2% 9.7
TABLE II
DENSITIES OF OXIDE TUBES PREPARED BY
VIBRATORY COMPACTION AND SWAGING
UQp Denslty After UC, Final Density, & of Theoretical(a)
Vibratory Compaction, Area Reduction During Swaging, %
% of Theoretlcal E] 17 21 26
70.0 76.9 §9.8 B6. 4 88.4
72.1 78.6 87.5 87.3 89.5
T2.7 79.3 87.5 87.8
* - 72.1 78.9 87.3 87.6 -
76.2 83.0 86.8
73.2 80.0 85.3
(a) Final densities were approximated from tube diameters and
elongatlion, which may account for the nonuniform density
- - = == s ssms—increases -Pensity-measurements are~int progresss -
TABLE IIT
VIBRATORY-COMPACTED DENSITY OF OXIDE RODS
MADE FROM BLENDS OF VARICUS PARTICLE SIZES
{a) U0, Density,
Welght Per Cent of Indicated Size Fraction % of
-20  -6/+10 -10/+16 -20/+h0 -LO/+70  -70/+100 -120/+200 -200  -325 Theoretlcal
100% - - - - - - - - 71.6
8og 20% - - - - - - - 76.5
60% hog - - - - - - - 79.6
Loz G0% - - - - - - - 73.1
- 50% - 30% - - 15% - 5% 0.4
- hog - 35% - - 20% - 5% 8z2.8
- 30% - Log - - 20% - 10% 83.0
- 80% - - 15% - - 25k - 8.7
- - 58.0% - - 15.2% - 26.8% - 88.0
(a) Size distributicns are shown In terms of U. 5. standard aleve seriles.
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TABLE IV

VOLUME CHANGES IN ZIRCALOY-CLAD TUBE OF UNALLOYED URANTUM

After Irradiatlion in E-20 Loop of NRU Resactor

sguares it of the data of Hedge (AECU-3381).
- oxygen 1s k{U0p,. )} = k(UDa}{1-%.3x], which 1s based on data reported by Runnalls (CRL-55).
(c} BStandard deviations in parentheses

- 47

Inches
from
Bottom Temperatures, °C Average Diameter Per Cent
Stn. Tip of C{entral Clad Exposure, Change, mils Volume
No. Fuel Metal Interface Surface Coolant MWD/T Qutside Inside Increase
L) 2 278 247 205 177 380 0.8 +1.5 -0.08
5 8 312 271 216 177 595 -0.1 -0.2 0.02
6 14 335 286 224 178 680 1.6 -1.8 c.7¢
7 20 360 300 230 178 745 C.k4 -2.3 0.51
8 26 370 310 235 179 810 1.2 -2.3 0.70
9 32 382 319 240 180 860 0.9 -5.0 1.1
: 10 36 388 32k 243 181 895 1.2 -5.2 1.2
11 40 392 328 244 182 915 0.9 -3.9 0.91
12 31 358 31 246 183 935 1.8 -5.% 1.4
13 48 400 334 247 184 g45 1.8 -6.0 1.5
14 52 400 335 250 185 955 3.0 +3.8 1.4
15 56 397 333 250 186 ghs -3.0
16 60 390 326 250 187 905 4.0
17 64 388 323 250 188 880 -3.6
18 68 384 320 249 189 B850 1 -2.1
19 72 378 317 248 150 820 o -3.6 i
20 76 371 313 al7 191 790 g -2.3 @
21 80 365 305 =3 192 Th5 a -2.8 2
22 86 353 294 245 193 £85 3 -1.8 G
23 g2 338 283 240 194 610 j .2 3
ek 98 310 258 230 195 585 2 1.2 2
25 104 270 235 217 196 430 -1.2 =
2% 110 215 205 200 196 325 ' -0.7 '
TABLE V
FABRICATION AND IRRADIATION DATA FOR RODS OF
SWAGED URANIUM OXIDE IN STAINLESS STEEL CLADDING
Bulk Power(a), Bur‘nup(a), Egtimated Central {e)
Specimen Density, KW/t MWD/T of U Temperature, °ciP} Diameter, in. Length, in.
Number glem® 0/U Retlo Avg. Max. Avp. Max. _Avg. Max. Before After Before  After
428H 9.96 2.132 5.6 9.1 2460 35960 1140 2620  0.575 0.575 11.33 11.34%0
(.0010) (.0015)
L31C 9.86 2.087 g.6 10.2 4190 4460 1540 1680  0.575 0.575 6,12 6.129
{.0012} {.0013)}
428c 9.56 2.132 6.8 10.2 L4280 4460 > 2760 > 2760 0.5T4 0.574 6.61 6.606
(-o012) (.0009)
431H g.86 2,087 6.0 5.4 2640 #1100 T60 1498 0.575 0.575 11.59 11.603

{.0009) (.0016)

(a) The power and burnup levels are based on a peak unperturbed thermal flux of 1,15 x 10111 n/(cmz)(sec),
(b} The tentral temperatures were computed with a thermal conductivity functlon constructed by a least
The correction to thermal conductlvlty for excess




TABLE VI

BURNOUT HEAT FLUX OF DIAMOND-KNURLED ZIRCAIOQOY-2 SURFACE

Electrically heated specimens (0.5 in. dla. x 24 in.
long) were cooled by liquid water; speclmen surfaces
were roughened by medium dlamond knurls (235 points/in.?Z)

Run number 1 2
Depth of roughness, 1n. 0.015 0.015
Channel thickness, in. 0.187 0.187
Coolant veloclty, ft/sec 14%.9 15.0
Pressure, psié 0.7 49.6
Subcooling at burnout point, °C 63.8 41.0

Friection factor of rough surface
divided by friction factor of
smooth surface 1.78 1.80

Burnout heat flux,
peu/{hr) (£t%) 1,500,000 1,300,000

Burnout heat flux for smooth
Zircaloy-2 surface,
peu/(he) (££%) 1,083,000 935,000

Ratic of burnout heat flux for
rough surface to burnout heat

- - - —flux--for-smooth- surface-at-same s e

veloclty, pressure, and channel
thickness 1.39 1.40
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TABLE VII

HEAT TRANSFER IN CONCENTRIC-TUBE
FUEL ASSEMBLIES COOLED BY BOILING WATER

Deslgn
Housing ID, in.
Quter 0D, in.
fuel tube ID, in.
Inner oD, in.
fuel tube ID, in.
Coolant
mass Inner
veloclty, - Middle
1b/(sec){ft%) outer
Coolant Inner
flow, Middle
1b/hr Outer
Steam Inner
quality, % Middle
Quter

Pressure
drop, psi

Power

Coolant flow (H50)

Pressure

Subcooling

Tube length

{a) See DP-485
(b) Design I modifiled to yleld equal exit
steam qualities

1

(a)

2,40l

2.06
1.70

1.020
0.660

545
545
545
4,700

19,800
21,100

14.1
14.5
9.7

10.6

1.43 MW
45,600 1b/hr
795 psla

= 9°C
= 9.5 ft
Axial cosine flux distrlbution
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II(b)

2.45

2.06
1.76C

1.020
0.660

613
624
512

5, 200
22,700
17,700

12.2
12.2
12.2

11.7




TABLE VILT

HEAT TRANSFER IN FUEL ROD CLUSTERS
COQOLED BY BOILING WATER

Design (8 () ppgle) v y{P)
Housing shape Circle Circle Circle Scalloped Scalloped
Number of fuel rods 19 18 18 19 18
Pressure drop, psil 12.5 12.8 10.9 20.5 20.8
Coolant Inner 280 382 770 490 650
mass Middle has 410 345 730 710
velocity Outer 630 620 515 550 535
1b/(sec) (ft%)
Coclant Inner 2,300 3,100 9,800 4,000 5,300
flow, Middle 13,600 13,400 11,300 23,900 23,200
1b/hr Quter 29,800 29,400 24,400 17,600 17,100
Steam Inner %9.8 19.3 3.8 21.0 10.0
quality, % Middle 20.1 22,1 27.0 10.3 11.3
Quter 6.2 7.1 8.9 12.8 14.1

Power = 1.43 MW

Coolant flow (H50) = 45,600 lb/hr

Pressure = 795 psia

Subcooling = 9%

Axlal coslne flux dlstribution

‘(a)  See DPLBS T - T e STt e
(b) No heat generatlon in the central rod
(c) Smaller central rod (D = 0.25 in.) with no heat generation




Weld to 5’7 Sch 40 CS Pipe for Test

Termination of Prototype Joint

43% Ni-57% Fe
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Gold Gasket Zircaloy -2

v

FIiG.1 PROTOTYPE OF ZIRCALOY-TO-STAINLESS-STEEL JOINTS FOR HWCTR BAYONETS
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OF HEAT EXCHANGER IN BOILING LOOP OF HWCTR

280
_?.29 Eu_iu:cgi?n_'remparafurg ot 780 psig D20 Temperature at Steom Quencher Outiat
260
D20 Temperature at Test Assembly Inlet J
o ¥ 4
e Reactor Power = 30 MW (Constant)
5 200 D40 Flow Through Test Assembly = 0.50 of Total {Ceonstant)
E /.._.____ D20 Temperature at Steam Quencher Inlet
180
IL"———______--—._________
160 D70 Temperature at Heat Exchanger Outlet
3
= 0.5
o
[n)
2 04
2 ~
i \\ Fraction of Total D90 Flow Passing Through Heat Exchanger
= 0.3
g
8 02
[w
x
E
§ 017
b
.E /
k7]
._E Steam Quality at Fuel Assembly /
-« Exit {100 x = %} "]
5 015
)
=
0 5 10 15 0 25 30 35




i
270 Saturation Temperature of Dy0
g D30 Temperature ot Steam Quencher Outlot
g {By 5 seconds, steam no longer completely condensed)
e N
-4
E D0 Temperature ot Test Assembly Inlet
- ‘ =
175 T T t
D30 Temperature at Hact Exchanger Outlet
—
170 i i i
o 800
4
g 795 Pressure
& 790
. - 1 T | |
D90 Flow Distribution in Loop: 60% to Test Assembly
o z 40% to Heat Exchanger
: — e e e -
3
L
E Reactor Power
-
30
2
§ Steam Quolity ot Test Assembly Exit (100 x = %)
E 020
3
w
£
=
0.15
0 5 10 15 20 25 30
Time, seconds
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FIG. 12 RESPONSE OF META;L-FUELED BOILING D70 REACTOR
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FIG. 14 TOP VIEW OF PDP SHIELD TANK WITH FOIL POSITIONS INDICATED
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FIG. 15 ACTIVITY vs. R FOR GOLD PINS AND FOILS IN THE PDP AND THE SHIELD TANK
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Arbitrary Dosage Units

a - Reoctor Tank Wall
b - Shield Tank Well
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FIG. 18 COMPARISON OF EXPERIMENTAL AND THEORETICAL
GAMMA DISTRIBUTIONS THROUGH SHIELD TANK
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FIG. 19 CROSS SECTION OF ELECTRON-BEAM WELD BETWEEN
SHEATH AND END PLUG OF Zr- CLAD URANIUM TUBE
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FIG. 20 LEAD- INSULATED CAPSULE FOR HIGH- TEMPERATURE
IRRADIATION TESTING OF Zr-CLAD URANIUM TUBES
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FiG, 22 SHEATH FAILURE IN A UG, FUEL TUBE
{Swaged Stainless Steel Sheath)
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FIG. 27 TANDEM-EXTRUDED JOINT OF ZIRCALOY AND STAINLESS STEEL

- Th -




Inlet Water from Heat Exchanger
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i FiG. 28 EQUIPMENT ARRANGEMENT FOR DETECTION
i. OF WATER LEAKAGE FROM MECHANICAL SEALS
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