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ABSTRACT

This report summarizes the dimensional changes
in experimental uranium metal tubular fuel elements
exposed in the Heavy Water Components Test Reactor
(EWCTR) . The irradiation tests simulated conditilons
in a pressurized heavy-water-moderated-and-cooled
. power reactor, The Zircaloy~-clad coextruded fuel
elements were approximately 2 inches 0D and up to
10 feet long. Tests were conducted at metal tempera-
tures up to 500°C, reactor pressures up to 1200 psi,
and exposures up to 6800 MWD/Te U, The uranium
metal fuel tubes that contained dilute (<1000 ppm)
Fe, 81, and Al additions performed better (<3%
volume change) than the U-1.5 wt % Mo, the U-2
wt % Zr alloys, or the unalloyed uranium tubes
(6-10% volume change). Irradiation results for
Zr-9.3% enriched uranium HWCTR driver fuel tubes
and Th-1.4% enriched uranium fuel tubes are also
presented, The performance of both of these fuels
was satisfactory; volume changes of 5.0% at 1.83
atom % burnup for the Zr~9.3% U alloy and <1% at
3500 MWD/Te Th~U for the Th-1.4% U alloy were
observed, '
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IRRADIATION TESTS OF URANIUM
METAL TUBES FOR D,0-COOLED REACTORS

INTRODUCTION

For several years the Savannah River Laboratory has been engaged
in the development of Zircaloy-clad, uranium metal fuel tubes for use
in heavy-water~-moderated-and-cooled power reactors.

The fuel tubes for this development were fabricated by Nuclear
Metals, West Concord, Mass. The processes for manufacture of the
coextruded metal tubes discussed in this report are described in
DP-943 and DP-976.-

Early irradiaticns of metal fuel tubes were performed in the
Savannah Rlver Plant reactors, the Vallecitos Boiling Water Reactor,
and the NRU reactor at Chalk River, prior to the startup of the Heavy
Water Components Test Reactor (HWCTR) at Savannah River.

The majbrity of the_irraqiation tests were conducted 1In the
HWCTR, which 1s a heavy-water-moderated-and-cooled reactor with a
coolant temperature of 250°C at 120C psi pressure. Thirty-seven of
the experimental uranium-metal fuel tubes were irradiated in the
HWCTR. In addition, two Zircaloy-clad, Th-1.4% 235U tubes were
irradiated to investigate the performance of breeder reactor fuels.
Concurrently, two sets (24 tubes per set) of Zr-9.3% 22°U alloy
tubular fuel elements were irradiated as driver fuel for the HWCTR.

This report presents the irradiation conditions and dimensional
changes of the test and driver elements irradiated in the power
reactor program between 1957 and 1964, '

SUMMARY

Before October 1962, when operation of the Heavy Water Compo-
nents Test Reactor (HWCTR) started, 21 full-length Zircaloy-clad
metal fuel tubes were 1rradiated in speclal tests 1in the SRP pro-
duction reactors because they were the only facilities available for
irradiating full-length fuel elements. In these special tests, the
Zircaloy-clad test fuels experlenced exposures and specific powers
of interest for Dpy0-moderated-and-cooled power reactors. Maxlmum
exposures for some of these test elements exceeded 5000 MWD/Te U.
However, the coolant temperature and maximum surface and metal tempera-
tures of these test assemblles were as much as 200°C lower than re-
quired for the power reactors. These irradlation tests indicated the
superior performance of unalloyed uranium over the U-2 wt % Zr alloy
from the stendpoint of volume change (Table I).
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Irradilatlon tests in the Vallecitos Bolling Water Reactor and the
NRU reactor at Chalk River confirmed that unalloyed uranlum was
superior to the U-2% 2Zr alloy at core temperatures of approximately
LooCc. '

During operation of the HWCTR, a total of 22 long {120 inches)
uranium metal fuel tubes and 15 short (about 12 inches)”fuel tubes
were irradiated, The teat elements were irradlated in several
exposure inerements at relatively high fission rates and temperatures
for exposure up to 6800 MWD/Te U at time-averaged central metal
temperatures up to 500°C.

Irradiation of the uranium metal fuel tubes established the
superior performance of the dilute alloys containing Fe, Si, and Al
additions (up to 1000 ppm each) compared with unalloyed uranium,
uranium-2 wt % zirconium and uranium-1.5 wt % molybdenum. Volume
changes of less than 3% occurred in the dilute alloy tubes, compared
with volume changes of & to 10% in the other alloys.

The beneficlal effects of external restralnt were demonstrated
by contrasting the fuel performance in the HWCTR wlth prevlous per-
formance of similar fuels under low-restraint conditions. External
restraint provided by thick cladding and high reactor coolant pressure
restriqted the volume growth of the uranium fuel cores during irradi-
atlion. . -

In connection with studies of heavy-water-moderated-and-cooled
Th~2%%y alloy-fueled breeder reactors, two Zircaloy-clad Th-1.4 wt %
2857y tubular elements were irradiated in HWCTR. An exposure of
3500 MWD/Te Th-U was reached wilth satlsfactory performance before
operation of the HWCTR was terminated.

The HWCTR driver assemblies, of which two full complements of
tubes (24 per set) were irradiated, performed exceptionally well.
Volume Increases of about 5% were experienced 1n tubes irradiated
to 1.83 atom % burnup. The fuel tubes were composed of coextruded
Zircaloy-clad, zirconium-9.3 wt % enriched uranium alloy cores. None
of the components of any of the assemblies showed any damage due to
irradlatlion or mechanilcal causes.

-2 -

BT A R0 B Prow sl ey o EUENE




DISCUSSION
A. METAL FUEL TUBE IRRADIATIONS IN SRP REACTORS "

Prior to operation of the Heavy Water Components Test Reactor
(HWCTR) , a number of Zircaloy-clad metal fuel tubes (listed in
Table I) were irradiated in special tests 1in the SRP reactors because
they were the only facilities available for 1rradiating full-length
fuel elements. In these speclal tests the exposures and specific
powers of these tubes were in the range that was of interest for D 0~
cooled power reactors. However, the cooclant temperature and maximum
surface and metal temperatures of the test fuel tubes were as much as
200°C lower than the corresponding design temperatures for power
reactor assemblles. Maximum expcsures of greater than 5000 MWD/Te U
were reached for some of the test elements.{Z) These tests indicated
the superior performance of unalloyed uranium over U-2 wt % Zr from
the standpoint of volume change (Table I).

Details of the irradiation test conditlons and results are
presented in the classified reports listed under the reference sectlon
of this report.

B. URANIUM-2 WT % ZIRCONIUM FUEL TUBE (VBWR IRRADIATION) &

A coextruded 2.06-inch-diameter tubular fuel element of uranium-2
wt % zirconlum alloy clad with Zircaloy-2 was irradlated in the
Vallecltos Boiling Water Reactor (VBWR) to 1410 MWD/Te U burnup with
a maximum core temperature of 433°C, The purpose of this irradlation
was to determine the dimensional stabllity of the alloy under c¢ondl-
tions approaching those contemplated for Dy0-cooled power reactors
(see Table II). :

{1} References 1, 2, 3, 4, and 5.
Reference 6 - DP-232, 245, 285, 295, 315, 345, 375, 405, 415, 425,
435, 445, 455, 475, 545, 565, 575, 585, 595, 615,
625, 645, 655.
{2) Reference 6 ~ DP-245, p 38.
() Reference 6 - DP-345, 395, %35, 475, 935.
Reference 8.
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Interim inspection of the fuel tube showed that the amount of
swelling increased from 0.8 volume % at 770 MWD/Te to 3.6 volume %
at 1410 MWD/Te (O.7% final cladding strain). This test indlcated
that the dimensional stability of the U~2 wt % Zr alloy was inferlor
to that of unalloyed uranium under simllar conditlons.,

r s s e ST A TSR e

M
C. UNALLOYED URANIUM FUEL TUBE (NRU IRRADIATION} “

A full-length (132 inches), 2.06-inch-OD x 1.467~-inch-ID,
unalloyed uranium fuel tube with a coextruded Zircaloy-clad thickness
of 0.030 inch was irradiated to an exposure of 1060 MWIVTe U at a
maximum core temperature of 400°C in the E-20 loop of the NRU reactor :
at Chalk River. The purpose of the irradiation was to obtain data on
the stabllity of such fuel at temperature and pressure conditlons
approximating those expected in a Dy0-cooled power reactor (see
Table III). '

Postirradiation inspection showed a maximum volume change of 1.9%
and a cladding strain of 0.19%. There was no Iindicatlicn of damage to
the fuel tube because of Ilrradiation or mechanical causes. Test re-
sults were sufficiently promising to warrant continuation of the
development of uranium metal fuels for use in Dz0-cooled power reactors.

D. URANIUM-1.5 WT % MOLYBDENUM ALLOY FUEL TUBE
ENRICHED TO 3% 235U (DESIGNATED 3EMT-2){¥

To characterize the ilrradlation behavior of a solid-solution allcyl
fuel tube, the 3EMT-2 fuel assembly was designed and fabricated using
a fuel tube with a U-13 wt & Mo alloy core (U enriched to 3% #°°U).
An accumulated exposure of 4970 MWD/Te U at a core temperature of
500°C was reached at the time operation of HWCTR was terminated.

The calculated operating characterlstics for the 3EMI-2 assembly
are listed in Table IV. A 54%0° HWCTR driver core temperature limit
was assumed using a Zircaloy outer housing. Early exposure (May 11,
1964 through July 13, 1964) utilized a stainless steel outer housing
because of a 600°C driver temperature limit, with hydraullc figures
ghown in Table IV differing by about 5%. Exposure with the Zilrcaloy
housing extended from July 26, 1964 through December 1, 1964.

{4) Reference 6 - DP-285, 315, 345, 495, 505, 515.
Reference 7.
{53} Reference 6 - DP-915, 92%, 945,
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The 3EMT-2 assembly consisted of a Zircaloy-clad fuel tube
2.072=inch=0D x 1.695-inch-ID x 45.4 inches long. (ladding thickness
wag 0.025 inch of nickel-free Zircaloy~2 used wilith zirconium end
pluge. A4 stainless steel or a Zircaloy-2 housing (depending on the
driver temperature limits) with stainless steel top and bottom fittings
and a 60-inch inner housing of stainless steel was used. See Figures
1 and 2 for detaills of the assembly. The inner housing defines an
annular flow channel for the inner surface coolant, A 1li-inch stain-
less steel tube below the fuel tube positioned the core at the axisl
level of maximum neutron flux.

Outer housing, OD, inches ~ 2.564 (2r)
o f - 2.625 (388)
Outer housing, ID, inches - 2.49% (zr)

(
- 2.498 (s8)

Outer hbusihg; rib eircle, inches - 2.100
Inner housing, rib circle, inches - 1.670

Inner housing, OD, inches - 1.020
Inner housing, ID, inch - 0.660

Nominal diametral clearances between the fuel tube and the ribs
were 40 mils on the OD and 30 mils on the ID. Ribs in the stalnless
steel outer houslng were formed In an L shape from 60-mil-thick
stalnless steel sheet. The base of the L was welded to the housing
through holes In the wall; the rib height was 0.20 inch. Zlrcaloy
housing ribs were nominally 0.20 inch high and 60 mils thick; they
were welded Into grooves milled in the 0D of the inner housing.

The 3EMT-2 assembly fuel tube exhiblted a maximum volﬁme_increase
of 5.8% after 4970 MWD/Te U exposure at a maximum central metal
temperature of 485°C. This is in contrast to the 10% volume increase
for unalloyed uranium fuel, but greater than the 2-3% for the short
metal fuel tubes (SMT) under anslogous conditions. The ID contracted
0.017 inch while the OD increased 0.007 inch. See Filgure 3 for de-
tailed postirradlatlon measurements, None of the components of this
assembly showed slgns of damage due to irradiation (other than swell=
ing) or from mechanical causes.
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E. UNALLOYED NATURAL URANIUM TUBES WITH
RESTRAINING CLADDING (DESIGNATED RMT)€

The RMT assembly shown 1n Figure 4 consisted of a Zircaloy-clad
fuel tube 2,070=inch-0D x 1.568-inch~ID x 118 inches long. The core
was of unalloyed uranium with a nickel-free Zircaloy-2 c¢ladding
thickness of 0.060 inch on both inner and outer surfaces. A Zircaloy
outer housing (2.494-1nch ID) had four full-length, internal ribs
welded to 1t by electron beam welding., Nominal rib cirecle was i
2.110 inches diameter to provide a 0,040-inch diametral clearance ﬂ

f

for the fuel tube. The inner housing was stalnless steel with four
full=length ribs (0.062 inch wide) welded to 1t for a rib circle of
1.520 inches in diameter (0.050-inch diametral clearance for the fuel
tube) . .

This fuel assembly was designed to determine the effect of clad- _
ding restraint on the swelling of an unalloyed uranlum core. Restraint, o
in addition to that caused by c¢oolant pressure, was offered by the
strength of 0.060-inch-thick Zirealoy c¢ladding. Metal‘test element
previously irradiated had cladding 0.020 inch to 0.025 inch thilck.
Operating characteristics for the RMT-1-2 assembly 1n HWCTR are pre-
sented in Table V. The RMT assembly reached 3320 MWD/Te U irradiation
exposure at termination of the HWCTR operation.

The OD and ID changes (+0.007 inch and =0.002 inch, respectively)
in the RMT fuel tube were negligibly small, wlth a caleulated maximum
volume change of +2.6% (10% for 0.020-inch clad tubes at about the
same exposure). See Figure 5 for detailed postirradilation measure-
ments. None of the components of this assembly showed signs of damagel
from irradlation or mechanical causes.

F. THIN-WALLED OUTER TUBE OF ENRICHED
URANIUM METAL (DESIGNATED ETWO)*!

The enriched thin-walled outer (ETWO) assemblies conslsted of a
Zircaloy-clad fuel tube of 2.06-inch-0D x 1.T70-inch-ID x 118 inches
long. The core was unalloyed uranium enriched to 2.1 wt % 2°°U with
a nilckel-free Zircaloy cladding of 0.025-inch thickness. A four-
ribbed, Zircaloy outer housing and a four-ribbed, stainless steel
irner housing defined the flow annull for this type of assembly
(Figure 6}. The maximum exposures for the two assemblies lrradiated

(®) Reference 6 - DP=885, 895 915, 925, 945,
{7) Reference 6 - DP-855, 865, 875, 885, 895, 935, 945,




in HWCTR were 6830 MWD/Te U for 2ETWO~-2 and 6470 MWD/Te U for 2ETWO-3
at time-averaged maximum central metal temperatures of 512 and 537°C,
respectively. Calculated operating characteristics for the ETWO
assemblies are shown in Table VI,

These tests were terminated when an interim Inspectlon revealed
that severe growth had occurred. Large variations in the outside
diameter from the unirradiated condition were measured; these revealed
that (1) significant inward growth had occurred, and that {2) the
inner housing ribs had restricted this growth and caused a lobated
pattern in the fuel pieces. The inner housings could not be wilth-
drawn from the fuel pleces after application of up to 4500 pounds
iongitudinal force in one case., Although neither fuel piece had
failed, further irradiation was cancelled because of severe growth
and lack of knowledge of the internal dimensiong of the fuel.

At exposures below 5000 MWD/Te, the outside diameters of the fuel
tubes underwent little change near the snds of the tubes; above this
exposure the outer surfaces became irregular. Because the lnner
housings were stuck, 1t 1s apparent that the inside diameters decreased
more than 30 mils. Alsc, because there 1s a direct relation between
dimensional change and location of the ribs on the inner housings
(as shown in Filgures 8, 9, 10, and 11), there 1s indilcatlon that the
fuel tubes might have shown more instability had they not been
supported by the housings.

Longitudinal profiles of the outslde dlameters of the two fuel
tubes are shown 1n Figure 73 the values for exposure are shown at the
top of each curve sheet., At exposures up to about 5000 MWD/Te, little
change is noted in diameters; above this exposure the outer surfaces
of both tubes became very lrregular,

G. SEGMENTED TUBES OF ALLOYED URANIUM
METAL (DESIGNATED SMT)®

Short-length, Zircaloy-clad, tubular fuel elements wlth brazed
end seals were designed and fabricated to provide a means for irradi~
ating a wide range of uranlum alloy composlitions and/br heat treat.
ments in a minimum number of reactor positions. The segmented metal
tube (SMT) assemblies were designed to accommodate up to ten fuel
pleces for a maximum fuel column length of 113 inches {Pigure 12}.

(8) Reference 6 - DP-855, 865, 875, 885, 895, 915, 925, 945.
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Fuel elements, 1.69~inch=0D x 1,23~inch-ID x 11.25 inches long, were
spaced inside the Zircaloy housing tube by rlbbed washers lccated at
each fuel element Junction.

Two SMT assemblies were irradlated in HWCTR: (1) SMT=1-2, which
contained ten fuel elements composed of the U~330 ppm Fe~900 ppm Al
alloy, was irradiated to 4325 MWD/Te and (2) SMT-1-3, which contalned
five fuel elements with U-350 ppm Fe-300 ppm Si-800 ppm Al alloy, was
irradiated to 5600 MWD/Te. The goal exposure of 10,000 MWD/Te was
not reached because of termination of HWCTR operation.

Calculated operating characteristics for the SMT assemblies 1in
HWCTR are presented in Table VII. The fuel elements swelled very
little during irradiation - a maximum of 2.6% at 4300 MWD/Te for the
U-Fe-Al tubes and 3.3% at 5600 MWD/Te for the U-Fe-Si-A1 tubes. 1In
both cases, changes in 0D and ID were less than 0.010 inch. Volume
change of the U-Fe-Al tubes was only 2.5% on exposure to 3300 MWD/ /Te,
shown in Pigure 13, but thereafter the tube swelled very little,
shown in Filgure 14.

Figure 15 shows the results of the first two interim inspections
of the U-Fe-Si-Al tubes of assembly SMT-1-3, with Pigure 16 showing
the final results. These tubes resisted swelllng more effectively
than the U-Fe-Al tubes with only 2% volume change at 4500 MWD/Te.

Irradiation of the SMT assemblies established the superilor
performance of dilute uranium alloys compared with unalloyed uranium,
which exhiblted up to 10% volume ilncrease for simllar exposures under
the external restralnt impcesed by 1200 psl reactor coolant pressure.
Both SMT agsemblles were sultable for further irradiation.

i

H. THORIUM-1.4 WT % URANIUM METAL
TUBES (DESIGNATED TMT)®

In connection with studies of Dy0-moderated-and-coocled thorium
breeder reactors, two pile-worthy Zircaloy-clad tubular elements of
a Th-1.4 wt % 22U alloy were produced. The fuel elements were de-
signed to operate at an exposure-averaged maximum core temperature of
about 500°C to a maximum exposure of 20,000 MWD/Te. Both of the
elements were irradiated in HWCTR to an exposure of 3500 MWD/Te with
satlisfactory performance. Irradiation of the ftwo TMT assemblles was
interrupted by HWCTR termination.

‘®) peference 6 - DP-925, 935, 945.
References 9 and 10.
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The fuel tubes were coextruded having cores of thorium metal
alloy with 93% enriched uranium to provide a core enrichment of 1.4%
288 and Zircaloy-2 cladding 0.030-inch thick. Fuel tubes were
2.540-1nch~0D x 1.830-ineh-ID x 118 inches long, with a core length of
108 inches. The TMT fuel assemblies (Figure 17) consilsted of ribbed
Zirecaloy=2 inner and oufer housing tubes wlth an outer housing ID cf
2,900 inches and an inner housing OD of 1.420 inches.

Caleculated operatinhg characteristics for the TMI' assemblies in
HWCTR are presented in Table VIII. The maximum specific power of 62
MWD/Te Th-U alloy was based on a maximum thermal flux of 1.5 x 104
n/(cm®)(sec), which was the estimated flux available in the outer test
ring of the HWOTR with the moderator at 200°C.

The thorium fuel power was expected to vary more wlth exposure
and irradiation history than any element previously irradiated in the
HWCTR. Two effects cause thlsjy one is a continuing long-term effect
of burnup, and the second is a short-term effect due toc lsotope decay
during interim shutdown periods.

At low exposure, the power of the element is governed by the 288y
enrichment. With long exposure, the builld-in of #3%U becomes more
important. After about 10,000 MWD/Te Th-U, an equilibrium *2°U level
is reached so that power is then largely independent of the initial
28517 sontent. At this time, maximum specific power at constant flux
would have decreased to about 50 MWD/Te Th~U and maximum core tempera-
ture would be down from 500 to about #40°C., To compensate partially
for this loss, the assembly was to be moved to an inner test ring
position to take advantage of an approximately 10% greater flux for a
gimilar increase 1n power.

Complicating this long~term effect, however, 1s the effect of
increased **3Y build-in during periods of shutdown after significant
exposures. The 2%%U concentration can be significantly higher at the
end of a shutdown period than at the beginning. Thus, power 1n the
element can be higher in sbtartup following an outage than prilor to
the outage. Following the re-startup, 223U concentration and power
willl decay somewhat but a new higher power would result. Therefore,
depending on its irradlation history, 1t was expected that during the
latter part of 1ts exposure, the power of a TMT element might have
been greater than its earlier power and might 1imit the reactor power
by minimum BOSF, To minimize this effect, the TMT fuel tubes were
to be transferred to stainless steel housings in order to operate them
at this attenuated thermal flux and reduced element power for the
latter portlon of their irradiation exposure.




Irradiation of the two TMT assemblies extended from August 25,
1964 through December 1, 1964, at which time the HWCTR operation was
terminated. Following irradiation of the two test assemblies in
HWCTR, they were removed and postirradlation measurements/were made on
one fuel tube from Assembly TMI-l1-2, Comparison of the e~ and post-
irradiation data {Figure 18) indicates that the volume change in the
region of maximum exposure and core temperature was about 0.8% after
an accumulated exposure of 3500 MWD/Te. - The volume change resulted
from an inerease of about 0.005 inch in the OD and an lncrease of
about 0.00l inch in the ID of the tube. No signs of damage due to
irradiation or from mechanical causes were found on any of the.
components of these assemblies. It is assumed that the TMT agsemblles
would have reached the goal exposure of 20,000 MWD/Te. 1f HWCTR opera-
tion had not been terminated.

l. THIN-WALLED NESTED TUBES
(DESIGNATED TWNT )10

Of the fifteen fabricated pairs of inner and outer fuel tubes
having unalloyed uranium cores, seven palrs and cne outer tube were
irradiated in HWCTR. The primary obJectlves of 1rradiation testing
of these tubes were (1) to determine whether unallpyed, natural
uranium metal fuel elements would operate to the exposures required
for economic operation of heavy-water-moderated power reactors, and
(2) to relate core volume growth and claddlng strain to exposure for
elements that have a maximum core temperature of about %00°%C. These
irradiation tests were terminated following fallure of two of the
assemblies as a result of wear by the twisted ribbon.spacers through |
the cladding of the fuel tubes. Exposures of up to only 1085 MWD/Te U
for the nested assemblies and 1195 MWD/Te U for the outer tube assembly
(TWO-1-2) were attained at the termination of the ifradiation test.

The fuel tubes were coextruded, having natural uraﬁium-cores
0.130 inch thick and low-nickel Zircaloy-2 cladding 0.025 inch thick.
Over-all length was 118 inches, with the following nominal dlameters:

Outer Tube, Inner Tube,
inches Inches
Clad, 0D 2.060 1.020
Core, OD 2,010 0.970
Core, ID 1.750 0.T10
¢lad, ID 1.700 0.660

(10) Reference 6 - DP-795, 805, 815, 835, 845.




Figure 19 shows the TWNT assembly, and Figure 20 shows the individual
fuel tubes. Spacing between fuel tubes was maintalned by a twisted
Zircaloy ribbon wrapped helically around the inner tube with a 2-foot
plteh. A similar ribbon was wrapped around the outer tube wlth an
opposite helix to provide spacing between the fuel and the outer
Zircaloy housing tube. Each ribbon was attached to the end seal of
the fuel tube. In the case of the TWO-1-2 assembly, an inner housing
tube with a helically wound twisted Zircaloy ribbon was used in place

of the inner fuel tube.

The calculated operating characteristice of the TWNT assemblies
in the HWCTR are presented in Table IX; data for the TWO-1-2 assembly
are presented in Table X. It was planned to operate the TWNT assem-
blies up to exposures of 6600 MWD/Te U and the TW0-1-2 assembly to
13,000 MWD/Te U,

Irradiation of six TWNT assemblles and the TWO~1l~-2 assembly was
started in HWOTR on October 5, 1962, A fallure occurred in one
~ assembly (TWNT-7) on November 27, 1962. A second failure (TWNT-14)
occurred on December 26, 1963, at which time the remaining assemblies
were discharged from the reactor. ~Although preirradiation, out-of-
plle flow tests indicated no flow damage, subsequent flow tests
resulted 1n two fallures because of wear by the twilated ribbon spacers

through the cladding on the inside of the outer fuel tubes (Figure 21).

Postirradiation inspection of the six sound assemblles gave
further evidence that the most probable cause of the two fallures in
the HWCTR was fretting corrosion, which was caused by rubbing of the
twisted-ribbon spacers on the cladding surfaces of the fuel tubes.
Results of the inspectilon are tabulated on page 12,

-~ 11 =~
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(b)

HWCTR a Vibration Damage

Assem~ Gonditions( ) Outer Fuel Tube Inner Fuel Tube

bly AC Plow, DU Flow, Housing Twisted Outer Inner Twilsted Outer
Number days days - Tube Ribbon Surface Surface Rlbbon Surface
TWNT=5 58 39  Minor Minor Minor Moderate Moderate Moderate
TWNT =T Ly - 24 mumm=Failed Assembly~m~wme==Not Inspectedm===—~m~=
TWNT -9 58 39 Minor ~Minor Minor Moderate Moderate Severe
™NT-11 Bl 29 - Nil Nil Minor  Minor Minor
TWNT-12 58 39 Minor Minor Minor Severe Severe  Severe
TWNT=13 14 15 Minor N1l Minor Minor Nil Minor
TWNT-14 58 39 mmmeeFailed ASSEmbly~ememmm=Not Insbgcted-4-~---
TWo-1-2 58 39 Minor Nil Minor Minor Ni1fe) Minor!¢)

As a consequence of the two failures, all subsequent metal tube
irradiations in the Du Pont power program were made with spacing pro-
vided by ribbed housings or ribbed washers.

Detailed postirradiation measurements were not made on the com-
ponents of the six sound assemblies of this group of tubes hecause
of their relatively low exposures, under 1200 MWD/Te U.

{8) aA¢ Flow - 100 gpm per assembly @ 10 ft/sec veloclty. }
DC Flow - 30 gpm per esssembly @ 3'ft/hec velocity.
(®) yipration Damage: Severe =~ Grooves in fuel tubes 0.€03. inch to
0.008 -inch deep} ribbon wear 1/3%
to 3/32.inch.
Moderate - Grooves in fuel tubes up to O. 003
inch deepj ribbon wear up to 1/32

Inch.

Minor - Localized removal of oxide film on
fuel tubes; no measureable ribbon
wear, '

(¢} Inner Housing Tube - The TWO-1~2 assembly did not c¢ontain an inner
fuel tube.
- 12 -
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J. M-1 DRIVER TUBES NO. 22 AND NO. 481"

The initial set of HWOTR driver assembliles, designated M(etal)-1,
had fuel tubes 2.300-inch=-0D x 1.960-inch~ID x 118 Iinches long, made
of Zr-9.3% U elad with Zirecaloy (Figure 22). The uranium was enriched
to 93% 285y, The flow annuli for these assemblles were defined by an
outer housing of Zircaloy and an lnner housing of Zircaloy which
supported stainless steel~boron leaves that served as a burnable
poison. The assemblies operated from reactor startup on October 5,
1962 until November 24, 1963, at which time thelr reactivity became
too low to maintain desired temperatures in the test assemblies, and
they were replaced by a second set of metal drivers.

Tubes No. 22 and No. 48 were selected for inspection because
their exposures and operating temperatures were the highest of the
2 fuel tubes used. Calculated operating characteristics of the
driver assemblies are presented in Table XI. Inspectlons of both of
thege tubes at interim exposures prior to thelr final dlscharge
indicated a uniform rate of volume change with increased burnup.

The irradiation of these tubes to maximum fission burnups of
1.83 atom % for No, 22.and 1.74 atom % for No. 48 produced maximum
volume changes over short sections near the point of maximum burnup
of 4,9 and 5.1%, respectively. The maximum calculated cladding strains
were 0.22 and 0,184, No damage due to irradiation or vibratlon was
found.

Plots of the 0D, ID, volume change, and exposure are shown in
Figures 23 and 24, The outside dlameter of tube No. 22 decreased
0.007 inch over a section 18 to 32 inches from the top, and increased
about 0.005 inch over a sectlon 60 to 78 inches from the top. The
inside diameter decreased an average of about 0.008 inch and the
length increased 0.38 inch. The maximum volume increase of 3.4%
occurred about 75 inches from the top. Fuel tube No., 22 was inspected
and measured on three occasions when maximum burnup and time-averaged
maximum central metal temperatures were: 1.15 atom % - 500°C; 1.54
atom % - 5049C; and 1.83 atom % - 498°.

Final inspection of tube No. 48 was made at a burnup of .74
atom % and a time-averaged maximum central metal temperature of 485.4°C;
an interim inspectilon was made at 1.46 atom % and 485,79% . Changes in
the outside diameter of the fuel tube varled from a 0.009 inch decrease
over a section 30 to 40 inches from the top to a 0.002 inch increase
over a section 66 to 76 inches from the top.

{11) geference 6 =~ DP=905, 915, 935.
Reference 13.
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The inside diameter decreased an average of about 0.01l inch, and
the length increased O.44 inch. The meximum volume increase of 3.2%
occurred about 75 inches from the top.

The outside diameter curves shown in Filgures 22 and 23 are the
average of continuous longitudinal scans taken every 224 degrees
around each of the tubes. The diameters on each Sube.coincided
within about 2 mils over the entire tube length, indicating that
there was no appreciable ovality., The maximum volume-increases were
much less than were predicted for fuel of this compositlon lrradiated
under the stated conditions of burnup and temperaturesj however, the
volume changes shown were calculated on the basis of inside and out-
glde diameter changes only. If the increases in length of the tubes
were taken into account in the calculations, volume changes could be
about 0.5% higher than shown.

None of the components of either assembly showed any signs of
damage due to irradiation or from mechanical causes.

K. M-2 DRIVER TUBES NO. 1 AND NO. 18('2)

The second set of metal driver assemblies, deslgnated M{etal)~2,
were identical to the M=l drivers. Fuel tubes were 2.300-inch~0D x
1.960-inch~ID x 118 inches long, made of Zr-9.3% U c¢lad with Zircaloy.
The uranium was enriched to 93% 3%y, Flow annull for these assems-
blies were defined by an outer housing of Zircaloy and an lmner
housing of Zirealoy whieh supported stainless steel=horon 1eaves that
served as a burnhable poison. The ilnner housings contalning ‘the target
components were replaced with bare Zircaloy inner housings late in
the irradiation cycle (October 1964) to extend the resctivity life-
time of the M~2 driver lattice. Irradlation of these assemblles
extended from December 29, 1963 through December 1, 1964, at which
time nuclear operation of the HWCTR was terminated.

}

Tubes No. 1 and No. 18 were selected for perlodiec inspection bew
cause their operating temperatures were the highest of the 24 fuel
tubes in the M~2 set. Both of these tubes were inspected at interim
exposures (Flgures 25 and 26), which indicated a relatively uniform
rate of volume change with Increased burnup.

(12} Reference 6 - DP-905, 925.
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Trradlation of these tubes to maximum fieslon burnups of 1.50
atom % for No., 1 and 1.54 atom % for No. 18 produced maximum volume
changes over short sectlons near the points of maximum burnup of only
4.3 and %.1%, respectively (Figures 27 and 28 . The meximum cladding
strains were 0.17 and 0.27%. No damege due to lrradlation or vibra-
tion wes found., '

- 15 -
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TABLE I

SUMMARY OF POWER PROGRAM METAL FUEL TUBE IRRADIATION RESULTS

Irrad. Dimensions, inches
NM ABBY. Core Core Cladding Core Core Clad.
No. No. Compoaition Condition Material oD ID _Length Thk., Thk.
9131(3) TFEN~11 1] Beta treated Zr 2,95¢ 2.430 150 0.195 0.030
) sir cooled
9132(.5. TFEN-12 u Beta treated Zr 2,950 2.440 150 0,195 0.030
air cooled
s930(2)  TEEN-14 U Beta treated  Zr 2,350 2.440 150 0,195 0.030
air covled
6988(5') TFEN-64 U Bata treated zr 2.950 2.4%0 150 0,195 0.030
alr cooled (®)
11 SPR-6 U=2 wt % Zr Gamma treated Zr-2 2.065 1.470 117 0.268 0.015
15 SPR-2 U-2 wt & 2r Diff‘uaio? Zr-2 2,064 1.468 120 0.268 0.015
treated c)
19 SPR~3 U-2 wt % Zr Diff'uaioxe Zr-2 2.063 1,468 119 0.268 0.015
treatedlo)
22 SPR-8 U-2 wt & Zr Diffusile Zr-2 2,067 1.468 116 0.270 0,015
treated e)
28 SPR-7 U-2 wt & Zr  Spherol agtiorx Zr-2 2,064 1.367 116 0.268 0.015
treated
29 SPR~% U=-2 Wt % #r Difmaio:e Zr-2 2,064 1.468 116 0,268 0,015
. treated °)
30 SPR-5 U-2 wt % 2r Diffusic Zr-2 2,060 1.468 116 0.271 0.015
treated\®
34 SPR-9 U-2 wt % Zr As extruded Zr-2 2,060 1,467 34 0.267 0.015
41(") - U-2 wt % Zr Diffusio Zp-2 2.066 1.467 34 0.270 0.015
treated\®
53 SPR~-11 U Beta treated Zr=2 2.057 1.469 108 0.23% 0.030
air cooled
59 SPRD-12 z:(--9.32;t % U As extruded Zr-2 2,300 1.961 112 0.137 0.015
938 2351)
60 SPRD-13 z:(--gg .3 Wt % U As extruded Zp-2 2,298 1.961 112 0.136 0.015
9
72(f) - Beta treated Zr-2 2.060 1.467 107 0.237 0,030
air cooled .
75 ™HY-2 v Bote treated  2r-4(8) 2,065 1.60% 1ok  0.135 0.025
(1) alr cooled {e)
82 3 HMT-2 U-1.5 wt % Mo Bete treated Zr-4 2,072 1.695 42 0.138 0.025
(3% 23517) air cooled
103 THIT-3 U Bete treated zr-4(8) 1.023 0.654 106  0.135 0.025
alr cooled (g) )
10% TWIT~3 U Beta treated zr-4'8) 1,023 o0.654 107 0.135 0.025
air cooled ’
108 TWT-3 U Bete treated  Zr-4'8) 2,055 1.695 110  0.132 0.025
air cooled ( )
117 TWIT=-2 U Bete treated zr.4'8) 1,024 0.65% 109 0,135 ©.025
air cooled (g)
119 TWIT-2 U Bete treated Zr-4 1.022 0.656 110 0.133 -0.025
air cooled
133(h) RMT-1-2 U Bete treated Ni free 2.070 1.568 108 0,191 0.060
) air cooled Zr-2
1’4-8(h 2 ETWO-2 i) Beta treated N4 free 2.057 1.699 110 0.129 0.025
(2.1% 2357) o1) quenched Zr-2
{a) Experimental metal tubes fabricated prior te Du Pont power program.
{b) Gamma trested - heated 800°C for 1/2 hour, "air cocled."
(o) Diffusion treated — heated BBO®C for 7 hours, "air cooled.”
(4) Spheroidization treated - heated 680°C for 72 hours, following diffusion treatment.
(e) Irradiated at VBWR.
(1‘; Irradieted at NRU E-20 loop.

Zr-4 currently designated as low nickel Zr-2,
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TABLE I (Cont'd)

SUMMARY OF POWER PROGRAM METAL FUEL TUBE IRRADIATION RESULTS

Fostirradiation Examinaticn

Irradiation Conditions Max
Exposure, rature ¢ Dimension Change, inch Core 0D Clad
MWD/tonne ¥ Sheath Interface Center Max Max AV/V Max Strain
Max Max Max _Max AOD AID AL Percent (Caloulated Comments
* +0.010 - 0 - +0. 4
* +0.009 - 0 - +0,3
. +0.005 - o - +0.2
* +0.008 0,000 - +2.1 +0.3
* +0.02) =-0.005 - +5.3 +1.0
* +0,006 ~0.004 - +2.0 +0. 3
* 40,024 -0.014 +0.4 +7. 4 +1.2
* +0.030 -0.010 - +8.1 +1.5 Falled
* " 40,010 - - - +0.5 Stuck inner
housing
* +0.020 =0.012 - +6,2 +1.6 Falled
* +0,028 -0.010 +0.% +7.6 +1.4
» - - - - - Falled
1410 300 340 433 +0.01% 0,004 +0.035 +3,6 +0.7
* +0. 068 - - - +0.4 Stuck ianer
. housing
" ~0.004% =0.004 +0.3%4 +.2 -
* +0.010 =0.013 +0.31 +7.3 -
1060 250 335 Yoo +0.004 -0.006 - +1.9 +0.19
* +0._011 +0.005 +0.13 +1.0 +0.2
4970 274 421 485 +0.009 =0.017 - +5.8 -
* +0.007 - -0,13 +1.3 -
* +0.007 - =-0.19 +2.0 -
hd +0.015 =0.009 - +6.0 +0.5
* +0, 006 - - - +0.3
* +0. 00l6 - - - +0.3
3320 297 460 185 +0.007 -0.002 - +2.6 -
66830 306 367 512 +0.045 >0,030 - - - Stuck inner
housing

{h} Irradiated at HWOTR,
(1) Reference 6 - DP-2U5, p 38.

* The metal tunes(*) Arradiated in the SRP reactor tests reached exposures and spe=-
eifle powera for DpO-o000led power resotors; however, coclant temperatures and
maximum surface and metal temperatures were as much as 200°C lower than required

for power resotors.
some of the test elements.(1)
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TABLE I (Cont'd)

SUMMARY OF POWER PROGRAM METAL FUEL TUBE IRRADIATION RESULTS

Irrad. Dimensiong, inches
NM Asay. Core Core Cladding Core Core Clad.
No. No, Composition Conditilon Materdal oD ID  Length Thk. Thk,
wg(h} o mmio-3 v Beta treated  Ni free 2.060 1.699 109 0,131 0,025
(2. 1% 235y) oil quenched Zp-2
155(0)  smr-1-2(3)  Uul3s0 Pe-  Bets treated T2 1.690 1.234 10,7 0,184 0.022
(1) ) 900 Al 01l quenched
154 SMT-1-2 U-350 Fe= Beta treated Zp-2 1.690 1.23h% 10.7 ©.184 0.022
900 Al 0i1l1 guenched
- 1eg(h) (3)  Eema)
i58 SMTP-1-3 U-350 Pe- Beta treated Zp-2 1.680 1.23% 10,7 0©.184 o0.022
900 Ad- 01l guenched
() 300 81
2-1 TMT-1-2 Th-1.5 wt ¥ U As extruded ar=2 2.539 1.840 308  o0.288 0.030
) (938 2550)
23(B)  mypaas Tr(:;;% 52‘3«% sf U As extruded Zr-2 2.536 1.831 108 0,292 0.030
OT-l(h) TWNT-14 U Beta treated Zr-2 2,060 1,654 110  0.133 0,025
(n) air cooled
or-3 TWNT-7 v Beta treated Zp-2 2,060 1.69% 110 0.133 0.025
) alr cocled
oT-5 TWNT-13 U Beta treated Zn-2 2,060 1.694% 110 0,133 0.025
(h) ailr cooled
oT-6 TWNT-5 U Beta treated Zr-2 2.060 1.69% 110 0.133 0.025
() alr cooled
OT-7 TWNT-9 U Beta treated Zr-2 2,060 1.69% 110  0.133 0,025
(b} alr cooled
0T~g TWO=-1-2 v Beta treated Zr=-2 2.060 1.69% 116 0,133 0.025
) air cooled
or-11(1) mmwr_11 U Beta treated  7Zp-2 2,060 1.60% 110 0.133 0,025
(n) alr cooled
or-12 TWNT-12 U Beta treated Zra2 2.060 1,694 110 0.133 0.025
{n) alr cooled
IT~3% TWNT-1% i Beta treated Zp-2 1.022 0.656 106  0.133 0.025
(1} alr cooled
175 TUNT-7 U Beta treated Zr-2 1,022 0.656 109 0.133 0,025
(h) alr cooled
IT-T7 TWNT- 12 U Beta treated Zr-2 1.022 0.656 199 0.133 0.025
(1) alr coecled ,
IT-9 TWNT-9 U Beta treated Ir-2 1.022 0,656 109 0.133 0.025
alr cooled
I'I-ll(h) TWNT~5 hiJ Beta treated Zra2 1.022 0.656 109 0,133 0.025
(n) air cooled )
IT-12 TWNT-11 U Beta treated Zr=2 1.022 0.656 109 0.133 ©.025
(h) alr cocled
IT~13 PWNT~-13 U Beta treated Zp-2 1.022 0,656 109  0.133 0.025
(n) (x) alr cooled
No.22 M-1 Zr-9.3 wt % U Az extruded Zr-2 2,300 1.961 112 0.137 0.015
(n) DiYe522 (928 S50) (&)
No. L8 M-1lk Zr-9.3 wt £ U As extruded Zr-4'8) 2,300 1.961 112 0.137 0.015
(n) Drﬂ.\(ej-—‘&B (o3% 235v)
No.,1 M-2lk Zr-9,3 wt % U As extruded Zp-2 2.300 1.961 112 0.137 0.015
(h) Driyeg—l {93% 2351)
No. 18 M-2lk Zr-9.% wt As extruded Zr-2 2,300 1.961 112 0.137 0.015

[ 3]
Driver-18  (93% 2351)

{g) Zr-4 currently designated a3 low nickel Zr-2.

{h) Irradiated at HWCTR.

(i} The two SMT assemblies containing five short elements (11 1/4") made from each of the
long extruded tubes 153, 154, and 158; SMI-1-2, 5 each from tubes 155 and 154;
8MT-1-3, 5 from tube 158 and § dummies.
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TABILE I (Cont'd}

SUMMARY OF POWER PROGRAM METAL FUEL TUBE IRRADIATION RESULTS

Postlrradiation Examination

Irradiation Conditions ‘ Max
Exposure, Temperature, °C Dimension C e, inch Core 0D Glad
MWD/tonne U Sheath Interface Center  Max Max AV/V Max Strain
Max Max Max JMax 40D AID AL Percent {Calouiated) Comments
6470 306 367 537 +0. 080 0,030 - - - Stuek inner
: . houaing
3285 306 385 391 +0.004 =0.010 - +2.6 -
325 306 385 291 +0.00%F 0,010 - +2.6 -
5600 306 385 424 +0,006 ~0.010 - +3.3 -
3560 266 406 505 +0,005 40,001 - +0.8 -
3470 2686 406 495 No postirradiation megsurement
1010 302 353 375 7 No poatirradiation measurement Failed
TOO 201 - 353 375 No postirradiatlon measurement Falled
388 306 363 389 =0, 001 - =0.13 - -
960 295 339 365 +0, 004 «  =0.22 - -
1005 306 361 385 +0. 004 - ~0.11 - -
1195 306 364 394 0,004 - -0.19 . - -
890 299 346 375 +0.004 - -0,06 - -
1085 306 389 386 +0.00% - 013 - -
1010 308 -. 369 No postirradiation measurement Failed '
700 308 - 375 No postirradiation measurement Failed
‘ 1085 308 - 386 +0,00% - ~0,08 - - ;
1005 308 - 368 +0.,004 - =011 - - '
960 308 - 365 +0, 004 - -0.06 - -
890 308 - 375 +0.004 - =0.09 - -
385 308 - 384 =0.001 - ~0.11 - -
1.8% atom & - - 540 -0,007 '-0.015 40,48 +4.9 +0.22
1.74 atom % - - 540 -0.008 «0.013 0,44 +5,1 10,18 ‘
1.50 atom % - - 570 +0.005 -0, 014 - +4.3 +0.17
1,5% atom % - - 585 +0.007 ~3.009 - +4,1 +0.27

(k) The four driver tubes listed are representative of the 48 drivers irradiated in
the HWCTR and were selected because thelr exposures and operating temperatures
ware considered the highest of the two mste.
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TABLE II

Calculated Operating Characteristlics of the
U-2 wt % Zr Test Assembly Irradiated in VBWR

Qutput of element, kw
Average specific power, MW/Te U
Peak-to-average flux

Meximum heat flux, pcu/(ft?)(hr)
Inner surface
Outer surface

Mean coolant temperature, °C
Maximum surface temperature, °C

Meximum cladding-core lnterface
temperature, °C

Maximum core temperature, °C
Reactor pressure, psila

Exit steam quallty, %
Inner surface
Outer surface

Test channel inlet subcooling,
Btu/1b

- 22 -
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Maximum  Average
250 200
20 16,1
1.16 1.16

292,000 . 233,000

254,000 202,000
285 285
300 299
345 335
433 405
1000 1000
4 3
2 1.5
10 10
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TABLE ITI

Calculated Operatling Characteristics of the
Unalloyed Uranium Fuel Tube Irradisted in NRU E-20 Loop

Reactor power, MW 200 |
Total heat output of loop, kw 935 ?j
Heat output of fuel, kw 885 .
Meximm specific power, MW/Te U 25.2
Maximum heat flux, peu/(ft2)(hr) 275,000
Maximum-to-average flux ratio 1.265
Coolant flow, gpm 202
Loop pressure, pslg 1090
Coolant inlet temperature, °C 177 |
Coolant outlet temperature, °C 196
Maximum surface temperature, Op 250
Maximum core-cladding interface

temperature, °C 335
Maximum core temperature, °C 400

- 23 a
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TABLE IV

Calculated Operating Characteristics of -
3EMT-2 Assembly in HWCTR = : 4

Zircaloy Outer Housing; 540°C Driver Limit

Reactor pressure, psig S 1200 i
Moderator temperature, °C —_ 200 £
Reactor inlet temperature, °C - 187 ‘
Reactor power, MW ' 36
Flow to 3EMT agsembly, gpm - 200
Assembly power (flow x AT), MW 0.77 i
Maximum/average power, axlal © 1.2 £
Nominal maximum specific power(@), mw/Te U~ 116 .
Nominal maximum core temperature, °C ‘ 500 R
FEquivalent core length, ft 3.12 5
Actual exposure, MWD/Te U 4970 (o
Quter Inner g
Annulus  Annulus :
Nominal max heat flux, pew/(hr)(ft®) 570,000 575,000
Coolant flow, gpm o4.6 90.0 |
Coolant veloclty, ft/sec 20.4 21.0
Coolant AT, °C 17.2 14.8
Saturation temperature at outlet, °C i 296 296
Nominal outlet subecooling, °C 93 95
Min outlet subcooling(P) (with HSF), °C 85 90
Nominal max cladding surface temp, °C . 273 274
Nominal max fuel-cladding interface temp, °C 419 421
Flow area, in.2 1.504 1.376
Surface heat transfer area, ftZ/ft 0.540 0,445

(a) Includes moderator heating.
(b) Includes allowances for deviations from nominal geometry.
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TABLE V

Caleculated Operating Characterlistics of
RMT-1-2 Aegsembly in HWCTR

Reactor pressure, psig 1200
‘Moderator temperature, °C 200
Coolant inlet temperature, °C 183
Reactor power, MW ) 47
Flow to EMT-1 assembly(&), gpm 57
Assembly power, MW 0.64
Maximum/average power, axial 1.7
Nominal maximum specific power(P), MiW/Te U 52
Nominal maximum core temperature, °C 495
Actuel exposure, MWD/Te U 3320
Outer Inner
Surface Surface
Nominal max ?e?t flux, peu/(hr)(ft2) 251,000 277,000
Coolant flow'&/, gpm 29.1 22.9
Coclant speed, ft/sec 6.4 6.8
Coolant AT, °C 46 46 (¢)
Saturation temperature at outlet, °C 296 296
Nominal outlet subcoq%ing, o¢ 67 67
Min outlet subcooling(d) (with HSF), °cC 57 58
‘Nominal max cladding surface temp, °C 297 296
‘Nominal max fuel-cladding interface temp, °C hgl k6o

(a) Purge flow of 5 gpm through inner housing, bypasses

temperature monltor,
(b) Total fiesion power, includes moderator heating.

(c) An estimated 4.5% of power to inner channel is transferred
to the 5-gpm axlal stream, Together with a small smount of
gamma, heating in the axlal stream, the resultant AT 1ls

approximately 11°¢C.

(d) Includes allowances for deviations from nominal geometry.
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TABLE VI

Calculated Operating Charscteristics of
ETWO Assembly in HWCTR

Reactor pressure, psilg 1200
Moderator temperature, °C 250
Coolant inlet temperature, °C 235
Head avallable for fuel assemblles, ft 71
Flow to 2ETWO assembly, gpm 300
Assembly power, MW 1.1
Max imum/average power, axial 1,7
Maximum specific power, MW/Te U 78
Maximum core temperature, °C 468
Actual exposure, MWD/Te U 6830

Outer Inner

Surface Surface

or Channel or Channel

Max nominal heat flux, peu/(hr)(ft2) 419,000 k41,000
Flow, gpm 204 89
Velocity, ft/sec 21.4 20.3
Channel temperature rise, °C 11.0 22,0
Saturation temperature at outlet, °C 296 296
Nominal subcooling at ou%let, °¢ 50 39
Min subcooling at outlet(8) (with HSF), °c 45 31
Max cladding surface temp, °C 302 306(b)
Max fuel-cladding interface temp, °C 363 367

(a) Includes allowances for deviations from nominal geometry.
(b) Local bolling.
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TABLE VII

Calculated Operating Characteristics of

SMT Assemblies in HWCTR

Reactor pressure, psig

Moderator temperature, °C

Coolant inlet temperature, °C

Head avallasble for fuel assemblles,
Flow to SMT assembly, gpm

Assembly power, MW

Maximum/average power, axial
Maximum specific power, MwW/Te U
Meximum core temperature, °C
Actual exposure, MWD/Te U

Max heat flux, pcu/(hr){ft2®)

Flow, gpm -

Velocity, ft/sec

Channel temperature rise, °C
Saturation temperature at outlet, °C
' Nominal subcooling at ou?l?t, °c
' Min subcooling at outlet!?® (wit? ?SF), o¢
Max cladding surface temperature b}, °¢

Max fuel-cladding interface temperature, °C

1200

250

235

ft 71
150

0.73

1.7

uy

460

5600

Quter
Surface

Inner
Surface

343,000

93
11.5
16.7
296
44,3
43
306
385

368,000

57
14,8
21,2
296
4o.2
38
306
385

(a) Includes allowances for deviatlons from nominal geometry.

(b) Local boiling.
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TABLE VIII

Calculated Operating Charscteristics of
TMT Assemblies in HWCTR with the M-2 Drlvers

Reactor pressure, psig : 1200
Coolant inlet temperature, °C : 185
Assembly coolant flow'\®/, gpm : 150
Assembly coolant power, kw 1200
Maximum/everage power, axlal 1.8
Maximum nominel specific pcwer(b), MW/Te Th=U 62
Maximum nominal core temperature, °C 500
Actusl exposure, MWD/Te U 3500
. Quter Inner
Channel Channel
Max nominal heat flux, pcu/(hr)(ft®) 400,000 455,000
Coolant flow, gpm 82.8 61.2
Coolant velocity, ft/sec 18,1 18.8
Coolant temperature rise, °C 31,1 33.2 }
Max (with HCF) effluent temperature, °C 234 234
Saturation temperature at effluent, ° 296 296
Min (with HCF) effluent temperature(c , °¢c 162 62
Max nominal cladding surface temp, °C 263 266

Max nomlnal fuel-cladding interface temp, °¢ 393 4ot

() Includes 6 gpm axial purge through lnner houeing.
(b) Includes moderator heating.
(c) Includes allowances for deviations from nominal geometry.
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TABLE IX

Calculated Operating Characteristics of
TWNT Asgsemblies in HWCTR

Remctor pressure, psig 1300
Moderator temperature, °C 250
coolant inlet temperature, °C 230
Flow to TWNT essembly, gpm 100
Assembly power, MW 0.85
Maximum/everage power, axlal 1.7
Actual exposure, MWD/Te U 1085
Outer Inner
Tube Tube
Maximum specific power, MW/Te U 43,0 39.7
Maximum core temperature, °C 403 396
Quter Tube Inner Tube
Quter Inner Quter Inner
Surface Surface Surface Surface
Mex surface temp, °C 305 311{8) 305 308 l
Max heat flux, peu/(hr)(ft®) 229,000 246,000 207,000 238,000
Flow, gpm 5.5 k3.1 43,1 11.4
Velocity, ft/sec ' 9,45 . 9.64 9,64 10.7
Channel temperature rise, °C 26.5 37.3 37.3 35.2
Sat. temp at outlet, °C 300 300 300 300
Nom subcooling at outlet, ¢ = 43 33 33 35
Min subcooling at outletzb),
(with HSF), °C ho 28 28 30

(a) Local boiling.
(v) Includes allowances for deviations from nominal

- 29 -
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TABIE X

Calculated Operating Characteristics of
TWO-1-2 Assembly in HWCTR

Reactor pressure, psig 1300
Moderstor temperature, °C 250
Coolant inlet temperature, °C 230
Flow to TWO assembly, gpm 110
Assembly power, MW 0.69
Maximum/average power, axial 1.7
Meximum gpecific power, Te U 48,5
Maximum core temperature, °C 416
Actual exposure, MWD/Te U 1195
Quter Inner
Surface Surface
Maximum heat flux, pew/{hr)(ft%) 258,000 277,000
Flow, gpm 50.5 ko5
Velocity, ft/sec 10.5 10.7
Channel temperature rise, °¢ 27.4 24,8
Saturation temperature at outlet, °C 300 300
Nominal subcooling at ou I?t, O¢ b2 45
Min subcooling at outlet'®’ (with HSF), °C - 40 43
" Max cladding surface temperature, °C 306 311(Db)
Max fuel-cladding interface temp, °C 372 382

(a) Includes allowances for deviations from nominal geometry.

(b) Local boiling.
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TABLE XI

calculated Operating Characteristlcs of
HWCTR M-1 and M-2 Driver Tubes

Reactor preasufe, peig 1200
Moderator temperature, °C 200
Coolant inlet temperature, °C 185
Reactor power, MW 4o
Flow to driver assembly, Egpm 300
Assembly power, MW 1.38
Coolant temperature rise, °C 17.4
Nominal mex core temperature, °C 550
Nominal max heat filux, peu/(hr)(ft®) 500, 000
Velocity, ft/sec

Inner annulug 19

Quter annulus 23
Nominal max cladding surface temp, °c :320
Maximum core temperature, °C 550
Maximum actual exposure, atom % burnup - 1,83

- 3 -
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FIG. T 3 EMT FUEL ASSEMBLY (STAINLESS STEEL HOUSING )

{1) 3 EMT Outer Housing Assembly
(2) 3 EMT Fue!l Tube and Spacer
{3) 3 EMT Inner Housing Tube
(4) Piston Ring (HWCTR)
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(1) 3 EMT Outer Housing Assembly |

{2) 3 EMT Fuel Tube and Spacer
(3} 3 EMT Inner Housing Tube
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FIG. 3 HWCTR TEST ASSEMBLY 3EMT -2
Postirradiation Measurements
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FIG. 4 RMT FUEL ASSEMBLY

(1) RMT Outer Housing Assembly
(2) RMT Fuel Tube Subassembly
(3) RMT Inner Housing Weldment
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FIG. 5 HWCTR TEST ASSEMBLY RMT-1-2
POSTIRRADIATION MEASUREMENTS
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Final Postirradiotion Measurements
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(1) TWNT Outer Housing Subassembly
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PLATE DPSTF-1-5179

FIG. 20 THIN-WALL INNER AND OUTER FUEL TUBES

Note twisted ribbon spacers
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Criginal
peint of Core removed
Blister entry by corresion

NEG. 47348

Failed section of element showing the areas of mechanical wear against
the ribbon, the blister, and an area where the core was removed.

NEG. 47347 YW — —

The opposite side of faoiled section showing the blister.

NEG, 47955
Areas of mechanical wear on inner surface of housing tube. Maximum

penetration at worn area is 32 mils,

FIG. 21 OUTER FUEL TUBE SURFACE OF TWNT ASSEMBLY WHICH
FAILED !N QOUT-OF-PILE FLOW TEST AFTER 15 DAYS IN
WATER AT 250gpm, 260°C, AND 1000 psig ~1X
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