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Nuclear Starfhp,'Testing, and Core Managément of the FTR’

R. A. Bennett, J, W Daughtry, R. A. Harris, T. H. Jones,
~Js V. Nelson, J. A. Rawlins, ki B, Rothrock, K. A. Sevenich, B, D. Zimmerman

Introduction , - ‘
The Fast Test Reactor (FTR) is a sodiuh—cooled, mixed-oxide-fueled, 400 MW(Th)

fast reactor designed for irradiation testing of FBR fuels and materials. The

- reactor is located near Richland,_Wéshington, and is operated by the Westinghouse
Hanford Company for the_U.S. Department of Energy. The FTR is presently undergoing
nonnuclear startup tests,'iﬁ preparation for the initial fuel loading. The reactor
is provided with special irradiation facilities to enhance its experimental capa-
biliries. Thase include ejeht in-core, contact-instrumentable test positions of
approximately 12 cm. hexagonal cross section which permit continuous connection of
experiment instrument leads during operation or refueling, ahd'which may also be
used for closed loop systems that provide specially tailored coolant conditions

for test sections up to approximately 6 cm. in diameter. Special-equipment is

also provided for test handling, disassembly and examination, and for experimental

data collection and recording.

The arrangement of the principal reactor internal components is shown in
Figure 1, and a plan view of the core a?fangement is in Figure 2. The eight special
test positions are arranged in Rows 2, *4,-and 6, approximately on core radii which
divide the core into three trisectors. In order to permit instrument  leads to
remain attached to these eight experiments without interference dufing refueling,
each trisector is served by its own in-vessel fuel handling machine and, during
reactor operation, is covered by its own instrument tree which monitors the exit
coolant conditions from those channels not provided with contact instrumentation.
The three in-vessel handling machines and three instrument trees are mounted so
as to rotate between their operating positions over the core, and 'parked'
positions outside the core, without disturbing the overhead instrument connec-
tions to the eight test positions located on the trisector boundaries. In ad-
dition, due to the separation of the refueling machines, each trisector also has
its own ex-vessel transfer port. This division of the core into three trisectors,
each serviced by separate refueling equipment, results both in unique constraints
and uhique flexibilities for accomplishing the initial core loading, to be dis-

cussed in greater detail below.



The FTR core érrangem§§§£ shiown in Figure 2, containg 91 active core positions
'1n six hexagonal rows, surrounded by 108 radial reflector assemblies wade of high-
nickel alloy. The six-row active core includes three saféty rods in Row 3 (nor-
mally fully withdrawn during'operation) and six operational control rods in Row 5,
which are withdrawn to approximately midcore at startup and reach approximately
the full-out position at the end of each operating cycle. These nine control rods
are operated by drive mechanisms mounted on the reactor head, through shafts which
penetrate the instrument trees and which must be disconnected for fuel handling

operations. The eight special test positions at startup will contain two instru-
a::ﬁ:d fusl zssemblies; in Rown 2 anA £: 2n in-rcactor, instrument thimhle, in

Row 2, for monitoring the initial fuel loading and for subsequent active neutron
and gamma spectrometry measurements; a highly instruﬁented'vibration test assembly;
an instrumented absorber assemblf; and standard fuel and structural components.
Addi;ional instrumented positions will be used for structural materials irradia;
tions under contfdlled temperature conditions, and for closed loop tests, in
future operating cycles. Besides the nine control rod and eight instrumented test
positions, the remaining 74 of the 91 active core positions will ordinarily be
occupied by either driver fuel assemblies or by experimental fuel assemblies of
approximately equivalent power and reactivity. These seventy-four 'driver' core
positions are all mechanically identical, and accept 3.65-meter (twelve-foot)-long

core components, with separate outlet coolant instrumentation provided in the

instrument trees for each position.

A further‘description of the reactor, and in particular its nuclear design,
can be found in References 1 and 2. The results of the supporting critical ex-
periment program are summarized in Reference 3, and key nuclear parameters are
summarized in Table I, extracted from these sources. The balance of the present
paper is concerned with reactor physics aspects of FTR startup, testing, and

initial operation.

Reactor Physics of FTR Startup and Operation

e Initial Fuel Loading

A conventional symmetric procedure of loading the reactor from the center
outware (in all three sectors) with control rod withdrawals at intervals to ob-

tain rods-out count rates is relatively inefficient with the FTR, because:
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(1) Fuel transfer equipment zust be repeagedly'moved from one ex-reactor
“ transfer po;t to another in order to service all'three_triSﬁctors; and
(2) For each rods-out data point desired, all'three.in—vessel handling
A machines and instrument trees must be rotated into the proper posi-

tions, and all nine control rod drivelines connected.

These disadvantages can be circumvented by loading fuel into one trisector
completely; then parking its handling machine and rotating its instrument tree in
place while the next trisector is completely loaded, and so on. This process has
the additional advantage that the control rods can be connected and operated in
those trisectors where fuel loading is complete and the instrument trees are in
place. This allows relatively frequent withdrawals of three or six rods, when
either one or two trisectors have been loaded, in addition to maintaining a
cocked rod, if desired, during fuel movements. The control rods in the trisectof
being loaded remain disconnected and fully inserted, of course. This plan, terﬁed
'trisector loading,' will be employed in the initial loading of the FTR. The
sequence.of partial core loadings now planned is illustrated in Figure 3. Each
individual fuel loading step involves.the removal of one of the simulated core
assemblies, which were originally installed in the reactor.during its construction
to.maintain core geometry and filter the coolant; and its replacemént by a fuel
assembly. All control absorbers and other nonfuel components required for the

initial core loading have already been installed in the reactor.

The normal operational low-level flux monitors (LLFM) consist of fission
chambers located in three thimbles which penetrate the radial shield region ap-
proximately as shown in Figure 3. Thesekare intended for core monitoring during -
normal reactor startups and for shutdown and refueling operations. They will
also be installed and operating during the initial fuel loading. However, the
large changes in net detec;ion efficiency (neutrons counted per core source
neutron) for these detectors as the separate. trisectors are loaded would make

z

conventional plots of relative inverse count rates difficult to interpret.

Because of these potential problems, a series of experiments was performed in
the FIR Engineering Mockup Critical Expériment ('EMC'), assembled in the ZPR-9 facility

at Argonne National Laboratory, to simulate the fuel loading process. Neutron de-
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.tectors were installed in shiel& regioﬁs in iCcationé répresenting the tLFﬁs; as

weil as in several in-core locstivms, and coqntirates wers measured for several sym-
metric and asymmefric partialli;ibaded.core bonfigurationg representing bceth normal

and 'trisector' loading schemes fof the FTR., Because the sequence of experimental con=-
figurations constructed began with a fully loaded core and proceded by removing various
regions of fuel, this was termed fhe '"Reverse Approach to Criiical' experiment., In
addition to experimental count rate data from in—cére and ex-core detectors, subcriti-
cal reactivity measurements were also made by calibrated autorod and by the rod drop
(inverse kinetics) technique for severai of the partiallyiovadea configuraticﬁs,

As fuel was removed from the ZPR-9 matrix locations representing the outer two
rows of FTIR fuel, experimentél count rates from the detector near the core cénter
showed a smooth and monotonic dependence on the amount of fuel remaining, for either
symmetric or asymmetric lo;dings. The experimental count rates for the detectors in
LLFM positions showed abrupt slope changes, as expected, as the amount of fuel present
in each of the trisectors was varied. Selected results illustrating these effects are
shown in Figure 4.

Results of this experiment were carefully analyzed to determine how the loading
process may best be monitored with both in-core and ex-core.detectOts, and whether a
symmetric loading procedure holds any substantial advantages over the operationally
more efficient trisector loading schemé. Detailed analyses were made at Soth Oak Ridge
National Laboratory(4) and the Hanford Engineering Development Laboratofy(s) which
showed the relative count rates from Lhe ex-core detectors could be satisfactoriiy
computed provided sufficient detail was included in the calculational models. This
generally involved twq-dimensional diffusion theory or Sy analyses, with spatially
dependent axial bucklings used in non-fueledvregions of the core; these were in turn
obtaiﬂgd from three-dimensional calculations of selected reference cases. Special
numerical convergence tests were also employed to ensure flux convergence in regions

S .
far from the fission source.( ) Relative count rates for in-core detectors were more



’ readily‘computed by simple two-dimensi&nal féchniques, since théy are surrounded by
the core neutron source, and are relativeiy'unaffecﬁed by uﬁcértainties regardiﬁg tﬁe
axial leakage from hﬁﬁ-fueled regions. Froﬁ the results of this experiment, it was
concluded that (1) the core iqading process can be monitored most readily with a de-
~ tector located near the core center; and (2) if a central detector is available, then .
either a symmetric or asymmetric.fuel loading sequence can be safely gsed. Coﬁsis;ent
with these cénclusions, the pr&cedureAnow planned for monitoring the initigl FTR fuel
loading will rely chiefly on count rates from detectors within the in-reactor thiﬁble
located near the core center, for the purposes of predicting criticality and detécting
anomalous conditions during the loading process. However, count rates will also be
taken with the LLFM's as a further assurance that the loadihg is broceding as intended,
and to provide data for analysis and checkout of calculational @odels. Due to the
expected changes in detection efficiency for these remote detectors as the loading
Aﬁroceeds, calculated tables of expected relative count rates ;s a function of the
amount of fuel loaded have been prepared for use as a guide in interpreting the results.
. Count rates will be taken with oge'or more of the operating control rods withdrawn
during the loading of the final trisector., When a cofe loading has been reached that
is predicted to be critical with all rods out, based on extrapglated inverse count rate
data, the in vessel handling machine and instrument tree serving the final trisector
will be rotated into position and all nine rods will be withdrawn to achieve either a
critical rod position or a slightly subcritical state with all rods out, from which the
absolute core reacti@ity‘can be established through a rod drop measurement, Th{s ini~-
tial critiéality'is éresently expected to occur after loading about 58 fuel aséemblies,
out of a total of 733p1anned for the fully loaded initial core, Once the core loading
at negr-critical is determined and a reactivity calibration has been obtained, fuel
loading will be continued in the final trisector until a fully loaded coreVQf 73 fuel
assemblies 1s reached. Core excess reactivity will be checked at that-;ime to insure

that it is in the proper range to continue with the acceptance tests, and if not, any
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necessary adjustments will be made.

e Startup Physics Tests

An extensive series of physics related ﬁéaéurements Vill be.made~$3 FTR during

the startup testing period to confirm key nuclear'design and safety featﬁre;, and.to
measuvre nuclear barameters needed for.efficient operation as an irradiation faqility.
The following types of measurements are planned:

e Control rod wbrths and worth profiles, excess reactivity, and shutdowp marging

-‘Reactivity worth of selectedvcore component substitutiods;b

= Temparature and nowar coefficients of reactivity; '

# Dynamic analyées employing rod‘drop.methods; and

¢ Extensive nuclear core characterization using active andApassive sensors.
As several of these tests are of a more or less conventional natufe! the followihg dis-
cussion will focus on cases involving methods or experimen;§ that are somewhat unique
to the FTR; This category includes the general means of making subc;iticél reactivity
measurements; the dynamic measurements at power; and the core characterization prdgram.

Absolute subcritical reactivities will bé determined by inverse kinetic analysis

of the neutron level transient following a control rod d:op,‘to‘be performed by on-
line computer. Of the variety of inverse kinetics algorithms available for this pur-
pose, the Yang-Albrecht algorithm(6) will be used in the initial FFTF measurements.
The inverse kinetics analysis will be supported by pregalculé;ed values of control réd
worths to which the experimental results may be compared, This calculation alsé:yields
estimates of the chaﬁges in detection efficiency which occur due to flux shape pertur-
ﬁations when the control rod is dropped, allowing corrections to be méde in the inverse
kinetics calculations to refine the value of the inferred experimental rod worth, In
addition to the diffe:énce in reactivity before and after the rod drop (the expeii-
mental rod worth), the absolute subcritical reactivity may also be obtained from: this
technidue. In cases ﬁﬁere a less precise but more rapid experiment is desired, or

where reactivities must be measured in far subcritical cohfigurations, the modified
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source miltiplication ('"MSM') method ( ) will be used. This technique infers the

difference in subcritical multiplicition facior from LLFM counter readings taken at

two different states, using precélculated 'configuration factors' to aceomt for changes

in detection efficiency or in. neutron source betwcen the two states. To establish the
MSM reactivity values on an absolute sccle, a‘rod drop absolute reactivity measurement
is ordinarily made at a slightly subcritical state to. provide a reference count rate

\ .
calibration point. Many of the reactivity measurements r?quired during the acceptance
tests and for subsequent routine operation wiil be performed as subcritical reactivity
, 2 will weilion rhe MSM method with a2 rod drop calibration
at a reference state., The use of MSM for subcritical reactivity ceasurenents was veri-
fied and compared with other experimental methods during the FTR critical exﬁeriment
prog;am.(7)
Dynamic characteristics of the reactor at power will be'measured with the rod crop

techniquc(s) which has also previously been employed at the EBR-IT reactor.(g) This

N
procedure involves a small, rapid negative re;ctivity'excitation of a few cents in'mag-
nitude, in order to produce a reactor down-transient. This neutron level transient is
recorded and analyzed in order to extract features of .the reactor dynamic response.
Since the FTR does not have a special low-worth transient rod for this purpose, an
-operational control rod will be used. The rod is first lowered to near the bottom of
the core, and then scrammed for the last few inches of its stroke, tc achieve the
desired small, rapid negative reactivity insertion. Since this procedure entails a
substantial misalignment of the control rods at power, precautionary measures are
taken including a small power reduction prior to the experiment and a controlled power
recovery afterwards, to prevent damage to core components or experiments.

The reactor characterization prograh is especially important in view of the expert

(10) It in-

mental purpose of the reactor, and has been previously described in detail.
cludes measurements with active neutron and gamma instruments (calorimeters, spectrom-

eters, and absolute fission chambers) located in an instrument thimble near the core
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. center, as well as the irradiation of passive monitors (foils) at several locations

throughout the core. The £5il iiradiations will be per£0§?§d both at low power ( ~ 4MW5

and at high power, and in éslh case will utilizé‘eleven cpacially builﬁ_characterizer
assemblies. . Six of these assemblies have been built to simulate driver fuel asséme.
blies, and contain driver fuel pins with special features to facilitate remote disas-=-
'sembly and removal of selected pins in which the dosimeters are contained. Of the
remaining five characrerizer assemblies, one simul#tes a structural assembly and fdur
simulate FTR radial reflectors, all with special features for the irradiation and recov-
ery of foil packages. KReaction rates to be measurad include fission and capture rates
‘of important actinides as well as standard fast reactor dosimetry reactions, and mul-
‘tiple foil packages to be used.fér neutron energy‘spectrum‘unfolding.

The dosimeter irradiations are planned to provide information about both the
gross shape of important reaction rate distributions, and their local perturbations in
the viciﬁity of heterogeneities such as absorbers or nonfuel egperiments. . This is ac-
complished by arranging the characterizers so that results from the two irradiations
combined will span approximately a core diagonal (with soﬁe positions common between
the two irradiations, for normalization of results), aﬁd locating additional charéc-
terizers next to sources of local perturbations. In the axial direction, the foil
packages Qill extend from near the lower grid plate through the active core and axial
reflector regions, and into the region normally occupied by the (uppér) fission gas
plena., Results of the dosimeter irradiations will help establish the basic ‘unper-
turbed' FIR nuclear environment, and also test the ability to calculate the local per-
turbétions within and near experimenﬁs, an important aspect of experimental irradiatiomns
in the FIR. ’

¢ Nuclear Core Ménagement and Operational Physics Support

Following the acéeptance tests, the FTR will be operated as a fast neutron ir-
radiation facility on :approximately 100 full-power-day irradiation cycles, Including

the additional time required for refueling and maintenance, from two to three cycles
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of operaéisn-per year afé expec;ed. Based on current irradiétion pléns,.from 30.to
AL exparimenté may 5e in the coré?ai any one time, msing muny of the standard 'driver’
core positions and the first reflector row; in.addition to the eight special instru-
mented test positions. A wide variety of eiperiments are now being prepared for
1fradiation during the initial operating cycles, includinglmixed-oxide and carbide
fueis; internal and external blanket assemblies containing uraﬁium and thorium mater=-
fals; boron carbide abs&rbérs; instrumented fuel and structural experiments, and others,
Each experiment is designed to be irradiated in a specific nuclear environment, and in
many cases it may have a significant impact both on the overall ébre reactivity and’
power margin and on the local environment of its neighbors. It is therefore the Qb-
Jective éf the continuing nuclear core ménagement activities to coordinate the core
locations and irradiation schedules of the experiments so as to maintain a stable en-
vironmen; from cycle to cycle, satisfy all design and safety related core constraints,
and provide for each experiment a nuclear environment consistent with its irradiatiom
objectives. | |

The initial planning of each reloaded core configuration will be done with the '
aid of two~dimensional calculations, which can rgpresent all the essential operating
and safety constraints with sufficient accuracy for this purpose. Core management
options which can be exercised to adjust the core reactivity and power talance include
'replécement or shuffling of fuel; exchange of fuel assemblies for structural ‘'shim®
- assemblies, or of reflectors for absorbers; and if necessary, relocation or temporary
removal of experimenté. In addition to satisfying“e;perimental requirements, refueling
plans must ensure that ail standard core components (driver fuels, control absorbers,
reflectors) are replaced onAa regular schedule consistent with their permissible ir-
radia;ion lifetime, Once a core loading has been chosen that satisfies operational,
safety and experimental objectives, detailed prerun calculations will be made to obtain
‘predicted local neutronic environmental data for comparison with experiment requirements

and previous irradiation histories. In order to account satisfactorily for partially
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inserted control rods and axialiy nonuhiform e¥periﬁents,.an explicit three-dimen-
sional, full core calculation is.cénsidered to be necessary. ‘The '3pB' multigrQup
diffusion theory coypqter ﬁrogram(ll) is presengly used fpr.this'purpeée. A variety
of comparisons of two- and three-dimensional diffusion theory calculatioﬁs with FfR
critical experiments have shown(152) that.key reaction rates are calculated with satis~
factory accuracy in the vicinity of the core, when using the diffusion approximation.
These " calculations, along with auxiliary two dimensional analyses for coqtrol rod
wortﬁs, will provide the basis for the standafd prerun documentation to be prepared
‘fnrveach evele, which will include predicted values of important operational and safety
parameters as well‘as reaction rate distributions. A similar set of calculations

will be performed, in somewhat greater detail, following eacp cycle and incofpora;ing
any list minute changes in operating plans that were not reflected in the prerun'analy-
-81s such as different core loading, cycle length or power ﬁistory, or control rod
positions. Results of these postrun analyses will be maintained as a permanent record
of the FTR irradiation history, for use by the FIR Project and to assist experimenters
in the interpretation of their postirradiétion data. Each irradiation cycle will
generally begin with 3 mix of fresh and irradiated standard and.experimental core com~
?onents. For convenience,‘a computerized data storage system haé been devised to main-
tain detailed records of the irradiation histories, isotopic éompositions, and life
fractions remaining for all partially irradiated components, with provisions for
editing and upéating data for each cycle. This data system is interfaced with the

two~ and three-dimensional diffusion theory computer programs through use of input
generator codes which extract isotopic compositions for each component from the data
base and prepare isotépic 'mix tables' in the proper format for a diffusion theory flux
calculation,

The scope of the planned FTR irradiation program has broadened considgrably since

the initial core design was fixed and components ordered. One example of current im-

portance is the irradiation of experimental inner blanket assemblies in inner core po-
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sitiqns which would ofdinarily pe occﬁpied by driver or expéfimental fuels., Such
experiments were notAanticipatgd in establishing reactivity zliowances for the initial
driver fuel inventory, which was.purchased'to'specifications which predate the current
interest in heterogeneous core degighs. To cope witﬁ increased reactivity requirements
to support these and other experimental programs, the first reload driver fuel supply
has‘been'ordered with increased enrichﬁent, providing up to about 4% Ak/k greater
feactivity. Between the Qriginal and reload driver fuel purchases, and .allowing for
some fueled experiments prqvided from off-site independent fuel sources, a sufficient
fuel inventory should be on hand at startup to operate ror about fourteen irradiation
.éycleé. A typicél reload batch would contain about 20 fresh driver and experimental
fuels, in addition to sufficient control absorbers, reflectors, or other components to
replace all components that have reached the end of their irradiation lives. The
fresh driver éssemblies will be selected from both the original fuel inventory and the
(higher.enrichment) reload fuel purchase, with the fraction of fuel coming from the
_two sources adjusted according to current experimental reactivity requir;ments.

The selection of specific fuel assemblies to make up thé replacement batch is com-
plicated bf the use of gas tags to aid in the in-reactor in-reactor identification of
leaking fuel.(12) To each assembly is assigned a set of tag ratios of xenon and krypton
isotopes, and all 217 pins within that assembly contain a small amount of tag gas mix-
ture conforming to these specific isotopic ratios.. Thus in the event of a fission gas
leak from a fuel pin, some of the tag gas mdxture will also escape into the reactor

~ cover gas where it can be sampled and mas specfrometrically analyzed to determine the
identity of the leaker. Eighty different sets of tag ratios have been provided, com-
#ared with a nominal équillibrium core loading of 76 fuel assemblies, so that it is
possible to load the reactor without duplication of gas tags. The total fuel inventory
at stértup, counting both the original and followoﬁ fuel purchases, éonsists of four
.sets or ‘'cores' of from.77 to 80 fuel assemblies eéch, all with gas tags conforming to

the same set of 80 different isotopic ratios. The:fuel assemblies are also divided into
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‘three different combinations of enrichment/flow zones, each with an associated set of

gas :ea ratios. Consequeiﬁiy, careful planning of future ¢2 zd batches will be

needed to minﬁmize in-reactor gas tag duplications and to maintain a proper balance

within the spare fuel inventoiy with respect to gas tag ratios and enrichment/flow

zones ,
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YABLE I:

Peak Flux

"Ffﬁction Flux > .1 Mev

Fissile Pu Mass
Pu-240/Pu Total
Pu/(U+Pu) Zone 1.
' Pu/(UfPu) Zone 2.
.Axial P/A Power
Radial P/A Power

Average Discharge Burnup

. Peak Dischargé Burhup

Brecding Ratio

Delayed Neutron Fractibﬁ'

Doppier Coefficient
.Central tla Worth

Doppler Power Coefficient

" Na Power Coefficient ,
Radial Expansion Power Coéfficién{
" Axial Expansfon Power Coefficient

:7-x 10
" .65

FfR HEUTRONICS CHARACTERISTICS

15 n/cmz-sec

552 kg

".12 w/6"
22.4 v/

27.4 w/o

121

1.40
49 Md/kg

- 80 Mud/kg

0.45

-~

0.003

-.005 (7 dk/dT)

-9 x ‘9'5 sk/kg
=28 &M

-.02 ¢/t

.20 ¢/

-0 ¢/
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Figure 3., FFTF Core lLoading Sequence '
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FIGURE 4. Plots of inverse count rates versus fuel elements loaded.
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