


Printed in the United States of America
hvatlable Crom
Clearinghouse for rederal lefentific and

Tarhnicnl Informntion
National Iurenu of Standarda, U, 5, Jepariment of Camaerce
Springfield, Virginia DILDY
Price: Prinued Copy $3.00; Micoorielw IN.6Y

LEGAL NOTICE

This tepart w pared a0 an acount of Gave

sment apomured ek Nentier the Umited

States, var the Commsuum, nor any perion atng on betuall of 1he Camrnauan

A Males any warranty o repreaentatian, eapeess o angihe

with trvpect 10 the arevgerey

com o that the e o any

completrness, or welninew of the infunmation oo

teed un thas deget

inlormation, ay

rat

e thend, r s ene e s

i tha gt ey et anfeinee pooraately
nmned nights, or

B Nvued any hatalitery with resjpeect 1o the e of, or {or damy traulting fromn the e

of any wlormisiion, spparstus tethod or peosesy ek

an thae repoeg

Av ated i the above . “pecsan acting o Penath of the Commingon o bu e ony rinpdovee ar

contractar of the Commennn, or sgdover of b sontra

Pt the vareatl that vl ey
et vonteacte ol the Compusnin ar cnpdaves ol suh cantesitor uepiees haemetes,
provsdes weess g any anlereetien pureont o b employient ot contract sath e antan,

ar e entgduyaeat with el contsa e




LEGAL NOITICE

Thie rugeiri wau pressied oo an sectmnt of Gurerament Gomsvred sarh. Neither the insted

1D0-17281

AEC Research und Development Heport
Reactor Technology

TID-1500

lssuced: March 1969

RMates, not the Cammission, hut say gmrean 0 LIRG o Taehell il the Ummmiseim

A. Makos any mactanty ar roprssentalion vrpretand ot FinHisd, wilh rosjmel ts e sesy-
recy. cumpiotonces, ur uselulness of IMe infur metinn cumained 1n thiD Foguirt, of (el the usp
ol say Information, syt aiug, MERS, A7 o ves diarioned la his 1ogmrl may mit (nlf Inge

PrIvately owned Tights; of

B. Assumen any flatriitiea sith Tasfort 1o the oo of, «f ot demaeges reoutiing f1wm the
wov of sny Information, speraiye, metmed, ot pri ses die losad in (Ais tegnrt
As uoed (n (he atmve, “prrman scibng s behatl ¢8 Uw Commisshm® inciedes an) e

Pluyee ur contisciut of (ke Commissiun, of emptoree ol suech contr

s, the eulent 1l

surk employer of (ontzator ol e Commieeion, ot rdaree ol such CURLISLInt (rrpmtes,
disraminalee, of pravides sciese i, sA) Infarmation [mrswant L his smplayinent oF contenl
with the Commiseion, of Kis eMploy meni 2118 Suh coni7attorn,

v.

REACTIVITY ACCIDENT TEST RESULTS ANL
ANALYSES FOR THE SPERT HiI C-CORE -~ A sMALL,
OXIDE-FUELED, PRESSURIZED-WATER REACTOR

S.

by

R. K. McCardell
D. 1. Herborn

E. Houghtaling*

2 NOW Wil WESTINGHOUSTE LLECTNIIC
CORVPORATION, PITTSHURGH, 1'A

PHILLIPS
PETROLEUM
COMPANY

i
(7 - .
Atomic Energy Division

Contract AT(10D 1}.205%

idaho Operations Office
ATOMIC ENERGY COMMISSION




-t

ACKNOWLEDGMENTS

The performance and analysis of the Oxide Core Kinetics Program required
the efforts of muany people. Special thanks arcduc to M, ishikawa, G. A. Mortensen,
R. K. Stitt, and M. W. King. Mr. Ishikawa, an exchange scientist on loan from
the Japanese Atomic Energy Research Institute, performed many of the PARET
culculations and verified that prompt moderator heating was an important
E-core feedbnck mechmnisni. D, Mortensen developed the Doppler feedback
model used in the computer codes, and Dr, Stitt performed most of the extrapo-
Intive PARET calculations. Both individuals provided mwuce! technical advice
throughout the program. Mr. King performed the SPORT calculations and
prooared the appendix of experimental data plots. The cooperatton and cfforts
of J. P, Campbell, J. F. Scott.and W. A, Eiscobarth, members of the Oxide Core

Kinetics Group, are also gratefully acknowledged.

fi



Cea e

ABSTRACT

A program of reactivity accident tests has bheenperformed with the Spert 1]
E-core -- 1 amall, oxide-fueled, pressunized-water reactor (PWR). which
except for size is generully characteristic of an unborated, commercial PWR
with essentinlly no fission product inventory in the core. With this core, 80
nondamaging power excursions were initiated from typical PWR operating
conditions, viz, cold-startup, hot-startip, hot-standby, and ope.;i'uting-pou'c:'
initial conditions. The excursions resulted (rom rapid reactivity insertions
ranging from 0.5 to 1.38. The data obtained provide the only known uxperimental
reactivity accident results for low-onriched oxide cores at initial conditions
other than cold-startup. The cold-startup power excursions werce essentinlly
limited by Doppler broudening of U-238 rescnance abhsorption cross seclions,
which provided the majority of the total reactivity compensation. For the other
test conditions, reactivity feedback resulting from prompt moderator heating,
caused by slowing down of fast neutrons and absorption of prompt gamma ra- ;,
becane a significant contributor to the total reactivity {eedback. The JREKIN and
PARET computer codes were evaluated using the experimental data. The 1REKIN
code, which considers only reactivity feedback from Doppler broadening,
provided satisfactory predictions for only the cold-startup tests. The compre-
hensive PARET code yielded exccllent predictions for all accident conditions
tested.
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SUMMARY

Reactor safety is gencrally assessed on the basis of calculational models
that predict the courscs and consequences of postulated reactor accidents.
The accuracy of these predictions, however, can he determined only by compar-
ison with experimental datu. Reactivity accldent tests, which provide data for
verification of such calculational models, have been performed in the oxide-
fusled, pressurized-water Spert I E-core reactor. The specific objectives
of the Spert 111 E-core program were to (a) obtain reactivity accident data
under initlal conditions similur to commercial PWR operating conditions,
() analyze the data to determine the reactor kinetic response, and (¢) evaluate
computer codes used to predict the reactor kinetic behuvior. Except for its
»>mall size, this reactor hus the charocteristics of anunborated, commercial,
pressurized=water reactor (PWR) with esscntinlly no fission product inventory
in the core. The E-core initinl test conditions were representative of ¢old-
startup, hot-startup, hot-standby, and operating-power conditions in PWR's,
The tests were imtinted with rapid reactivity insertions ranging from 0.5
to 1.3$, which resulted in nondamaging powcr cxcurslons with reactor periods
from about 1000 to 10 msec. These datn provide the only known experimental
reactivity nccident results for low-enriched oxide cores at initial conditions
other than cold-startup. Analytical models, used by the nuclear industry to
predict the results of reactivity accidents, can now be evaluated for hot-startup,

hot-standby, und opcrating-power conditions,

The kinetic behavior of the E-core was calculated using the PARET and
IREKIN digital computer codes, both of which use the point-reactor kinetic
cquations. The PARET code calculates the coupled thermal, hydrodynamic,
and nuclear response of the reactor, and all the known major reactivity ferdback
mechanisms are accounted for. In the IREKIN code, there are no provisions
for coolant flow, and only Doppler reactivity feedback is taken into account.
The results of these calculations are typical of reactivity accident unalyses

performed using current space-independent kinetic techniques.

The E-core experimental and analytical programs were divided into

low-initial-power and high-initial-power test phases. T.ow-initial-power (x50W)
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excursions were performed for cold- and hot-startup conditions, High-initinl-
power excursions were performed for hot-standby and operating-power conditions,
For the E-core, these system conditions are defined as:

Accident . . Coolant Inlet : Tnitinl Benotur
_Conditions - Temperature (°F) : Power (144)

AR : S
Cold Startup 70 5 % 1D 2
Hot Sturtup 260 5 x 077

500 5% 1077

Hot Standby 500 13
Operating Power 500 20

With the exception of the cold-startup cxcursiona, the test conditions were
generally 1500 psig system pressure and 14 fps coolant fiow ulong the fuel
rods, In terms of flow, coolant subcooling, and specific co.« power, the initial
test conditfons were characteristic of commercial PWR operating conditions,

Analyses of experimental results from the cold~startup reactivity accident
tests demonstrated that these power excursions in the E-core were cssentinlly
limited by Doppler broadening of the U-238 resonance ahgorption cross scctions,
Over the range of reactor periods considered (1000 to 10 msec) for the cold-
startup tests, Doppler broadening provided about 85 f.o95% of the tctal reactivity
compensuation at the time of peak power, Other oxide cores previously tested
at Spert, the Spert I OC and Spert 1V CDC, were also Doppler limited during
cold-startup excursions. These cores had smaller nonmoderator-to-moderator
ratios than did the E-core, and as expected, increasing this ratio increused the
Doppler reactlvity feedback. Although thera were significant differences in
Doppler fecdback, total mass of UOs fuel, and U-235 enrichment among the
three cores, the largest variation in peek reactor power or maximum specific
energy release at peak power for cold-startup tests initinted by equal reactivity
insertions wns only a factor of two.

For the 260°F hot-startup tests, the peak reactor powers were about 10
to 35% larger than the values for cold--startup transients initinted with the sume
reactivity insertions. Peak reactor powers were about 50% larger for 500°F
hot-startup tests than fdr cold-startup transients resulting from the same
reactivity insertion. These differences in peak power indicate that Doppler
reactivity feedback coefficients decrease with increasing fuel temperature.

However, the differences between cold- and 500°F hot-startup peak powers



- © e st gy s e vy v T T

were not as ‘arge as would have been expected if the E-core were solely
Doppler limited at hot-startup conditions, 'Analyses indicated that reactivity
fecdback resulting from moderator expanslon became a aignlrlcant contributor
to the total reactivity feedback at elevated system temperntures This moderator
lbcdbuck resulted from - prompt moderator hentlng (PMH) that was caused
by the slowing down of fast neuirons and the absorption of prompt gamma rays.
During the 500°F hot-startup tests, PMH feedback contributed from 20 to 35%
of the total reactivity compensation at the time of peak power.

Analyses of the experimental results from the high-initial-power tests
domonstrated thnt “appreciable renctivity feedback occurred during thereactivity
insartions, and thorefore the power rises for these transicnts were not pure
cxponentials. During the high-initial-power tests, the kinetic behavior of the
E-core was strongly Influenced by the reactivity inserilon rate. This is in
contrust to the relative unimportance of insertion rate for the low-initial-power
tests, where the reactivity insertions were comploted bhefore appreciable
renctivity feedback occurred, and the transients beha,ud as if a step reactivity
insertion had taken place, Bucause of the immediate feedback during excursions
performed from high-initial-powers, the times required to reach peak power
were considerably shorter than those for the low-initial-power tests. The times
to peak power for the operating-power tests were about 100 msec regardless
of the reactivity ingertion. Peak reactor powers were about 40 to 50% larger
for the hot-stundby transients than for 500°F hot-startup tests initiated with
the sume renctivity insertions. For superprompt critical, operating-power
transients, peuk powers were about 2.7 times those for equivalent 500°F hot-
startup tests; whercas the subprompt critical, operating-power transients
reached peak powers about 10 times those of equivalent 500°F hot-startup
tests. High-initlul-power tes¢ results showedthe effect of initial reactor power
and further demonstrated the decrcasing Doppler coefficient with increasing
fucl temperature. During the hot-standby tests, Doppler compensation was
still the principal feedbuck mechanism with PMH r2activity feedback contributing
nisout 35'% of the total at, the time of peak power. For the operating-power tests,
PMIv resctivity compensation was the dominating feedback mechanism until
ahout the time of peak power at which time the Doppler feedback became
approximately equal to the PMH feedback,
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During the hot-startup tests, the effect of coolant flow was investiguted
for excursions with reactor periods ranging from 250 to 15 msec by vnrying-'
the coolant fl~~ rate from 2.4 to 24 fps. For long-period transients (reactor. .
period, T, >40 msec), Increasing the coolant flow rate increased the eﬁérgﬂf

rclease to the time of peak power. This increase in energy rclease was ct\used o

by reduced moderator reactivity feedback at the lurger flow rutes. The reduction ‘
in feedback resulted because considerable heated coolant wus transported
from the core during the transient. For short-period transients (reactor
period, 1. <40 msec), the encrgy releage nt the time of peak power was essentlally

independent of flow rate because little coolunt was transported from the core - -

in the short times required to rench peak power. Hocwever, for these snfne.short
period transients the power levels following the power peak increased with -
increasing coolant flow rates.

To evaluate the capabilities of calculational models, the E-core kinetic
behavior was predicted using the PARET and IREKIN computer codes for
the reactivity accident conditions experimentally investigated. IREKIN predic-
tions were up to 30% larger than the expoerimental results for the cold-startup
reactivity tests, but were 40 to 60% larger than experimental values for all
the superprompt critical, hot-startup reactivity accident tests. However,
the IREKIN code underpredicted the energy release to peak power for the
600°F subprompt critical, hot-startup tests. These inconsistencies in the
IREKIN predictions resuited because coolant flow is not considered in the
IREKIN code and moderator feedback cannot be satisfactorily tuken into account.
Because the effects of coolant flow and moderator reactivity feedback are
very important at high-laitial-power conditions, the limitations in the IREKIN
code precluded meaningful calculations for the hot-standby or operating-
power reactivity acoldent tests. PARET predictions were within 30% of the
experimental results for all accident conditions tested.

During all the reactlvity accident tests, the E-core fuel rods performed
satisfactorily and clad integrity was not lost; however, circumferential ridging
or clad bambooing occurred along the high flux regions of the fuel rods. Mctal-
lurgical lnvestlgatloﬁ's indicated that the strength of-the cladding was nct
affected by this bambooing. The maximum fuel rod cladding surface temperature
measured during the ontire exparimental program was about 600°F, and occurred
during the operating-powor tests. The maximum calculated hot-spot UOg fuel
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temperature obtalned using PARET was about 3800°F, These muximum temper-
atures are well below the melling temperatures of the stainless steel clad and
uo, fuel,

Because of the excellent agreement that was obtained between the PARET
calculational and experimental results, the PARET code was used to investigate
the E-core kinetic hehavior for postulated reactivity accidents that were not
experimentally investigated. Calculations were performed to determine the
c¢ffecet of positive modéi‘utor temperature coefficlents at operating-power
conditions. These PARET calculations indicate that for a positive moderator
temperuature coefﬂclent larger than about + 34/°F power excursions that are
nrot self-limited by Doppler feedback could occur in the E-core. For these
modurator temperature coefficlents, E-core power excursions would be limited

only by core disassembly.

PARET calculations werc perfcrmed for postulated E-core reactivity
accidents {nitiated with the maximum available reactivity insertions for the
various operating conditions. These reactivity insertions were 4.8$ for the
cold-startup and 250°F hot-siartup conditions and 3.5$ for the 500°F hot-startup,
the hot-standby, and the operating-power conditions. The results of thesc
calculations indicate that the 'probnblllty of core damage is largest for the
cold-startup and operating-power accidents. For the most severe cold-startip
recactivity accident considered, fuel melting wns calculated to occur in the
axial flux peaking region of about 30% of the core. However, during the power
hurst, the maximum clad surface temperature was calculated to be cnly about
200°F. For the most severe operating-power reactivity accident, the maximum
fuel temperature was cualculated to be about 4900°F during the power bhurst,
which would not cause fuel melting. For this case, however, critical clad-water
heat transfer conditions (departure from nucleate boiling heat fluxes) were
calculated to occur along the axial flux peaking region in about 30% of the core;
therefore clad melting could possibly nccur.

In summary, analysis of the experimental results indicates that cold-startup
power cxcursions in the E-core are principally limited by reactivity feedback
arising from Doppler broadening. For hot-startup and hot-standby power
excursions, reactivity feedback from prompt moderator heating becomes
important in limiting these excursions. The prompt moderator heating reactivity
feedback becomes the principal mechanism in limiting kK-core power excursions

initinted from operating-power conditions. The IREKIN code, which accounts only
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for Doppler feedback, yielded predictions that werc within 30% of the expelrsmentasl
results for the cold-startup reactivity accident tests. For all the other test
conditions, TREKIN predictions were not satisfuctory. Thus, for all reactivity
accident conditions except cold-startup, it {8 concluded that the TREKIN code
or codes similar to it are not adequate for predicting rcuctor kinctic behavior,
The co:aprehensive PARET code, which accounts for all kncwn reactivity
feedback mechanisms, yielded predictions that were within 30% or less of
experimental results for all accident conditions tested, 1t is recommended that
a code like PARET, which incorporates coolant flow nnd meccator reactivity
feedback, be used for predicting the results of reactivity accidents in small,
oxide-fueled PWR's.
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REACTIVITY ACCIDENT TEST RESULTS ANC ANALYSES FOR THE
SPERT lIf E-CORE -~ A SMALL., OXIDE-FUELED, PRESSURIZED-
WATER REACTOR

1. INTRODUCTION

Reactor safety is gencrally assessed from analytical models that predict
the courses and consequences of postulated reactor accidents. The accuracy
of these prédicthna, however, can be determined oaly by comparison with
experimental data, An objective of the Special Power Excursion Reactor
Test (Spert) Program, which is conducted by Phillips Petroleum Company at the
National Reactor Testing Station, is to obtain data for the evaluation of anulytical
models, Two gecals of this program are todetermine (a) the mechanical behavior
and (b) the nuclear behavior of oxide-fueled reactors for one type of postulated
accident, the reactivity accident. The mechanical behavior ofUO, fucl rods
during power exouf'slons is béing investigated as part of the Subassembly
Test Programlll. The nuclear bchavior of a small, oxide-fucied reactor
was investigated during the Oxide Core Kinetics Program, and the resi s
of this investigation are the subject of this report.

Annlyﬂcal models have been shown to accurately predict the nuclear
behavior of oxide-fueled reactors for nondamaging reactivity accident tests
initiated from ambient temperature conditionsl2-7], Because experimental
data were not available, however, evaluation of these models could not be made
for tha entire range of temperature, pressure, riow. and power conditions of
oxide-fueled reactors. The Oxide Core Kinetics Program was designed to
obtain reactiv‘ity, accident data under initial operating conditions that are similar
to commercial, pressurized-water reactor (PWR) operating conditions. The
specific objectives of the program were (a) to obtain experimental power
excursion data, (b) to hnnlyze these experimental data to determine the important
factors that influence reactor kinetic response, and (c) to evaluate analytical
models that were used to predict the kinetic behavior of the reactor. The power
excursion tests were performed with the Spert Il E-core resctor, and the
analytical lnvelstigatlons were performed using the PARETI8] and IREKINIS)
digital computer codes.

Typical PWR bpemtlng conditions include system pressures in the range
from about 1500 to 2250 psig and coolant inlet temperatures in the range



from about 480 to 560°F. While these conditions were well within the capabilities
of the Spert Il physical plant, the E-core fuel rods were oiiginally designed
for the PL-2[10] reactor which had operating conditions of €00 psig system
pressure and 489°F coolant inlet temperature. Because of the differences
hetween the fuel rod design and the desired commercial PWR operating conditions,
a series of exterpal pressure tests wes performed on the E-core fuel rods.
Results of these tests and  stress analyses indicated that the E-core fuel
rods would perform sutisfactorily under operuating conditions of 30 Mwlal

- stendy state reactor power, 1750 p.ig systcin pressure, and 55C°F coolant

inlet temperature. To allow for a significant safety margin and still satisfy
the experimental program oblectives, pretest operating limits of 20 MW
steady state reactor power, 500°F coolant inlet temperature, and 1500 psig
gtatic system pressure were established for the transient tests. Within these
limits, a lurge number of reactivity accldent tests could he performed. System
conditions representing cold-startup, hot-sturtup, hot-standby, and operating-
power were selected. For the E-core, these initinl system conditions are defined

as tahnlated below:

Conlunt

lnlet Syotom Aveorunge Caglunt  [aivinl Benctar
Aecident Temperature: Prossure Flow Hnte Powor
Conditions {9%) {nsig) (to3) (1)

e

Cold Ctartup o At 0 hox 1N
ot Startup 200 1500 2.0 to 20 5 x 107

500) 1510 LR Le 2k 5 x 1077
ot Standby HOu 1500 1h ]
Operating
Pawer 500 1500 1k 20

A progrum limitation wns that fuel mechanical damage thresholds would not
he ¢xceeded. This limitation was established so that the reactor would not
he damaged hefore all of the nccident conditions had been investigated. Thercefore,

reactlvity insertions were limited to about 1.38, which resulted in reactor

la) Energy from the heat exchangers in the Spert 111 plant is vented to the
atmosphere, Thus all E-core power levels given in this report are thermal
power levels.

o



perfods of ahout 10 msee. The sequence of reactivity accident testing was from
what was considered to be the least to the most scverce accident conditions.
Therefore, transient testing was begun at cold-startup conditions and was

concluded at operating-power conditions.

The acquisition of new experimental power excursion data provided a
significant contribution to reactor safety investigations, and the analytical
portion of the Spert 1II E-core program proved cqually as important. The
analytical effort was essentially fourfold:

(1) The E-cure cold-startup experimental data were correlated

with duta from oxide cores previously tested.

(2) The experimental Fecore data for each of the four accident
conditions were compared with the data from the other

conditions.

(3) The kinetic hehavior of the E-core, foreuachacclident condition,
was predicted using analytical models and the results of these

calculations were compured with experimental data,

(4) Extrapolative calculations using analytical models were per-
formed for reactor conditions that were not experimentally

tested,

The oxide-fueled reactors previously tested at Spert had design characteristics
that were different from those of the Spert III E-core. Correlation of the
E-core cold-startup data with the earlier test data indicated the effects of the
different design characteristics on the reactor kinetic behavior. In addition,
comparisons of the E-core duta irom all the reactivity accident conditions
considered showed the influence of initial system temperature, reactor power,
and coolant flow rate on the E-core kinetic behavior. Comparisons of the
experimental and calculational E-core results were performed to evaluate
the analytical models. Once verified, these models demonstrated the importance
of various reactivity feedback mechanisms and were used for extrapolative

calculations.



II. DESCRIPTION OF THE SPERT IH FACILITY AND E-CORE

The following subscections contain a brief description of the Spert {11
facility and the E-core, a discussion of the instrumentation used for transient
testing, and a summary of the static nuclear characteristics of the core,
For those who desire morc detailed plant information, particulars of the
reactor and equipment are given in \ppendix A of this report, in the Spert I1I
Facility Report -- E-Core Revisionlll], the Spert 111 Facility Report(12],
and the Spert I Hazard s Summary Report[m]. Results of the static nuclear

experiments are discussed in detail inSpert Quarterly Technical chnrts“"‘”].

1. SPERT 111 FACILITY AND E-CORE DESCRIPTION

The Spert L1 reactor facility contains nuclear and hydraulic cquipment
that characterizes a conventional, pressurized-water reactor in addition to
providing a facility for recactor safety experimentation. The reactor vessel
and primary coolant system are designed for a steady state pressurce up to
2500 psig, trinsient pressures to 3500 psig, and temperatures up to T00°F,
A cll(:lwuy' view o: the Spertlll reactor pressure vessel is Hlustrated in Figure 1
The vessel §s o multilayer, welded, Type 3041, stalnless sicel structure, Ity
inside diameter is 48 inches and its overall length is 23 fect 9 inches. Thermal
shields, comprised of concentric cylindrical annuli of stainless steel, minimize
the tempersature-induced vessel-shell stresses during nuclear operation. The
vessel conststs of u flanged top head, a cylindricul shell, bottom hemispherical
head, and hottom tee, ‘The top head serves as a mount {or the contro! rod drives
and s of the bolted full-opening type that permits access to the reactor Internal
structure. Four 6-inch nozzles located on the top head provide nccess for
instrumentation leads and exits for removable fuel assemblics. The bottom
tee holts to the bottom head aud scrves as an entrance for the coolant water
from the two primary coolant loops. Each of the primary loops consists or two
500 hp, canncd-rotor, centrifugal pumps operating in parallel; n heat exchanger:
and flow-control and <heck valves., The total coolant flow rates of hoth loops
can be varied from 400 to 22,000 gpm, which corresponds to velocities in the
k~core fuel channels up to about 24 fps. The maximum heat removal capacity

of both loops is 60 MW for 3" minutes heciuse of a limitation in the supply
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of secondary coolant water. After entering the vessel hottom tee, the coolant
flows upward through the core, reverses direction, and flows downward through
the thermal shields leaving the vessel near the botiom.

The rcactor core is confined by upper and lower grids and the core skirt,
The E-core fuel is comprised of 4.8%-enriched UQ2 fuel rods restrained in
stainless steel fuel assembly cans. The maximum number of E-core fuel
assemblics that can be loaded in the core is 68. The U032 fuel, in the form
of 0.42-inch diameter pellets, i3 contnined in 40.8-inch long, 0,466 ~inch outside
dinmeter Type 348 stainleas steel tubes that have a wall thickness of 0.020 inch.
There is a 0.003-inch radial, helium-filled gep between the fuel pellets and
the cladding. Each of the fuel rods has an active length of 38.3 inches and
contains 38.5 grams of U-235. There i8 a 2.5 inch expansion space at the top
of cach fuel rod in which a compression spring is positioned to keep the fuel
pellets in place.

The cross section and coordinate numbering system for the E-core are
illustrated in Figure 2. The fuel assembly locations in tha core are desig;mted
by the quadrants (N, E, S,und W), The letter “R” indicates that the fuel assembly
is removable. The majosity of the fuel rods are restrained in 48 3- by 3-inch
squure assembly cans that contain 26 rods in a 5 by 5 rectangular array
with 2 square pitch of 0.585 inch. The central nine of these 25 rods are removable
for inspection. There are 12 smaller 2.5- by 2.5-inch square fuel assembly
cans, each containing 16 fuel rods arranged in a 4 by 4 rectangular array with
the same pitch as the 26~rod asseriblies. Four of the 16-rod nssemblies
surround the centrally located transient rod guide, and the remaining cight
16-rod assemblies form fuel followers of the eight E-core contro! rods. The
central four fuel rods contained in the assemblies surrounding the transient
rod gulie are removable for Inspcction. In addition, the S11 assembly was
modifizd so that the corner fuel rod nearest the transient rod center was
removable for instrumentation and inspection becnuse this fuel rod is near

the core thermal flux peak.

Flgure 2 also indicates the coniponent placememt in the E-core. The
cruciform-shaped transient rod used for initiating reactor power excursions
is located at the core center. The four centrol rod pairs are indicated by

shading. The space ietween fuel assemblies and the cylindrical core skirt



BR-1232

Fig. 2 Spert 111 E-corc lattice,

is occupied by stainless steel filler pleces. A brief summary of the E-core
design characteristics is presented in Table !,

2, INSTRUMENTATION FOR TRANSIENT TESTS

The variables for which datn were recorded during the Spert III transient
tests were resctor power, fuel rod surface temperature, transient pressure,
and bulk water temperature. Data were obtained from detectors in the reactor
and recorded as analog signals in real time at the control center. The low
level signals from the detectors were amplified in the instrument bunker prior
to transmission through 3000 feet of coaxial cabie to the control center. Time-
dependent electrical signals were then recorded on both optical oscillographs
and magnetic tape at the control center.
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TABLE [

DEGLGH CHARACTERISTICS OF THE SPERT ILI H-CORE

Component

Coccification

Vessel and Primaey System

Vessel Type
Veascel Composltion
Veasel Size

Design Pressure
Design Temperature

*low Characterintian

Heat Removal Capubflities

Conf:guration

Number and Type of' Fuel Asscemblles

Moderator-Reficctor

All-welded multilayer vessel

3041 stainless steel

h-rt ID by 23-3/h ft long

2500 paig

700°F

0 1o 20,000 gpm upward through
core

Up to 60 MW tor L/2-hr duration

Core

Approximntely cylindricul, 26-in.
diameter

L8 twenty-five-rnd assemblics
12 sixteen-rod nsgsemblies

Light woater

Nonmoderator-to-Modorator Ratio 1.03

'y pe

Length of Fuel loitn

Active Length

Pitch

Fuel Rod OD

Clad Thlckneas

Enrichment

er hensity

Musa of UQ,, per Fael Rod
Muss ot U-538 per Fuel Rod
dnng of U-235 per lMunl Rod

Cladding

Ihumber and Type

Fuel
U, pellets
h0t8 in.
38.3 in.
Square, 0.58% in.
0. 466 in.
0.020 in.
5.8 percent
10;5 g/cm3
013.5 ¢
1660 g
36.9 ¢

Tyne W8 atninlesa s° . 1

Contro] Rods

& total, coupled jin units of 2 per

auuddrant



TABLE I {CONTINUED)

DESIGH CHARACTERISTICS OF THE SPERT III E-CORE

Component Speclficntlon
Composition Fuel follower and Type 18-8 uoain-
lees steel with 1,35 wtl 5=10
Dimension of Poison Section ‘ 2.496 1{n. square by WG in. long
Dimencion of Fuel Follower 2,090 in. square by hS-k1/7h in,
long

Transient Rod

Type ' Cruciform shape
Composition Upper section: 18-8 stuinless
steel

Poison section: 1.35 wif B-10
stainless steel

Length Poison section: 38 in.

Kinetic reactor response was determined primarily from the reactor
power data. The principal features of this response included the initinl asymptotic
power rise, peak 'power, power burst shape, and runout power. To obtain
these features it was sufficlent to measure the reactor power risce over six
decades. This was done uming five uncompensated B-10 lined ion chanibers
located at different dlsianqés from the core. For the iow-inltlnl-—power transicnt
tests, the reactor power. begim to deviate from an exponential rise one or
two decacdes below peak power. Since two decades of power rise were desired
for the period measurements, four decades of power coverage were required
below tha expeciad peak power, Inaddition,oneor two decades of power coverage
above the expected peak were required to ensure that the peak power was indeed
measured. For the five lon chambers, the current output as a function of the
reactor power level was ostablished during static experiments by menns
of cobalt wire activation moasurements at various system temperustures
and by primary system heat balance experiments at n temperature of 500°F{17],

Fuel rod cladding surface temperatures were measured throughout the
E-core using 38 fine-wire, Chromel-Alumel thermocouples. The ends of the
thermocouple wires were slightly flattened and sepurately attached to the




fuel rod surfucus hy resistance welding. The thermocouples were distributed
such that «  three-dimensional temperature distribution {n the core could
be obtained. In addition, they were positioned at the suspected core hot spots.
All except eight of the thermocouples were stainless steel sheathed (magnesium-
oxide Insulated) and constructed so that they could withstand large coolant
flow rates. Bight faster response, unsheathed (bare junction) thermocouples
were installed for the purpose of calibrating the stainless stcel sheathed
thermocouples during the low-initinl-power transient tests. These were located
in coru positions neur the stuinless steel sheathed thermocouples,

Moderator  tumperatures  were . meusured hy stainless steel sheathed
(rn:ng-ncsiuxn-oxldu Insulated) thermocouples. There were seven thermocouples
located in the hottom tee, and the average of these thermocouples was used
to record the modorator inlet te.aperature. There were four thermocouples
locuted near the upper grid, and the average of these wus used to represent
the moderator outlot tomperature, Thermocouples were also used to measure
the moderator tampurature at four fuel assembly outlets,

Pressure trupnsducers wero mounted uear the cove to measure transient
pressure pulses thnt could resu't from modorator and metal expanslon during
power excursions, Pressure measurements were made using honded strain
4 ghuge, diaphragmetype transducers mounted in protective steel housings. During
the cold-startup tusts two transducers having a 100 psig full-seale output were
mounted over the W33 and the E34 fuel assemblies, A 3000 pslg full-scile
transducer was mounted ut the edge of tiie core at the axial center line. A 3000
psig full~scale transducer was also mounted in the hottom tee.

3. STATIC NUCLEAR CHARACTERISTICS OF THE COitl

Static nuclear cexperiments were performed with the E-core prior to
the low-initinl-power tests. These measurements were required to perform
the reactivity necldent tests and to analyze the kinetic results. The static
nuclear charncteristics meusured were the critical and operational core
loadings, ncutron flux distributions, power calibrations of the ion chambers,
control rod worths, temperature and void coefficients, and the reduced prompt

neutron genceration time, With a total mass of 1271.5kgof UQ,,, the core had

ru
<

10



. an excess reactivity of 148 ut ambient temperature and a 4.7$ excess reactivity

at 500°F low power. A summary of selected static nuclear characteristics
of the E-coro is presented {n Table II.
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I1l. EXPERIMENTS AND ANALYSIS

The Spert 1I1 E-cofe reactivity accident tests were performed to obtain
power excursion data under operating conditions similar to those of commercial
PWR’s. Operating conditions selected for experimental and analytical investi-
gations included cold-startup, hot-startup, hot-standby, and operating-power
conditions. PR :

P

The sequence of iéﬂétlvity accident testing was from what was consldered
to be the least to the 'most_’severe, and testing was hbegun at cold-startup
conditions and concluded at operatlng-power conditions. Prior to the E-core
tests, no power excursion data were available for operating conditions other
than cold-startup for low-enriched oxide cores. The purposes of the cold-
startup tests were to obtain data to correlate with the results of coid-startup
tosts obtained f_roih .other oxide cores and to verify that the analytical models,
developed uslng t{;h'e“‘results from these other oxlde core ., were applicable
to the E-core. Verification of the analytical models wus expected to form a
sound basis for predle;iori of the E-core kinetic behavior for other accident
conditions. The hot-stdrtup .tests 'were performed to obtain experimental
information that would extend the available knowledge of the transient behavior
of an oxide-fueled - reactor to include initial conditions of coolant flow and
elevated system tempéiatux;e ,‘and' pressure. To determine the effects of system
temperature, coolant flow, and reactivity insertion on the kinetic behavior
of the E-core.‘ only one parameter was varied for each hot-startup test. An
understanding of the E-core kinetic behavior during the hot-startup tests
provided a basis for the next sequence of experiments which were performed
to invostigate the effects of initial steady state power on kinetic behavior,
These high-initial-power tests provided experimental power excursion data
typical of reactivity accidents initiated from hot-standby and operating-power
conditions. ’

The sanalytical portion of the Oxide Core Kinetics Program consisted of
(a) analyses of experimental data and (b) analyses of calculational results
obtained using analytical modeis. Analyses of the experimental data were
made to gain lnslg.,hts’ into the general kinetic behavior of the E-core for the
range of initial accident conditions considerad. In these analyses, the power

burst shapes, peak reactor powers, and energy relenses were investigated.

13



in addition, comparigons of the experimenta) results for each accident condition
with results from cither previously tcsted oxide-fueled cores or other E-core
accident conditions were performed. The nnulyses performed »sing calculational
models were made to obtain more informution about the reactor kinetic behavior
than could he observed from the experimental data alone. These investigations
were primarily concerned with evaluating the dynamic reactivity feedback
ruechanisms that limit the reactivity accidents, and determining the transient
temperature distributions in the E-core. The most important part of the
analyticul program was to evaluate the capabilities of the calculational models
in predicting the reactor kinetic response; therefore, comptrisons were made

between the coxperimental and analytical results for each accident conditiun.

The experimental data sclected for investigation were the reactor power,
cnergy release, reactivity compensation, powér burst shape, and fuel rod
cladding surface temperature. To aid in the analyses, polynomial curves
were least-squares fitted to experimental datn for peak power, energy release
to peak power, and renctivity compensation at peak power as functions of either
reciprocal period or reactivity insertion. A curve calculated using an analytical
model can be meaningfully compared with an experimental lenst-squares fitted
curve provided that the confidence in the experimental curve is known. Therefore,
65% confidence bands were determined for the least-squarcs fitted curves.
These confidence bands 1mply that if a set of experiments was repecated 100
times and a least-squares fitted curve determined for each set of data, then 65
of the fitted curves would lie within the confidence bands. For the 260°F hot-
startup tests and the high-initin)-power tests, tou i. -~ cxperiments were
performed to allow the culculation of statistically meaningful confidence bands.,
For these cases, verticnlor horizontal error bars that represent an experimental
uncertainty of one standard deviation are given for the experimental data.
Comparisons of calculativnal results with the 260°F hot-startup and high-
initinl-power cxperimental datn must be made only on a point-wise basis.
However, the lenst-squares fitted curves are also presented as an aid in the

general interpretation of the data.

Reactor power excursion behavior for the E-core was calculated using
the PARET and IREKIN digital computer codes. The point-reactor kinetics
equations are used in both codes. In the IREKIN code, the time-dependent

core cnergy release 1s calculated and the Doppler reactivity feedback Ls
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determined from a table of core energy release versus feedback that is input
ty the code., This table of Doppler reactivity feedback is determined from the
feedback model developed in Reference 5. No provisions for coolant flow are
allowed in the IREKIN code and only Doppler reactivity feedback was considered.
The PARET code calculates the coupled thermal, hydrodynamic, and nuclear
behavior of the reactor. Continuous rcactivity feedback is calculuted us the
sum of feedbacks from Doppler broadening, moderator expansion, void formation,
and fuel rod expansion. In PARET the reactor core can be represented by up
to four coolant channel-fuel rod regione, A detailed dcscriptioh of the input
parameters used in the PARET code i8 contained in Appendix B.

1. COLD-STARTUP REACTIVITY ACCIDENT TESTS

The purpose of the cold-startup reactlvity accident tests was to okbtain
experimental E-core power excursion data for correlation with analytical and
other experimental results. These correlations were expected to form a sound
basis for predictions of E-core behavior for the other accident conditions.
Altogether, 40 cold-startup reactivity accident tests were performed with the
E-coirre. The tests were Initiated with rapid reactivity insertions ranging
from 0.68 to 1.218. Power excursions with initial reactor periods from 1.9 sec
to 10 msec resulted from these insertions.

1.1 Experimental Rosulis

A tabulation of the cold-startup reactlvity accldent test data is presented
in Table III. The listed uncertainties in these data represent one standard
deviation. In preparation for test 12 a 0.27$ criticality shifel 18] occurred.
This criticality shift was cau.;ed by a loose flux suppressor in one of the control
rod assemblies. The control rod assembly was repaired and transient testing
was resumed. A statistical analysis of the cold-startup test data, obtained
before and after control rod repair, indicated that the loose flux suppressor
caused a slight change in the kiunetic buhavior of the core. Therefore. results
from the first 12 cold-startup tests are not presented in this report. No criticality
shifts occurred during the remainder of the cold-startup accident tests.

The significant features of the data presented in Table III will be discussed
in the following sections.

15
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1.11 Reactivity, Energy, and Power Burst Shapes. Reactivity compensation

and energy release to the time of peak power as functions of reciprocal period
for the cold-startup tests are shown in Figure 3. Least-squares fitted lines
to the experimental data and nssoclated 65% confidence bands are also shown.
The similarity of the two curves indicates that the reactivity compensation
at the time of peak power is directly related to the encrgy release, and the
shape of the compensated reactivity curve is characteristic of most light-
water~-moderated reactors. The dip in the curve would not be present in reactors
which have very long reduced prompt neutron iifetimes (>10-1 scc) or which

exhibit e<tremely broad or narrow power bursts(19].

|00[_ ™7 T T L I R A | 700
- © Reoclivity Compensation At Peok Power =1
- a Energy Relsase To Peak Power T
50 -—1{ 30

t e

REACTIVITY COMPENSATION AT PEAX POWER (¢}
ENERGY RZLEASE TO PEAX POWER (MW-sec)

[ SS—— 1 1 1 l 1111 l _L__J —i 1 l § N | l H ¢
' 2 3 10 20 30 100 200
RECIPROCAL PERIOD (sec-") [LR Y]

Fig. 3 Experimentsl energy releasc to the time of peik power and reactivity compensation at peak
power as funciions of reciprocal period {or the cold-startup tests,

Four power burst shapes are shown in Figure 4. These are for two long-
periocla]l tests (periods of 206 and 95.7 msec), a test near prompt critical
(period of 59.3 msec), and a short-period test (period of 10 msec). For ecach
test, the power is normaiized to peak power and the time is normalized to

reactor period. In general, the burst shape depends on the reactivity feedback

{a) For the E-core, prompt critical occurs at a period of about 40 msec
(reciprocul period, o, of 25 sec~1). Long-period transients hzve periods
longer than 40 msec and short-period transients have periods shorter
than 40 msec.

17
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Fig. 4 Experimontal power burst shajes for the cold-startup tests,

and the effective neutron lifetime. The reactivity feedback is a function of the
cnergy release, and the effective neutron lifetime depends on delayed neutron
contributions. High power levels and large energy releases result from
short-pertod transients, while relatively low power levels and small energy
releases result from long-period transients. The 10-msec period hurst shape
shown in Figure 4 is sharply peaked and almost symmetric because the energy
release per unit time I8 large and the delayed neutron contribution is relatively
small during the short transient time. The 206-msec period burst shape is
characterized by a rolatively broad curve that is asymmetric about its penk,
This asymmetry rosults because the energy release per unit time is small
and the time required to reach peak power is long. As a result, the delayed
neutrons after peak power are being produced almost ac fast as they are being
removed from the system, so that a relatively high power level is maintained.
Before peak power the system is less dependent on delayed ncutron effects
than after peak power. However, the burst shape for the 206-msec period test
is more dependent on delayed neutron effects before peak power than is the burst
shape for the 10-msec period test. The 95.7- and 59.3-msec period power
burst shapes demonstrate the trend of more sharply peaked bursts as the

reactor period decreases.
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1.12 Clad Surface Temperatures. It was necessary to use stajuless steet

sheathed thermocouples to measure the fuel rod cladding surfuce temperatures
for all tests except the ccld-startup and 260°F initial temperature transient
tests. Since these stainless steel sheathed thermocouples have slow response
times, eight fast-response, unsheathed (bare-junction) thermocouples were used
in an attempt to obtain a correction factor. The unsheathed thermocouples
were located in core positions near the sheathed thermocouples. Temperature
data obtained during the cold-startup and 26C°F initial temperature transient
tests for both thermocouple types were analyzed, using transfer function
approximations, to ohtain the correctlon factor.

For the 260°F initial temperature tests, the sheathed and unsheathed
thermocouple responses were about the same. For the cold-startup tests,
two unexpected results were observed. The first was that some sheuthed thermo-
couples gave faster response times than the unsheathed thermocouples. The
second was that the temperature traces measured by some corresponding
sheathed and unsheathed thermccouples crossed during the temperature rise.
This unexpected behavior of thermocouple responses :ould have resulted from
differences in the gas gap thicknesses separating the fuel pellets and cladding
where the sheathed and unsheathed thermocouples were attached. Because of
these unexpected results, no suitable transfer function could be developed
for all tiermocouple pairs and thus no correction factors were used. The core
hot-spot clad surface temperature was measured using a stainless steel
sheathed thermocouple located on the corner rod of the S11 fuel assembly.
Since no correction factor wans obtained, no timc-dependent hot-spct clad
surface temperatures will be presented in this report.

During cold-startup tests initiated with reactivity {nsertions larger than
about 0.968, maximum measured fuel rod cladding surface temperatures
reached nucleate boiling but did not exceed 260°F during any of these tests.
The fuel rod surface temperatures measured near the core hot-spot were
characterized by rather smooth, fast risingtraces that reached quasi-equilibrium
values at the nucleate boiling temperature (~205°F), or slightly higher. Muximum
temperatures were measured during nucleate boiling which began cne to two
seconds after peak power,dependingonthe reactor period. The shorter the period
the sooner nucleate boiling began. The maximuvm measured fuel rod cladding
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surface temperature rises are listed in Table IIl for the cold-startup tests.
The maximum mensured temperature during the entire cold-startup tests
was 253°F.

1.2 Comparison with Provious Zxperimental Results

The Spert | Oxide Core (0C)[3] and the Spert IV Capsule Driver Coro
(CDC)I8], previously tested under cold-startup accident conditions, differ
somewhat from the Spart IIi E-core. Some characteristics of these three

cores at a system temperature of T70°F are listed in 1'able IV, Aséuming
that power excursions in thege three cores are principally limited by reactivity
fecdback arising from Doppier broadening of the U-238 resonance absorption
crosg sections, relativo transicnt behavior of these cores can be estimated
using the tabulated characteristics. During an excursion, the peak reactor
power and energy release are dependent on the Doppler reactivity feedback,
the fucl mass and enrichment, und the reduced prompt neutron generation
time. The Doppler feedback isa functionof the epithermal neutron flux spectrun,
TABLE IV

CH, ACTERISTICS OF THREE OXIDE CORES AT TOCF

Spert 1V Spert I Spert IIT
CDC Oxide Core E-Core
Total mass of Ul, fuel
in the core (Xg) 2643 958 1271
bPensity or U0s fuel
(g/cm3) 9.29 9. 45 10.5
Percent U-235 Enrlchment 3.0 L.0 L.8

Active length of the core

{in.) o7 67 38
Control rod bank critical

position (in. ubove bottom

of the core) 27T.L 26.3 1h.6
Peak-to-average thermal

acutron flux ratlio 3.5 3.1 5.7
Reduced prompt neutron

generation time (moec) L,18 3.57 2.15
Honmoderutor-to-modurator

rutio 0. 807 0.807 1.0
Avallable cxcess roeactlivity

(5) 2.9 3.0 1h
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which is related to the nonmoderator-to-moderator ratio. The larger this ratio,
the more feedback expected. Since the Spert 1V CDC and Spert 1 OC reactors
have the same nonmoderater-to-moderator ratio and about the same reduced
prompt neutron generation times, the relative peak reactor powers and cnergy
releases can be related by the fuel masses and cenrichments. Therefore,
the CDC would be expected to yleld peak powers nnd energy releases that are
about twice [(2643 kg/958 kg) (I%/4%)} as large as the Spert I OC resnits for
identical reactivity insertions. On this basis, the E-core is cstimuated to yvield
peak powers and energy releases that are about 1.6 times [(1271 hg/953 k)
(4.8%/4%)) as large as the Spert 1 OC results for identizal reactivitly inscriions.
However, the E-core has a larger nonmoderator-to-moderator ratio than o the
other two cores; therefore, nore Doppler feedback per unit power density would
be expected and would reduce this difference.

The peak power versus reactivity insertion for the three cores is shown
in Figure 5. The curves are results of least-squares fitting the experimoental
data. For the CDC, the peak powers are about twice those of the Spert 1 OC.
for the range of reactivity insertions considered. This result wis anticipated
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Fig. 5 Experimental peak rcuctor power aa a function of reactivity insertion for tho Spert 1V CDC,
the Spert 1 OC core, and the Spert III E-core cold-stiartup tests,
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from the ratinos of the fuel masses and enrichments. For subprompt critical
transicents, the E-core pouk powers are ahoul 0.7 times the corresponding
Spert | ()(,‘p;:nk powers, This result indicates the significant difference in Doppler
feedback for the two cores caused by the differing nonmoderator-to-moderator
mtlos, For suaperprompt  ceritical  transicnts, the Fecore peak powers are
up to 1.2 times the corresponding Spert T OC peak powers, This result, which
differs from that for the subprompt critical case, is not caused by decreased
Doppler feedback, hut by the smaller reduced nrompt neutron generution time
of the E-core, In the superprompt eritical range, reactor periods arce controlled
hy the reduced prompt neutron generation time. Thus, for o given reactivity
inscrtion, o LJhorter reactor period results for the K-core than for the Spert 1 OC,
In contrast, reactor periods in the subprompt critical range are controlied

by delayed neatron effects,  which are about the same for all three cores,
The hot-spot specific energy  release  at the time of peak power as a
function of reactivity insertion is shown in Figure 6. The hot-spot specific

crergy release inoench core was determined by multiplying the experimental

N
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SEERT 1 OC Cora '
SPERT IV CDC ,
SPLRY INE Core I

O . . . .
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Sig 6 Maximum speckie energy teleinse at the time of peak power as s function of reactivity in-
aurrton for the Spert IV CDE, the Spert T OC core, wind the Snert HE Eecore cold=startup tests,



least-squares fitted onergy release by the peak-to-average thermal flux
ratio and dividing by the total mass of fuel in the core. The maximum variation
in the hot-spot specific cnergy release for the three cores i3 abow a factor
of 2 for suhprmﬁpt critical transients and about (.4 for superprompt critical
transients, Because of this small variation for the sups rprompt critical range,
it should bhe possible to catimuate the hot--spot spocific energy releases at the
time of peak power for reactivity insertions up to 1.28 in similar oxide-Mmelsd

cores using only the rencter characteristicns,

1.3 Comparison of Experimaental and Calculational Results

Oue of the objectives of the Spert 111 E-core Oxide Core Kinetles Progrum
wits to evaluate calenlational models used to predict the kinetic behavior
of the core for reactivity accident tests over a range of reactor conditions,
Calculations of the linetic behavior of the E-core for cold-startup aceidents
were performed using both the IREKIN and PARET computer codes. Results
ohbtained using the {wo codea are compared win experimentinl data in the
following paragraphs.

1.31 Peak Reactor 2Qowers. The experimential peak power as a function of

reciprocal period is shown in Figure 7, together with PARET« and IREKIN-
culculated curves. The experimental curve s a least-squares fitted line
to the data, and the associated 65% confidence bands are also shown. The
IREKIN curve falls outside of the confidence bands for reciprecal periods
between 5 and 90 sec~l (periods between about 200 and 11 msce). The largest
disagreement hetween the experimental and IREKIN cuvrves is only ahout 30%.
The FARET curve falls outside the confidence hands for rcciprocal pertods
between 25 and 90 sec~l (periods between 40 and 11 msec), and the largest
disagreement between the experimental and PARET curves §s also about
30%. For short-period transients, the PARET and IREKIN curves agree. This
agrcement was anticipated because the same Doppler reactivity feedback
model wus used for hoth codes, and because very little moderator reactivity
feedback occurred. The disagreement between the experimental and calcutated
curves for short-periods indicates that calculated Doppier feedhack was probably
inaccurate, Errors in the calculated Doppler fcedback could resuit from the
Duppler model and/or fuel temperatures used in the Doppler calculations,
The radially averaged temperature in the fuel rod was used instead of a temper-
ature near the surface of the fuel rod, even though the latter is probably

23



FEAK RELITOR #OMER (we!

1000 ~

Q13- —

200 |-~

15173 oy

20 |-

taanstaend Et1perimental Curve wilh Contidunce Hands

— - —

——— — oo—

l

I 1.3 4

!

PAKET Cotculoted ,///
IHEWIN Calcutated ’ 7‘

—

coaad L Lo b
Hej 20 50 100

RFCIFROCAL PESIOD (vec™) ca-122e

Fig. ¥ Experimentad, TREKIN, and PARET caleultted peak reactor power as functions of reciprocal
period [or the E-core cold=tartup tests,

24



more realistic. For the long-perfod tests, the PARET and IRFKIN curves
disagree because moderator feedback becomes more important and only

Doppler feedback {s considered in the IREKIN code.

1.32 Enerpy Reieane and Reactivity Compensation. The experimental reac-

tivity compensation and cnergy release to the time of peak power are shown us
functions of reciprocal period in Figure R, The experimental curves are
least-squares fitted lines to the data. The two parameters are shown together
hecause reactivity compensation is dircetly related to the encrgy release.
PARET- and IREKIN-calculated curves are ilso shown, The calculated reactivity
compensation curves fall essentially within the confidence bands: however,
hoth the PARET and IREKIN energy release curves fall outside the confidence
bands for reciprocal periods bhetween about 45 and 75 sce~l In the short-
period range, the calculated cnergy release isupto 30% larger than  xperimental
values. This result {8 not surprisingsince the calculated peak reactor powers
were also as much ag 30% larger than the experimental vilues in this period
range, and the energy relenses are obtained by integration of the calculated
and experimental power traces,
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1.33 Power Burst Shapes. Time-dependent plots of the reactor power and

energy release for 351-msec-perlod and 12,6-msec-period cold-startup tests
arc shown in Figures 9 and 10, respectively. For the long-period transient
shown in Figure 9, the PARLET-calculated peak power is about 7%, and the TREKIN-
calculated peak power ahout 15% larger than the cxperimental value. The power
hurst shape calculated using the PARET code more closely approximates
the experimental burst shape than does the IREKIN curve. This hetter agreement
results because the PARET code accounts for moderator heating reactivity
fecdback, and the IREKIN code does not. (The reactor scram was not included
in the calculations.) For the short-periodtest shown in Figure 10, both calculated
power hurst shapes agree quite well with the experimental burst shape even
though the magnitudn of the calculated peak powers are about 30% larger than
the experimental value, The agreement between the calculated and experimental
time-dependent energy releadyes for both tests is eussentially the same as the

agreement for the reuctor powers,
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1.34 Reactivity Feedbnck. Time-dependent plot: of net system reactivity and

total compensated reactivity for the 351- und 12.6-msec-period cold-startup
tests discussed above arc shown in Figures 11 and 12. The PARET-calculated
rceactivity feedbick resulting from moderator heating and fuel rod expansion
i3 also shown in these figures. For the long- and short-period transients
both the IREKIN- anc PARET-culculated net system and total compensated
reactivity  arves arc about the sameld). The largest disagreement between
the experimental and calculated curves shown in chese figures is @ 7 for the
12.6-msec-period test. At the time of peak power, PARET-calculated moderator-
compensated reactivity accounts for about 20% of the reactivity compeasation
for the 351-msec-period transient, but only for about 5% for the 12.6-msgcc-

period transient.

[a] For long-period transicnts, where clad-water heat transfer becomes
important, the apparently good agreement between the IREKIN calculations
ana experimental results arises because the calculations assume that 979,
of the energy i3 retained in the fuel rods. Thus, the Doppler fecdback
I3 overestimated becnuse heat transfer would allow a larger percentage
of the energy to escape from the fuel.
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1.35 Clad Surface Temperatures. Time-dopendent fusl rodeladding surface

temperature rises for the 351- and 12.6-msec-period tests are shown in
Figures 13 and 14, Experimental elad surface temperatures for core locations
N33, N31, and E21 shown in Figure 13 were obtained from unsheathed thermo-
couples, and the measurcd temperature for core locuation 811 wus obtained
from a stafnless steel sheathed  thermocouple. For the 381-msec-period
test, the clad surface temperatare rises calculated using the PARET code
agree with the unsheathed thermocouple data to within about 1007, However,
the PARET enleculated temperature rise is a8 much as 45% tneger than stainless
steel sheathed thermocouple data, Since the stainless steel sheathed thermocouple
s expected to have o slow response time, the PARET calculated temperature

risc at this core location s probably valid,

In Figure 14 exporimental cind surface temperatures for core locations
E33 and N21 were mensured using unsheathed thermocouples, and the meuasured
temperature for core location 511 was obta‘ned using a stainless steel sheathed

thermocouple. For this 12 6-mscc-period tr asient, the clad surface temperature
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Fig., 13 Exportmental and PARET calculnted {vel rod claddiers warface temperature rises for
cold=sturtup test 18 (301 mueo partod),
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rise is considerably faster than wus the temperature rise for the 351-msec-
period transient. The PARET calculated temperature rise is within about 5%
of the experimental values obtained using unsheathed ther:nocouples. However,
the PARET calculated temperature rise is up to 60% larger than the experimental

data for the stainless steel sheathed thermocouple.

1.36 Summary. The PARET- and IREKIN-calculated powers and energy
releases for the cold-startup reactivity accident tests agree to within 30% or
hetter with the experimental data over the range of reactivity insertions
experimentally investigated. Reactivity compensation calculated using the
PARET and IREKIN codes are within the uncertainty assoclated with the
experimental data. The PARET calculat. ns indicated that Doppler reactivity
feedback nccounts for ahout 80 of the total rcactivity feednhack at the timé
of peak power for long-period cold-startup transients and about 95% of the
total for short-period cold-startup transtents, These results indicate that
the Spert [ E-core is essentinlly Doppler limited for cold-startup reactivity
accident tests; therefore, computer codos like TREKIN, which consider only
Doppler reactivity feedback, will adequately | cedict the results of cold-startup

reactivity nccidents In small, low—cnriched oxtde cores,
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2. HOT-STARTUP REACTIVITY ACCIDENT TESTS

Experimental and analytical resuits obtained from the cold- startup reactivity
accident teasts demonstrated that the Spert 1II E-core is essentially Doppler
limited for short-period transient tests. The agreement between experimental
and calculational results for these cold-startup tests provided confidence
in the predictions of the kinetic behavior for the hot-startup reactivity accident
tests, The purpose of the hot-startup tests was to ohtain experimental information
that would extend the available knowledge of the transient behavior of an oxide-
fueled reactor to include lnmal condmons of coolunt flow and elevated system
tempernture and pressure. L

e

Two com;.lete serles of hot-startup reactlvity accldent tests were performed.
The first was performed from an initial system temperature of about 260°F
and the second was performed from an initial system temperature of about
500°F. Altogether, 33 hot-startup tests were performed. These transicnt
tests were all performed froin low lnmal powers (10 to 50 watts) and an
initial system pressure of 1500 psig. The transients were initiated with rapid
reactivity insertions ranglng from 0.64 to 1.23$. Power excursions with reactor
periods from 2.26 sec to 9.7 msec resulted from those ins crtions. The coolant
flow rate for the hot-startup transient tests was varied from 2,000 to 20,000
gpm. Average coolant flow rates through the core were cziculated from the
measured primary coolant flow and the flow areal20]. The calculated average
coolant flow rates corresponding to measured primary coolant flows are
as follows: '

Measured Coolant .- Calculated Average Coolant
Flow (gpm) o ‘ Flow Rate (fpa)
2000 ' 2.4
4000 ' %.8
12000 it
16000 : 19
18000 S 22
20000 ‘ . 2

2.1 Experimental Results and Comparison with Previous Experimental Dita
A summary of the hot-startup reactivity nccldent tost data for the E-core
is presented in Table V. The ilsted uncertnlnues In these datn represent one

standard deviation. Two methods of examining the kinetlc behavior during

31
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hot-startup reactivity nccident tests are to correlate the experimental data
obtained from the 260 uand 500°F hot-startup tests with the cold-startup tost
results and to examine the results from ench hot-startup test series, The results

of these investigations are discussed in the following sections.

2,11 Peak Reactor Powers. Least-squares fitted curves to the experimoental

peak power versus reclprocal period data from the E-core cold-sturtup nnd

hot-startup tests performaod with 14 fps coolant flow rates are shown in Figure 173,

The 260°F initial temperaturepeak power w0d - - -« o . oory \
values are only about 10% lurger than the i) Sy 2tom Tomporotun i
corresponding 70°F values for short- o — sd0% J’
period transients. Since the Doppler T o /
coefficient was calculated to change from 200_

-0.72 to -0.56 ¢/°F as the system temper- Foo| -

1ture increased from 70 to 250°F, the g

larger peak powers for short-period g0

260°F tests were antic!pated, The appar- §

ent greater difference hetween the 260 ézo '

and 70°F peak power values for long f,m _

periods (5to 15 e!ec'1 reciprocal periods)

resulted from the least-sy.uares fitting )

of the 260°F data. Since only five data
points were least-squares fitted to the 2|

260°F peak power curve, tho confidence \ , | | i

! F) ) s MUY R
in this line at the ends of the curve is RECIPRLCAL PERIOD (aec

considerably less than the confidence in ¥ig. 15 Experimental peak reactor powors
the 70 and 500°F peak power curves which ~ 2# functions n‘;‘p"‘:“"s‘:""““’“"“"' for the cold-
were fitted to more data points.

The S500°F initial temperature peak power values are about 504 lurger than
corresponding 70°F values over the range of reclbrocnl periods shown, Puuk
powers for the short-period 590°F tests were expected to Le lacgor than
corresponding peak powers for cither the 70 or 260°F tests because the Doppler
coefficient was calculated to change from -0.56¢/°F at 250°F to -0.37¢/°F
at 500°F.
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4.4 wnorgy Keloade and Reacuivity Comnpensation. Leasi-squared tltted

curves for the experimental encrgy release and o cactivity compensation at the

time of peak power versus reciprocal period fer the cold-slartup and hot-startup

tests parformed with 14 Ips coolant {low rates ure shown in Figure 16lal,

|oo._..~- A U e rmmme o et e e {OG

tmitat Systam Tempcroture

’ /f - v\«,‘<RQOC§M)y

20t - | \ NS : | o

-
ENERGY RELEASE TO PEAK POWER {MW-3:0)

REACTIVITY COMPENSATION AT PEAX: POWER (41 |
C ol : RS <

N
%

. ; 111[111'1 vx | [ R t
o 2 E] 10 20 : 50 100 205
T RECIPROCAL PERIOD (sec-") hn

- ."Plgc 18 Experlmenml energy release ‘to- peak power and rcucuvuy compensation at the time of
=/ -peak power for the cold~ and hot-uturtup tests, '’

?"'l‘?or short-pet!od transients the 500 and 260°F energy release values are larger

:;thnn corresponding 70°F values by about the same percentzages (50 ard 10%,
. respectlvely) as were the peak power values. If it is assumed that E-core
- ) excursions are essentinlly Doppler limited for all three initial system temper-

" atures, the above percentage dlfferences for energy release to pev.k power are

,' A,'.not as* large au would be expected for short-period transients. For example,
B .since the- calculuted Doppler coefficient at 500°F is about one-half the 70°F
. coefficient, the,_,_energy to peak power for a 500°F short-period transient would

- be 'eprcted to be eb_out‘twice as large as the energy release for the cor: espond~
_ing 70°F 'trdnsient. Instead, the 500°F energy releases are only 1.5 times the

; [u] In the’ long-period region. ‘the hot-startup least-squares fitted curves

display an abrupt change in curvature. This behavior is the consequence
of fitting few data points in the long-period region to a fourth order poly-
nomial, Actually, the maximainthese curves would occur for reciprocal

periods less than 1 sec~1,
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experimental values. These vesults imply that the E-core excurdions are not
sotely Dopoler Hmited for all imtial system temperniurss L onalyses of the
results chowed that venctivity feedback resulting from prompt moderator heating

became an increasingly effective feediack maozhanism at aslevated temperatur s,
b i

The reactivity feedback required to limit the power rise during a tran »icnt
is rclatively insensitive to the initial system temperature, For the three initial
system temperatures used for the low-initinl-power tests, the maximinn
variation In rcuctivity cowmpensation at the time of peak power is about 10%
for short-pertod transients and about 255, for long-period transients. The small
wvariation for short-periud transients indicates that the reduced prompt neutron
generation time does not _¢hunge significant!ly with initial system tempeiature,
_This result substantiates the small variations in the calculated reduced prompt
neutron generation timas listed in Table I1.

For th.e 260°F hot-startup tests, reactivity compensation sand energy
release to the time of peak power are shown pintted in Figure 17 as functions
of reciprocal period. The curves represent least-squares [itted lines to the
experimental data from tests performed with 14 fps coolant flow rates. The
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Fig. 17 Experimental energy release to peak power and reactivity compensation at peak power
as functions of reciprocal period for the 260°F hot-startup tests.
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effect of coslant flow on the F-core kinette tehavior ean be deterinined
fram tits fpee, For the dong-peried transients, the values of energy relei-o
anit peactively compensation tor {low rates of 19 and 22 [ps ave consistontly
Inrger than the 14 fpg values. This Lehavior was expected for long-period
trimsicrds. Altheugh heat transfer [rom the fuel rodgto the moderator increnses
witih facrensing flow rutes, lhe resulting iarger modecator reactivity foedhack
ig worg than compensited by u logs of reactivily fecdback. The loss results
bcause mnore heated coolant is continuously swept from the core at larger
flow rates. Therefore, for long-period transients und large flow  cutes, moderator
{eedback contributes less reactivity compensation at pea! power than it does
ey smoll fov rates. For short-period transients, the energy releasc and
reactivity compenaation Qt ‘thé time of peak power nrc about the som. regardless
of caviunt flow rate. This behnvidr ‘Fasuils because lttle coolant is transporied
froin the core during the relatively short times required to reach peak power

for short-period trangients,

2,13 Powar Burst Saupes. Power hurst shapes for representative, short-

period (% 10mscee) cold-startup and 500°F hot-startup transicents arc shown in
Figure 18. For c¢ach test, the power wuas normatized to peak power and the
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Fiz. 18 Experimental power burst shapes for cold-sturtup test 43 (10 msee period) ind 500°F hot-

startup test 60 (9.7 maec period),
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time was normatized o resclor perfod. Che shapoes of the bursts sre fdention!
until the tinie of puenk power, After peak power, the S007F hural deeronson
more rapidly than the 70°1 burst. AL & tisne of twa renetor porifof o after
penk power, the didference b burat ahape magnitudes 13 aboul 5% Sinco st thie
ume the expecimental uncertaninty in each Lurst shuape is shout 47 s
very unlikely that this difference (n power buret shapes vecults from experi-
mental  uncertaintics. Therclore, the differences in bursi shapes fmply a
difference in reactivity feedback mechanisms betwesn the cold-startup snd
900°F hot-startup tests. Sinee the absolute value of the Doppler reactivity
feedhack coefficient decreases with increasing system temperature, the difference
in burst shapes indicalen thut the moderator renctivity {eedback increases

or becomes more importunt at elevated system t-mperatures

2.2 Comgarison of Experimenta: and Calculational Results

Calculations of the kinctic behavior of the E-core were performed using
both the ITREKIN and PARET computer codes for al! of the 260 und 500°F
hot-startup reactivity accident tests. Results obtainedusing the two codes are

compured with experimental datn in the following paruygraphs.

2.21 Peak Reactor Powers. The 260°F hot-startup {ransient data, obtained

from tests performed with 14 fps coolant flow, for peak power versus reciprocal
period were least-squures fitted: the resulting curve is shown in Figure 19,
The PARET- and IREKIN-calculated curves are also shown. The five datu
points are also plotted with their anssociated verticnl bars representing one
stundard deviation in peak power. The error bars are shown because the 65%
confidence bands for the least-squares fitted curve are extremely broad.
In geherul. neither the PARET- nor IREKiN-calculated curves fall within
the experimental uncertainties. The PARET-calculated peak power values
arc about 259, lx{rgcr than the experimental values. For short-period transients,
the IREKIN=-calculated peak powers are 40 to 45% larger than the experimental
values. For long-period transients, the IREKIN-calculated values are anly
10 to 20% larger than experimental values. This apparently better agreement
for IREKIN calculations in the long-period range is not valid. IREKIN does not
account for heat transfer out of the fuel; therefore, for long-period tests
IREKIN overpredicts the Doppler reactivity feedback and the resulting improved

agreement {8 fortuitous.
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Thuy leaut-gquered fitted line nnd nasocinted coniidanee bands jar (he peak
powor  vergus  reciproonl perled  datn obtnined from the H0USF hot-atartag
teonts ot 11 [pe flow ure whewn in Figure 26, Foc these tnittal conditimsg,
the PARET culoulated curve les within the confldence handy over ninost
the entire ru.ago o{ ruclprucnl periodg shown, The THEKIN-caloniated curve
lis outside of th(s conﬂdumc bands over almost the entire rimge of reciprocal
prriods shown T’hﬁ IREKIN- caleulated peak power valued are 10 W 60% lnrger
than the cxperlmentu! vialuen for short-perlod trangionts. Agnin, for long-
period transients, tho IIIFKIN calzulations appaar better becsuse heat transfer
fe not arcounted for in. tha IREKIN codc

2.22 Energy_Rclansa’ und Ro:xctwlty Compensation, Energy release and
rcuctivity cohlpeﬁﬁation ul the time of pceak power versus reciprocal period
data for the 260°F, 14 fps tests were least-squares fitted. This curve I8 shown
in Figure 21 together with PARET- and IREKIN-calculated curves. The experi-
mental data points .and vertical error bars (one standard deviation) are also
shown. The PARE'P calculations are cssentially within experimental uncertainty
for both reactlvlty compensution and energy release for all the tests. For
short-period tranBlentn the IREKIN calculations are within experimental uncer-
tainty for renctivﬂ.y compensntion but outside of the experimental uncertainty
for energy release The IREKIN code overpredicts the energy release for these
transients because’ moderator feedback is not taken into account.

The 500’1-‘ hot-startup tests perfor.ned at 14 fps flow demonstrate the
same renctlvity compensatlon and energy release behavior as the 260°F tests.
The results are shown in Figure 22. The Ib <KIN code underpredicts the energy
releagse for long-perlod ‘transients because coolant flow is not considered.
Energy release to poak power caiculated using the IREKIN code is about
50% larger than experimental values for short-period transients. The IREKIN-
calcilated energy releasc for similar trangients at 260°F was about 40% larger
than experinental values (Figure 21). Therefore, the larger calculated differcnce
at 500°} indicates that moderator reactivity feedback increases with increusing
system temperature. .

2.23 Power Burst Shapes and Reactivity Feedback. Time-dependent plots
of reactor power and energy relcase for short-period (% 10msec), 250 and
500°F hot~startu'p' tests are shown in Figures 23 and 24. For both of the tests
shown in Figures 23 and 24, the PARET- and IREKIN-~calculated burst shapes
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of moderator reactivity feedback 18 illustrated s Figures 26 and 26, Those
figures show PAIET-cualeulated, time-dependent reactivity teodback conisthations
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. ‘vxp(,rlmentul power bursta and total reactivity compensations are also shown.

Unly ‘the total renctlvity ‘compensation can be determined from experimental

. dutu. Thé PARI-‘T-culculuted total reacuvlty feedback, which is the sum of the

lhrw fcedhuck contrlbutions. ngrees with the experimental total reactivity

7 fu..dh.lck within the cxperlmentnl uncertnlnty for both tests. For the 250°F
‘ tusl tht, l’z\l{h'l‘-calculuted moderntor heating reactivity compensation increases
“during the power rise. but decreeses after the power burst. The calculated
‘Atnodermor heating feedback ugain increnses at about 0.3 second after penk

powu-. For the 500°F transient, the PARET-calculated moderator reactivity
feedbnck shows a similar time dependency.

"Dul"m’g the power bursts shown in Figures 25 and 26, transfer of heat

from the fuel rods to the moderator by conduction was small. However, a

prompt ‘- mechanism for heat transfer to the moderator did exist. This prompt
nmdcmtor heating (PMH) wus caused by the slowing down of fast neutrons
ad- tht. ul)sorption of promnt gumma rays ta the moderator and claddlngl"”
As illusteated n Figure> 25 and 26, the reactivity feedback causged by PMH
Increases during the initinl power rise and then decreasss. The decrease

results from heated moderator being continuously tramsported from core
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regions with large importance weighting factors to regions of lesser imyportance.

The totrl moderator heating feedback aguin increases at the end of the transient
becausc of conductive transfer of heat from the fuel to the moderator.

For the E-core, PMH reactivity fecdback becomes an itmportant feedback
mechanism at elevated initial systom temperatures as a result of the change
in water density with temperature. The negative averange temperature cocfficient
of reactivity of the E-core changes from ahout -0.4é/°1-‘ at n system tempcrature
of: 70°F to about -2¢/°F nt a system temperature of 250°F, and becomes about
-4¢/°F at a BRystem temperature of 600°F, Over the same temperature range
(70 to 500°F), the calculated Doppler coeificient of reactivity changes from
-0.724/°F to -0.37¢/°F. This combined effect of increasing negative moderator
coefficient and decreasing Doppler coefficient with increasing system temper -
ature causes PMH feedback to Increase in importance at elevated system
temperatures,

A summary of PARET-calculated reactivity feedback contributions at
the time of penk power and experimental results is listed in Table VI for
representative long- and short-period, cold- and hot-startup reactivity accident
tests. For the short-period tests, PMH f{eedback contributes about 7Y% of the
totul renctivity feedback at the time of peak power for the 78°F test, ahout 17%
for the 250°F test, and about 35% for the 500°F test. For both of the hot-startup
test cenditions, the percentage of moderator feedback at peak power decreases
as the reactor period increases. These differences in moderator feedback are
causod by leated coolant being transported from the core during the long
times required to reach peak power for the long-period transients. For the
cold-startup tests, tl.a reactivity feedback contribution from fuel rod expansion
shows n marked difference between the long- and short-period tests. This is

caused by the poor clad-water hent transfer for the no coolant {low case.

2.24 Effects of Coolant Flow. During equal reactivity insertion, long-

period hot-stariup tests, the energy release to peak power was increased
by increasing the coolant flow. For short-period tests, the energy release
to peak power is not measurably affectedby the coolantflow rate. For the sume
short-period tests, however, tho power level f{ollowing the power burst is
& function of coolant flow rate. This ls {llustrated in Figure 27 where experi-
montal and PARET-calculated power burst shapes are shown for two 500°F,
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short-period (15 msec) transgients with
flow rates of 4.8 and 24 fps. The power
burst shaprs were normalized to peak
power and reactor period. Thke experi-
mental and calculated results inidicate
thnt‘ the runout power level incrceases
with increasing flow rate. Although the
power bu:st shapes and therefore the
energy releases to peak power arc not
signilicantly different, the total energy
relecase for
different, The PMH reactivity feedback is

long transient times is

also a function of the coclant flow rate, The
effect of coolant flow on the PMH feed-
back is lilustrated by the PARET results
shown in Figure 28. Increasing the flow
rate decreuses PMH feedbnck because
of energy removal. For the large flow
rate (50 fps), the PMH feedback has
a shape similar to the power burst. For
the zero flow cuse, PMH feedback has a
shape similar to the energy release.
Because of the short times i'equlred
to reach peak power for short-period
PMH feedback at the time
of peak power is not grossly changed

transients,

by varying the flow rate. For example,
in Figure 28 the PMH feedhack at peak
power changes only ahout 25% as the

flow changes from 0 to 50 ps.

2.3 Core Inspection
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Fig. 28 PARET calculated PMH reactivity
feedback as a functlon of coolant flow rate
for H00°F  hot-startup test 60 (9.7 msec
pertod), Expertmental reactor power fur
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Upon completion of the low-initial-power reactivity accidett tests, the

reactor vessel head was removed and a scheduled inspection of the core was

begun.

The fuel rod cladding surface was found to Le discolored, varying

fron- brown to blue hues, a8 were other stainless steel surfaces in the interior
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ul the vessel. The discoloration is attributed to oxidation caused by eleviated
temperatures.  During o visual inspection ol the fucl rods. circam{erentinl
ridges and howing were observed on a core hot-spot fuel rod and 2 rod located
near the core hot spot. The ridges were in the approximate configuration of
hamboo, and therefore the effect has been termed bambooing, A photograph of
the ridges on the hot-spot fuel rod cladding is shown in Figure 29, This fuel
rod was bowed about 3/i6 of un inch. Further core inspection revealed that
measurzble bambooing had occurred on 11 of 81 fuel rods from 10 removable
fucl assemblies in the core, implying that about 1569, of the core fucl rods
were thus affected, Detailed measurements of the deformed fuel rods showed
a definite pattern of circumferential ridges spaced about 374 inch apart and
continuing 10 to 14 inches above the bottom of the fuel rads, coincident with
the highest flux region of the core, The distance butween ridges is in apreeement
with the 0.766 inch design length of the fuel petlets. This deformation of the

Spert U1 E-core fuel rods is discussed in detail ina separate reportf22)

Experimental and cnalytical investigations of these changes in fuel rod
conditions were performed. It was determined that the cladding in the bambooed
scctions had not expanded, but rather had locally collupsed onto the fucl pellet
surtaces. Thus it was anticipated that the clad deformation of the hambooed
tuel would not exceed that which was obscrved. With further testing it was
believed that the number of core fuel rads affected by bhianbooing would increasce:
however, metallurgical investigations indicated that the strength of the cladding

wi s not affected by the bambooing.

During a.l of the reactor kinetic tests up to the time of the core inspection,
the: E-core fuct rods performed satisfactorily, and in no case was clad integrity
violated, Other than the clad deformations found during this inspection and
subsequent investigations, the {uel rods were in good mechanieal condition,
It was concluded that the clad bambooing would neither affect the experimental
results nor preclude the planned high-initial-power cxperimeniad program

from being performed safely,

2.4 Summnuary

The Spert D E-core reactivity accuwdent tests initisted at hot-startup
conditions were performoed to investigate the effects of clevated system temper-
ature amd coolant flow rate on the reactor kimetic behavior, Results of these

investigations  indicate  that increasing the system temperature causes the
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Fig. 29 Ph@to'gtnpli showing hnnibbbing'(clmﬁ&a{p;bnt‘lhi ridges) on fuel rod from E-core hot-spot.
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Doppier reactivity feedbnel per umt energy wenerated in the fuel to decrense,
s expected. Howevero as the anitin? system temperature fieerensed, the mogna -
Ludes of the power excursions were not as barge s wonid be expeeted i the
cxcursions were solely Doppler Hmited, The additional reactivity compensation
that limited the power excursions was cnuscd by feedbaok that resulted from
prompt moderator heating, This PMH fecdiacek contributed up to 359 of the

reactivity compensuation at the time of peak power for 500°F hot-sturtup tests,

Investigntion of the effects of coolant flow rates on kinetic hehavior showed
that, for short-period, hot-startup transicats, the peak powerand energy release
to peak power were not affected by Now rate. However, the power level after
the power hurst was increased by increasing the conlaet flow rate hecuuve
heated  coolant that would cause reactivity feedback was removed from the:
core at fuster rates. For fong-period transients, increasing the coolant flow rate
increased the energy releasc to peak power because of the loss of moderator

reactivity feedback,

Botk the TREKIN and PARET codes adequately predicted the caperiment:d
results for the reactivity accident tests initinted from cold-startup conditions.
These  codes  were further evaluated for the hot-startup conditions which
included coolant flow and clevated system temperature and pressurve. IREKIN-
calculated peak power and encrgy release to the time of peak power were 40
to 600 larger than experimental values for all the short-period, hot-startup
reactivity  accident  tests: but. the IREKIN code underpredicted the energy
release to peak power f{or 500°F long-period, hot-startup reactivity accident,
testys. This inconsistency in the IREKIN predictions resulted because coolant
flow is not considered in the [REKIN code and moderator feedback wae not
accounted for. For the hot-startup reactivity accident condition, the TREKIN
cote wiis not adequate for predicting the reactor Kinetic behavior, and, as a
result, TREKIN calculiations were not performed for the high-initial-power
resctivity  accident tests, For the 260°F hot-startup tests, PARET-calculated
peak powers overpredicted the experimental results by about 25%,. The PARET-
cileuluted powers and energy reletges were within experimental unceruiinty
for all the 500°F hot-startup tests. The good dgreement hetween PARET-
cileulated and experimental results indieates that coolant low and moderator
reactivity fecdback  should be considered in analyses of reactivity accidents

at clevated system temperatures.
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3. HIGH-INITIAL-POWER REACTIVITY ACCIDENT ThsTs

The first phitse of the experimoental progriun covered the effeets of sy stem
environmental conditions on the Kinetie behavior of the Spert 11! E-rore dering
reactivity aceidents initiated from low initind ;}uv.v:r.«. This phuae provided i
slgnificant extension of existing experimental data nnd Kinctic analyses for an
oxide-fueled PWR, From these reactivity accident tests the effects of initial
system  temperature, coolant flow rate, and  reactivity insertion upon the

reactor kinetic behavior were investigatead,

From the analyses of the results of these low-initial-power testy, it was
determined that the kinetic behavior of the E-core was understood for the
conditions exnmined. This understuandinog provided o basis for the next sequence
in the experimental program: the investigation of the cffects of the initinl
steady state power on the kinetic behavior of the E-core. The subsequent
high-initinl-poewer tests provided e porvimental data for reactivity accidents
fnitinted from hot-: ‘undby and operating-power conditions.  No such data

were known to exist for oatde-fueled PWIR'S befor: these tests,

3.1 Qperating Conditions {or the High-Initial-Power Tests

For the high-initini-power testing phuase, the reactor conditions were
considered to be more severe than for the low-initinl-power tests hecnuse:
{n) the steady state fuel  temperatures would be nearer the melting point,
() the reactor core would contain much more stored energy, and (¢) the
power hurst cnergy refease would be considerably larger. The Spert (1 E-core
operating conditions chosen for the high-initinl-power reactivity accident tests
were 500°F inlet coolant temperature, 1500 psig system pressure, and 12,000 gpm
coolunt flow. These conditions nllowed for a significant sufety margin for the
cxperiments and still represented typical commercial PWR levels of coolant

subcooling (% 100°F) nnd average coolunt velocity along the fuel rods (%14 ps),

The first series of the high-initial-power tests were performed from a
steady state reactor power of about 1 MW. For the E-core, this corresponds
to a peak power dendiy of about 30 KW per liter of UOs (specific power of 0.8
kW/kg of U02), which {3 represeniative of hot-stundby conditions in commercial
PWIR's. The second series of tests wus performed from an initial reactor

power of about 20 MW. ‘This initinl power yiclds a peak power density of about



550 kW per liter of UQ, (specific power of 16 kW/kg of UUz) and represents

operating-power conditions in commercinl PWR's.

To asdure a low probability for E-core damage during the high-initial-
power tests, the maximum fuel hot-spot enthnlpy["] way limited to 200 cal/g
of UOy. This U0, cathalpy is well below the value of about 270 cal/g required
to reach UO2 fuel melting temperatures. For the most severe initial power
condition of 20 MW, pretest calculations indicatued that the fuel hot-spot
entaalpy limit of 200 cal/g of UO2 would be reached in one second during an
excursion  initiated with  a ramp resctivity insertion of sbout 1.308, From
the fuel! hot-spot energy content consideration, it was decided to 1imit the
reactivity insertions for the high-initial-power test series to ahout 1.258,
and to terminate the oxcursions by a control rod scram about one sccond

iafter the initintion of the transient.

The ramp reactivity insertion rate of high-initial-power conditions was
nbout 15%/sec.

3.2 Experimental Results

A total of five hot-stundby and three operating-power reactivity accident
tasts was performed In the high-initial-power test series. A summary cf
the cxperimental results is presented in Table VIIL The listed uncertainties

in these data represent one standard deviation.

3.21 Power Burst Shapes. Experimental time-dependent power data for the

five hot-standby tests u.idthe three operating-power tests are shownin Figures 30
and 31, respectively. The power rise for all of these excursions is not purely
cxponentiul for even one decade, and thus these tests did not have stable renctor
periods. This nonasymptotic behavior resuited because considerable energy was
released immediately after initiation of the transients causing appreciable
reactivity feedback during and after the time of reactivity insertion. Therefore,
the hot-standby and opevating-power reactivity accident tests are classified
in Table VII according to initial reactivity insertion instead of reactor period.

Figures 30 and 31 illustrate power burst shapes typifying E-core kinetic
behavior during reactivity accidents initiated fromhigh-initial-power conditions.

For the superproiapt critical excu.slons, these hurst shapcs are quite similar

[a] The [uel enthalpy {8 the initial steady state enthalpy plus the enthaipy
resulting from the excursion.
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Fig, 30 Experimental pows © burat shapes as a Fig, 31 Experimental power bur«st shapes ag a
function of reactivity tngartlon for the hot-gtand-  function of reactivity tnsertion oy the operatisg-
by tests (inftial power -1 MW), power tests (infthad power -+ 20 Mw),

to those obtained during the low-initinl-power tests (sec Figure 10). Beenuse
of the Immediate renctivity fecdback after transient initiation for the high-
tnitinl-power tests, there {8 s marked difference in burst shapes betweoen thes
tests and the low- initinl-power subprompt critical excursions. For subprompt
critical excursions initiated from low initinlpower,the time to penk power wus
a few scconds. For the high-initlal-power tests, however, this time is only
several hundred milliseconds, The bmmediate feedback and short time to penk
power caused the bursts for the 0.863 test in Figure 30, and the 0.468 tesi in
Figurce 31, to approximate square waves. For these two tests, the reactor core
conditions and reactivity insertion rates were such that the nuclear cnergy
generation rate was balanced by the energy removal rate. For the other excur-
sions In the two figures, the encrgy generation rate exceeded the energy removal
rate so that reactivity feedhuck, which {s energy or temperature dependent, was

still occurring we!l after the power rise was terminated,

3.22 Energy Releasce to Peak Powcer. The net energy released to the

time of peak power as a function of the reactivity insertion, for the 500°1 hot-

startup, hot-standby, and operating-power wests, is plotted in Figure 32.



The curves, drawn to ald In the a0 [ | ! [N

general interpretation of the data,
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were least-squares fitted to thedata
points. For the hot-startup or low-
initial-power tests, the cnergy to
peak power displays a sharp mini-
mum around 1$ reactivity insertion.
For subprompt critical reactivity
insertions, the energy to peak power
decreases as the inserted roactivity
increases (reactor period gets
shortér). As the reactor period
decreases, the time to peak power
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becomes shorter; thus, a relatively

smaller numier of delayed neutrons ' R D N N B T
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contributu to neutron multiplication. REACTIVITY (NSERTION () e
Fig. 32 Exporimental net enorgy reloase to peak

Therefore, lesa energy is required power as functions of reactivity Inaertion lo;
the 500° F hot =startup, hat -standby, und sosorsting-

to terminute the power rise. For power tosts, |
superprompt critical reactivity insertions, the reactivity above about 1$ must
be compensated to terminate the power rise, For theso excursions, ax tha
reactivity insertion increases, larger energy relenses ure agnin required for
reactivity compensation. For the hot-standby tests, tho energy to poak powur
behavior {8 similar to thatof the low-initial-power case, except that the minimum
i3 not as sharp. This change in behavior again results from differences in tha
relative titnes of peak power. Peak power occurs much sooner for the hot-stundhy
tosts than for the hot-staurtup te:is for the sume reactivity insertion. For
the operating-power test data, there Js no minimum in the energy to penk
power versus reactivity insertion curve. This bekavior results because the
times to peak power were short for all the operating-power excursions; thus,
the delayed neu‘ron contribution to neutron multiplication was small. The
number of prompt neutrons that must he removed from the system in order
to terminate the power ris® increases as the amount of inserted renctivity
increases. Therefore, larger energy releases are required for renctivity
compensation as the reactivity insertion gets larger.




3.3 Comparison of Calculattonal and Experimental Results

Prior to testing, PARET computer code calculations were performed to
predict the kinctle responge of the E-core for excurslons initiated from high-
initini-power conditions, Comparisons of the,e calculations with the experimental
results were made to further evalunte the PARET model. The calculations
also provided Information that could not be determined by the experimental
dnta nlone, Since the PARET model separately accounts for Doppler, moderator
heanting. vnid formation, and fuel rod expunsion reactivity feedback, the catcu-
lationnl results indicate tho influence of Initinl stendy state power on these

reactivity feedhack mechanisms,

3.31 Penk Roactor Powers. The experimental peixk reactor power versus

reactivity insertion datn for the hot-standby and operating-power reactivity
aeciuent tedts are plotted in Figure 33 together with the calculated curves

obtained using the PARET code.
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Curves  that were  least-squares
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fitted to the datan points are also | "7 PARE.T Cdcuioted
glvan, Since only a few high-initial- S
power tests were performed, the 1000} ,?7

cvonfidence  bands for the least-

squarces [itted curves areextremely

hrowd and are not shown., Because QOperaling Power

of this lack of confidence in the

fitted curves, comparigsons hetween
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montal data. . Vi
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are  representec by vertical and
, i, 33 Experimental and PARET catculuted peak

hortzontal error bars. The vertical reactor powers ns funcitons of peactivity for the

hot-standby and operating=power tests,

error bars represent nnuncertainty Y ! ko

of nne stundard deviation in the experimental peak power, which ig about + 107
(17]

This £ 10% was estimated from the power calibration results ‘The horizontnl

crror haes represent an uncertainty of one standard deviation in the reactivity

insertion. Recause there were not stable reactor periods for the high-initial-



power transients, it was not posstble to determine the reactivity inscrtions
from the inhour wequntion, The reactivity insertions were determined as a
function of the reactivity worths of the control rods. One stan.lurd deviation

represents about + 4 uncertainty in the reactivity insertion.

ior the entiro high-initinl-power test series, the PARET-calculated
peak power values are 10 to 20% less than the experimontal data. For the
hot-standby nories, the calculated peak power values are in agreement with
the experimental rosults well withinthe uncertainties inthe reactivity insertiona.
For the operating-powur serles, the calculated peak power values ure in most

cagses within the uncertainties of the experimental data,

3.32 Power Burst Shapes and Net Energy Release, Time-dependent reactor

power .nd net energy roleasel{f) for two representative high-initial-power tests

are shown in Figuros 34 and 35. These two tests were initiated with rapid
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Fig., 34 Experiraental and PARKT calculnted re- Fig, 35 Experimental and PARET calculated ro-
actor power and net enorgy rolease for hot= actorpowerand net cnergy release for operating-
stundby test 81 (1,178 reactivity inuortion), power test 86 (1.17% reactivity tnsertion),

ramp reactivity insertions of about 1.17$. For both tests, the PARET-~calculated

power and net energy rolense are in agreement with the experimental resuits.

[a] The net energy roluase is the energy release above that resulting from
steady state operation,
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The differences in the caleulated and experimental buest shapes result in
large part from the differences between the experimental reactivity insertion

rate and the rate userd in the PARET pretest caleulations,

3.33 Net System Reactivity and Reactivity Insertion Rate. For the low-

initinl-power reactivity acceident tests, it was possible to compare hoth the
net system and compensated reactivities, determined from experimental power
duta, with calculational results. The net system reactivity was determined
from the experimentnl power data with the sroRrTi23) computer code which
uses the point-reactor kinetic equations. During the low-initial-power tcsts,
the net system reactivity was initially assumed to be caqual to the total reactivity
ingerted because stable reactor periods were reached for these tests, Therefore,
during these transients the compensated reactivity was determined by subtracting
the net system reactivity from the known initially inserted reactivity. However,
during high-initinl-powur tests, appreclable reactivity compensation occurred
during the reactivity Insertion time: thus the initial net system reactivity
could not he nssumed to be equal to the total reactivity insertion. Experiments
were not performed to determine the precise reactivity lasertion rates for
transients initiated {rom high-initinl-power levels. For this reason, the com-
pensated  reanctivity for the high-initial-power tests could not be precisely
determined from the oxperimental datn, and only the net system reactivi

could be compared with calculational results,

Net system reactivities determined from experimental power data for
representative  hot-startup and  operating-power tests Initinted with 1,178
reactivity insertions are shown in Figures 36 and 37, respectively, together
with PARET-calculated results, The largest difference between the experimentally
determined and calculuted curves shown in these two figures is ahout 0.10%,
or 25% of the experimentully determined value. Since one standard deviation
in the net system reactivity derived from experimental data is about 117 at
the time of peak power and hecomes even larger at post-penk power times
{(Appendix C), the agreement hetween the caleulated and cxperlmenmll‘y deter-

mined net system reactivities cian he congidered good.

The net system reactivities shown in Figures 36 and 37 also indicate
the time dependency ol reactivity insertion since net system reactivity is
the inserted minus the compensated reactivity, 10 it is assumed that PARET

culeulations of the reactivity fecdhack are as good for the high-initial-power
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Fig. 36 Experimental and PARET calculated net  Fig, 37 Experimental and PARET caleulated net

system reactivity for operating-power test 8

aystem roactivity for hot-stundby test 81 (1,178
’ (1,178 reactivity insertion),

reactivity insertion),
tests as they were for the low-initinl-power tests, then n comparison of the

calculated and experimentally determined net system reactivities indicates

that the reactivity inegertion rate was larger at the beginning und sm ter ..:

the end of the insertion than the rate used in the PARET calculations. The
reactivity insertion rates input to the PARET code were determined from

control rod worth measurements and a calculated transient-rod-position versus

time curve.
3.34 Fue! and Cladding Surface Temperature. The maximum fuel and

cladding temperatures attained during the high-initinl-power reactivity accident
important iIn reactor safety investigations. The core

tests are extremely
hot-spot cladding surface temperature was measured by a stainless steel

sheuthed thermocouple attached to the corner fuel rod in the S11 fuel assembly.

The thermocouple was located 16 inches above the bottom of the fuel rod.

Steady state, core hot-spot cladding temperatures were measured to he about 575
570, and 560°F, respectively, for the three operating-power tests. Differences
between these varjous steady state temperatures are attributed primarily

to the differences in the luitinl power levels and coolant inlet temperatures

for the three tests, The steady state, hot-standby, core hot-spot cladding

temperatures were measured to be nround 500°F for all the tests, PARET-



calculated steady state hot-spot cladding temperatures were 588 and 504°F for
the operating-power  and  hot-stundby  initial  conditions,  respectively. The
differences between the caleulated and experimentul steady state cladding surface
temperatures wese crused by temperature gradients across the thermocouple

junctions and heat Insses heenuse of flow,

For the two representicive hot-s.andby and operating-power tests inftiated
with 1.17$ reaclivity inscrtions, the measured maximum transient hot-spot
cladding temperatures were about 540 and 600°F, respectively. The PARET-
calculated hot-spot cladding temperatures jor these two tests arce shown in
Figure 38. For the hot-standby test, the caleulated hot-spot cludding temperature

is about 530°F just ufter the power 10,0083
burst and is calculnted to reach about '

540°F at the time of automatic “000"

Operating Fowee
control rod scram (1 sec). For the

P S

operating-power test, the caleulated

hot-spot  cladding  temperature 2006- :

reaches the nucleate hofling temper- - :
& Hot ftondaby

ature of 606°F uat 0.14 sccond und 5

remains at this  temperature v
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sSince the core wias not instru- ¥
and aperating-ponerr test sa,

mented  to measure the UOgo-fuel

temperature,  this important pasametes could only be caleulated. The good
agrecment between the DARET alculated  reactor power and net energy
refease and the esperimental resalts for the two representative high-initial-
power excursions shown in Figures 34 and 35 made it reasonable to assume
that the PARET model swould also adequately estimate the reactor fuel temper-

ature distribution. For the hot-stindby test shown in Fipure 34, the PARET-

S0



culculated hot-spot UOg-fuel temperature is about 1050°F just after the power
burst and is calculnted to become about 1270°F at the tirne of automatic control
rod scram.. For the most severe operating-power excursion performed, the
post-hurst calculated hot-spot fuel temperuture is abou: 3560°F. At the time
of automatic control rod scrum, the hot-spot fuel temperature is calculated
to be about 3800°F. For all of the high-initinl-power reactivity accident tests,
the PARET-calculnted maximum hot-spot fucl temperatures are well bhelow

the melting temperature of UO3.

3.4 Reactivity Feedback Mechanisms

PARET results show the effects of high initisl reactor power on the
individual dynamic reanctivity feedback mechanisms that limit reactivity accidents.
The model separately accounts for reactivity feedback arising from fuel rod
and mo erator heating. Since the largest difference between the experimental
and calculated net system reactivities for the high-~initinl-power tests was
about 25%, the calculated total compensated reactivities should be representative
of the experimental values. In additlon, the consistently good agrecment between
the calculated and experimental total reactivity compensations for all the
low-{nitial-power tests supports the conclusion that the major reactivity

fecedback mechaniams are adequately uaccounted for in the PARET model,

3.41 Fuel and Maderator Heating. The role of fuel and moderator heating as

reactivity feedback mechanisms during high-initinl-power reactivity nccident
tests can be estimated from PARET calculations. The feedbnck resulting from
fuel heating is primarily caused by Doppler broadentig nnd fuel rod expansion.
Reactivity feedbauck rocuiting from moderator heating is caused hy moderator
expansion and vold Tormation. The calculuted fuel and moderator heating
reactivity compensations at the time of peak power for sceveral representative
500°F hot-startup, hot-standby, and operating-power tests are l%su-d in Table VIIL
The moderator heating reactivity compensation increases from about 30 to 509
of the total compensation as the initinl power increases from 50 W to 20 MW,
Conversely, the fuel heating compensation decrendes from about 70 to 509,
This change in fuel and moderator heating feedbitck results becausce with
increasing initial powur levels (u) the averuge temperature increases and
causes increased moderator reactivity feedback becnuse the moderator temper-
ature coefficient incronses with increasing temperature, and (b) the average

fuel temperature Increasces and cuuseés less Doppler reactivity feedback per
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TALLE VILI

PARET CALCULATED FUEL AID MODERATOR HEATING REACTIVIUY
COMPENGATION AT THIS TIME OF DEAK POWER

Inftinl

Reactivity Time to Fuel Nenting  HModerator Bonting
Initinl Reactor Inacrtion Peak Power ‘ompenusation Compensution
ower () (%) {500) (7 of total) (% of total)
5 x 107 0.3 3.6 70 23
5 5 1077 BERNT: 0.269 6oy 35
1.0 St 0.152 oG 3k
0,9 oLl 0.097 09 35
SO0 0.90 0.097 50 50
Lo s Loty 0.103 51 U

unit energy release hécnuso fihe Doppler coefficicent decreases with increasing
fuel temperature. Thero §8 little difference hetween moderator heating reactivity
feedback contributions for initial powers of 50 W and 1 MW because the mod-
crator temperature coefficients are approximately equul for these cases,

For the low-initial-powor tests, where the power rises on a stable period,
the moderator henflng reactivity feedback is a function of the reactor period
or reuctivity lnseriloi\. In Table VIII, the moderator heating compensation
increases from 28 to 36% of the total as the reactivity insertion for the hot-
startup tests increases from 0.93to 1,158, This behavic r of increasing moderator
heating compensation with larger reactivity insertions did not occur for the
high-initinl-power tests, For these tests, the power did not rise on stable
periods, and the times to peak power were essentially the same regardless

of reactivity insertion.

3.42 Prompt and Deluycd Reactivity Feedhack. The reactivity feedback can

further be broken down -into prompt and delayed components. For the fuel
heating feedback .mechanism, the Doppler compensation is prompt, but the fuel
rod expansion compensation caused by hent transfer out of the fuel into the
cladding is delayed. For the moderator heating feedbus & mechanisms, the
heating that results from slowing down of fust neutrons and attenuation of prompt

gamnui rays gives PMH fecdback, but the heating caused by heat transfer




out of the fuel into the moderator yields delayed feedback. These various
calculated prompt and delayed fecdback mechanisms are illustrated in Figures 39
and 40,
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Fig., 39 PARET calculated reactor power and re- Fig. 10 PARET calculated reactor power and re-
activity compensation for hot-s<tandhy test ) activity compensation for operating-power test
(1.17% reactivity {naertion), HBG6 (1,178 reactivity insertiony.

The PARET-calculuted, time-dependent, reactivity compensation for a
hot-stundby reactivity nccident initisted with a reactivity insertion of 1.17$ is
shown in Figure 39. The malority of the fuel heating reactivity compensation
is due to prompt Doppler feedback, with the delayed fuel rod expansion feedback
contributing only around 3% ut the time of peak power. Until about 0,2 second,
almost all of the moderator heating feedback 18 due to PMH. This PMH feedbick
decreases after the power burst. However, the moderator heating feedback
is maintained by the delnycd heattransfer out of the fuel rods into the moderator.
The dip in the moderator hent‘ng compensation at about 0.25 second {3 not as
pronounced as was the case for a similar 500°F hot-startup test (Figurc 26).
The delayed conductive heat transfer from the fuel to the water occurs sooner
for the hot-standby thun for the hot-startup excursion becususe the gas gap
is smuller and the steady state fuel temperatures are larger. For the E-core
hot-standby tests, the reactivity feedback mechanisms which limit the power

excursions are principully prompt, with Doppler compensation predominating.

REACTOR POWER (MW)



The PARET-calculated, time-dependent, reactivity compensation for an
operating-power renctivily accident initisted with a reactivity insertion of
1.17¢ is shown In Flgure 40. The malority of the fuel heating compensation
is again due to prompt Doppler feedback, with the delayed rod expansion
feedback contributing around 4% at the time of peak power. Until about 0.15
sccond, most of the moderator heating feedback is due to PMH. There is
no dip in the moderutor heating feedhack us there was for the hot-standby
excursion. The renson for thisdifference isdue to a combination ~f (a) significant
post-burst PMH feedhback bhecuuse of the high runout power ' svel and (b) early
conductive heat transfer to the moderator. The clad-wate- heat transfer
occurs sooner because of the very small gas gap and high oady state fuel
temperatures at operating-power conditions. For oper-ting-power tests with
the E~core, PMH compensation is the dominant feedback :nechanism untii about
the time of peak power, where the Doppler feedback hecomec ap;:.oximately
equal to the PMH fecdback.

3.5 Summary of the Effects of Initial Reactor Vower

To determine the effects of the initial reactor power on the results of
reactivity eccidents, the Initial reactor conditions were uniformly set at
500°F coolant inlet temperature, 1500 psig system pressure, and 14 {ps coolant
flow. With these initial conditions, resctivity accident tests were initiated
by reactivity insertions of 0.46 to 1.298.

3.51 Time to Peuk Power. The time required to reach peak power after

initiation of a reactivity accident varies with initinl power conditions for
identical reactivity insertions. Figure 41 shows the experimental penk power
times for a range of reactivity insertions at 500°F hot-startup, hot-standby,
and operating-power conditions. For all three test conditions, the reactivity
insertion rate was ubout 158/scc. For large values of reactivity insertion,
the times to peak power for all initial power conditions tend to converge
toward a value of roughly 100 msec. For a small value of reactlvity inscrtion
such as 0.80$, the time varies from about 13 scc to 160 myuce when the initial
power changes from 50 W to 20 MW,

3.52 Superprompt Critical Tests. The effects of the {nitinl power on super-

prompt critical reactivity accident tesis are illustrated in Figure 42, In this
fignre, the time-dependent experimental reactor power and net cnergy re-

lease are given for hot-startup, hotestmudhy, and operating-power tests, all
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Fig., 41. Experlmental times to peak power as  fig. 42 Experimental powers and net encrgy
tunctions of initial reactivity insertion and initiul releases for DUOOMF  hot-startup test 59, hot-
reiactor power for the 500°¢ hot=startup, hot- standby .est Bl, and opernting-power test s,

atundby, and operating-power tests,

all initinted with 1,178,

initiated with a ramp reuctivity insertion of 1.17$. The power burst shapes are
generally similar for all three tests. The power burst magnitude is not strongly
dependent on initial power conditions; ie, the hot-stundby peak power und runout
net energy release are only about 1.4 times the hot-startup values, and the
operating-power peak power and runout net energy releasc are about 2.7 times
the hot-startup values. The time to complete the superprompt critical power
bursts i3 also only weakly dependent on the initial power condition, The net
energy releases at the time of peak power for the hot-standby and operating-
power tests were 1.3 ond 2.7 times that for the hot-startup tests. These ratios
reflect primarily the effect of the decreasing Doppler reactivity feedback co-
efficient with increasing initial reactor power and subsequent higher initinl
fuel temperatures.

3.53 Subprompt Critical Tests. The effects of the inltial power on sub-
prompt critical reactivity accident tests are {llustrated in Figure 43. The

time-dependent experimental rcactor power and net energy release are given
for hot-startup, hot-standby, and operating-power reactivity accident tests,
initiated with ramp reactivity insertions of 0.93, 0.86, and 0.878, respectively.
For these subprompt critical tests there is marked dissimilarit: in the power
burst shapes. The times to peak power vary considerably, with the hot-startup
peak power time about 35 times that of the operating-power tests. In terms
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Fig. 43 Experimental powers aad net energy releases for 500°F hot-startup test 54 (0,935 reactive
ity insertion), hot-standby test 79 (0.86S reactivity insertion), and operating=power test 85 (0,878
reactivity insertion),

of the power burst mugnitude, the hot-standby and operating-power peak
powers are respectively about 1.5 and 10 times the hot-startup peak power. The
net energy release ut the time of peuak power for the hot-standby test is only
0.6 that of the hot-startup value. This cnergy release relationship, which
is opposite to the superprompt critical behavior, is due to the large differences
in peak power times and thus the rclative number of delayed neutrons contrib-
uting to the neutron multiplication. This is demonstrated by the reactivities that
had to be comnensated in order to terminate the power rises. The compensated
reactivities at peak power were 0.258 for the hot-startup excursion and only
0.09% for the hot-standby excursion. The net energy reclease at the time of
pean power for the operating-power tests is about twice thatof the hot-standby
value. The compensated reactivity at peak power was about 0.048 for the
operating-power excursion. Thus, it took twice the energy release ut operating-
power conditions to compensate about half the reactivity, which demonstrates
the cffect of thedecreasing Doppler reactivity feedback cocfficient with increasing

initial reactor power.
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Fig, 41. Experimentul times to peuk power as Fig, 42 Experimoental powers and pet encegy
functions of initial reactivity fnsertion and inttind reloases for OHOU'F hot-startup test 59, hot-
reactor power f{or the 5H00°F hot-startup, hot- stundby teat 81, and operating=power toaet N,
stundby, and operuting-power tosts, atl inftiated with 1,178,

initiated with a ramp reactivity insertion of 1,173, The power burst shapes ave
generally similar for all three tests. The power burst magnitude is not strongly
dependent on Initial power conditions; ie, the hot-standby peak power und runout
net energy release are only about 1.4 times the hot-startup valu:zs, and the
operating-power penk power und runout net energy release are about 2.7 time:
the hot-startup values. The time to complete the superprompt critical power
bursts {3 also only wenkly dcpendent on the initial power condition. The nci
cnergy teslenses at the time of peak power for the hot-standby and operating-
power tests were 1.3 and 2.7 times that for the hot-startup tests. These ratlos
reflect primarily the effect of the decreasing Doppler reactlvity fecdback co-
efficient with increasing initial reuctor power and subsequent higher fnitiunl
fuel temperatures.

3.53 Subprompt Critical Tests. The effects of the initial pow - on sub-
prompt critical reactivity a-cident tests are illustrated in Figure 43. The
time-dependent experimental reactor power ard net energy release are given
for hot-startup, hot-standby. and cperating-power re;\cuvny accldent tests,
Initiated with ramp reactivity insertions of 0.93, 0,86, and 0.378, respectively.

For these subprompt critical tests there i3 marked dissimilarity in the poe :r

burst shapes. The times to peak power vary considerahly, with the hot~stnrtup

penk power time about 35 times that of the operating-power tests. I terms
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Flig, 48 Experimental powers and net energy releases for S00°F hot=staetup test 51 (0,938 peactiva
Wy dnsertion), hot=cbondby test 79 (0,868 resctivity insertion), and operating=power test 83 (0,47%
Feactivity dinxertion),

of the power hurst magnitude, the hot-standby  and operating-power peuk
powers are respectively about 1.5 and 10 times the hot-startup peak power. The
net energy release at the time of pesk power for the hot-standby test is only
0.6 that of the hot-startup value. This ecnergy release relationship, which
Is apposite to the superprompt critical behavior, is due to the large differences
in peak power times and thus the relative number of delayed neutrons contrib-
uting to the neutron multiplication. This is demonstrated by the reactivities that
had to be: compeusated inorder to terminate the power rises. The compensated
renctivities ot peak power were 0.258 for the hot-startup excursion and only
01,008 for the hot-dtandby excursion. The net encrgy release at the time of
peak power for the operating-power tests is about twice that ef the hot-standby
value, The compensated reactivity at penk power was about 0,048 for the
operating-power excursion. Thus, it took twice the energy releasce at operating -
power conthtions to compensate about half the reactivity, which demonstrat.s
the effect of thedecreasing Doppler reactivity feedback cocefficient with increasing

initial reactor power,
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IV, EXTRAPOLATIVE CALCULATIONS

PARET code calculutions were performed as a part of the Spert 111 E-core
program to investigate kinetic behavior for postulated reactivity nccidents sig-
nificantly different from those nctually tested. Analytical investigations were made
in the areas of /n) the effect of the moderator temperature coefficient of reac-
tivity on an operating-power reactivity nccident and (b) the results of reactivity
accidents performed with the muximum available E-core excess reactivity

inserted at the various initial E-core conditions.

1. POSITIVE MODERATOR TEMPERATURE COEFFICIENT

In Section IIi-3.4 it was observed that the PMH reactivity feedback con-
tributed about 50% of the totul reactivity compensation for E-core operating-
power reactivity accident tests. Since the PMH feedback is negutive only as
long as the moderator temperature coefficient of reactivity is negative, a
positive moderator coefficlent could cause the PMH feedback to become an
inherently unsafe mechunism, For thisg situntion, the PMH feedback would be
equivalent to positive reactivity insertlon.

At system conditions of 500°F :=oolant inlet temperature and 1500 psig,
the Spert 11l E-core has a moderator temperature cocfficient of about -44/°1,
This negative value {8 ncar the maximum for present operating PWR's. The
effect of moderator tomperature coefficients on the excursion behavior of
the E-core was investigated to verify the strong influence of PMH feedbuck.
PARET calculations wers muade for operating-power reactivity anccidents
initiated by a ramp reactivity insertion of 1.22% with the temperature co-
efficient arbitrarily varied over the range from -4 to +1.4¢/°F, while all
the other E-core parametars were held fixed.

The power hursts for three such PARET-calculated reactivity accidents
are {llustrated in Flgure 44. As the temperature coefficient changes from
-4 to +1.4¢/°F, the peuk reactor power Increases by a fuctor of about three
and the runout power Increascs by a factor of about two. For these calcu~-
lations, the net energy releases ure shown in Figure 45. For the +1.4¢/°F
temperature coefficient, the net energy relcases after 250 msec yields an adi-
ahatic hot-spot fiel ehthulpylncrcuse of about 58 cul/g of U02. When added to the
20 MW steady state cnergy content, the maximum fuel enthalpy is about 190
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Flg. 0 PARET eoleulated venctor power for Ftg, 45 PARET caleulated net energy release for
operating-power  reactivity aceldents dndtiated  operating=power  reactivity acetdents initiated
with 1,228 for various modupator tempeeature with 1228 for varfous modertor tamperature
coctlicients of reactivity, coutficients,

cal/g of U(‘)2 after 280 msvee. Thus, no fuel melting should be predicted during

the transient time consldoered.

For these operating-power reactivity accidents, penk power, net cnergy
release  to peak power, and hot-spot fucl temperature after 250 msce are
shown as functions of the moderator temperature coefficient in Figure 46,
The slopes of the power, energy, and fuel temperature curves increase rapidly
with increasing values of the moderator temperature coefficient. Extrapolation
of these results  indientes  that power excursions limited only by core damage
or disassembly could occeur for moderator temperature coefficients greater
than about +«34/°F in the E-core {f all the other core parameters were not

changed.

GE




2.3 40— T
= 3
20l ¥ s )
s -
- 3 398
x < £
3 - 3
2 sl & N
.; g J./é
3 2 *
2 k 3
101 o tof- 3.8 g
> Power g
- g ; K]
} & , s
1 i 332
0.3} ol ' I
- ;
“Tempsroturse | =
f {ar 2

° [N S | —
-6 -4 - [+] +2 4
Temperature Coellicient { ¢/°F ) se vesr

Fig. 46 PARET calculuted peak power, net energy release to peak power, and hot-spot fucltemper-
ature as functions of modurator temperature coefficlent for 1,288 opurating=power accidents,

2. MAXIMUM SPERT IlI E-CORE REACTIVITY ACCIDENTS

Because of the cxcellent agreement between the PARET calculationsl and
Spert Il E-core experimental results, it is expected that PARET calculations
performed for reactivity accidents siguificantly more severc thar. those tested
would also yleld meaningful results. Therefore, PARET calculations were
performed for the maximum available excess reactivity insertions at various
initinl E-core conditions,

2.1 Accident Conditions

The reactivity accldents that were considered cover a wide range of
roactor system temperatures, reactivity insertions, ramp rates, and initial
reactor power leveld, At ambient system temperature (70°F) the maximum
reactivity controlled by the E-core transient rod was about 4.88. Even though
the cxcess reactivity available at these conditions was larger than 4,88, the
maxirium reactivity that could be inserted at 70°F was limited to tht- transient
rod worth. Cualculations showed that the maximum transient rod worth did not
change appreciably as the reactor temperature increased. As a result, the
maximum rcncilvlty that could be inserted at 250°F system temperature wus

again limited to the transient rod worth of ahout 4.83. At a system temperature
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of 500°F the excess renctivity avallable decreased to a value of nhout 3.58,
and therefore this value wias the maximam reactivity that could be inserted

at this core cond.on.

For alt of the PARET calculations, the reactivity was inserted nccording

to one of the following three fast ramp rates:

(1Y A normal ramp rate was determined from the experimental
diffcrential control rod worths and time-dependent transient
rod position (calculated assuming the constant design accel-
cration of the transient rod). This rvuate is the same as the

one used for the PARET calculations in Section [11.

(2) The maximum ramp rate that could be achieved within the E-core
transient rod design  specifications was determined. This

ramp rate was about twice the normal ramp rate.

(3) A ramp rate wns determined which would represent an ex-
cursion initigted with the reactor subceritical., The linear

ramp rate for this case was an insertion of 92%/sec.

Calculations were performed for cold-startup, hot-startup, hot-standby, and
operating-power  conditions. An  initinl power of one milliwatt was used to

represent excursions initinted from suberitienl,

2.2 Culeulationa!l Results

The results of PARET calculations for the muaximum E-core reactivity
accidents are listed in Table IX, In the PARET calculations, nonlinear ramp
riates were used in most cases, but the reactivity input values listed in the
table represent average linear ramp rates. Because the core damage that
could occur during the powrr  burst was of primary concern, the calculations
wera performed for trangient times of only 200 'msec. By this time all of
the reactor runout powers reached quasi-equilibrium values. Since the run-
out powers were large, fuel melting and critical clad-water heat transier con-
ditions would he predicted for transient times longer than 200 msec for all of
the extrapolative calculations.

For both of the calculations ut 70°F system temperature, the reactor
power peirked before the end of the reactivity ramp. Considerahly more re-
activity was inserted at peak power for the excursion inftisted from suberitical

(928/scc ramp and one mittiwatt initinl reactor powuer) than was the case for
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the normual 4,83 excursion. Asu result, thepeak power for the excursion initiated
from subcritical was about four times that catculated for the trangient initinted
from critical. For the excurston initinted from suberitical, the calculated
maximum fuel temporature of 7500°I~‘["] indicates fuel melting would occur
in the high flux'rugimm of the core. The carllest fuel melting at the hot-spot
wins predicted to occur about 0.2 msec after peak power was reached. At
this time the hot-spot cladding surface temperature was calculnted to be
only 1R6°F. During the transient time, some fuel melting was also predicted
to occeur along the axial flux peaking regions in 30% of the core. For the normal
ramp at critical, the miximum hot-spot fuel temperature was calculated
to he 5100°F . For this case little or nn fuel melting is predicted during

the transient time,

The 250°F excurstons inftiated from suberitical and critical yielded results
similur to those of the two 70°F excursions. The peak power for the excursion
initinted from subcritical was about fuur times the value of the peak power for
the excursion initinted at critical, and much more reactivity was inserted
at peak power for the subcritical case. For the subceritical case, fuel melting
at the core hot-spot was agnin predicted to occur, the calculnted maximum
fuel teraperature seing G200°F, This temperature {s about 1000°F less than
wias the case for the 709 excursion inftinted from subcritical. The earliest
fuel melting at the hot-apot was predicted to occur about 2 msec after peak
power was reached. At this thine, the hot-spot cladding surface temperature was
caleulatedtobhe 118°F, This cladding temperature is about 200°F higher than for
the similar cold-startup caleulution. This difference is due to the larger initial
energy content of the [uel rod at 250°F systemn temperature. During the transient
initinted from subcritieal at 256°F, the fuel temperatures along the axial flux
peaking regions in 5% of the core werepredicted to be nbove melting. For the nor-
mal ramp at critical, the muximum hot-spot fuel temperature was calculuted to

be 4600°F and no fuel melting was predicted,

[a} The PARET code dous not consider fuel melting but continues to use the
specific heat versus temperature relationship for solid fuel, even though
the calceulated temperature exceeds the melting point of UOg. Thercfore,
any temperature in excess of ahout 5200°F is fictitious. The real temper-
ature would remain at 5200°F until about 100 cal/g is added for the latent
heat of fusion. Thus, in regions where the PARET temperature exceeds the
melting point, ati the fuel in that reglon has not necessarily melted,
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For the four transient calculations performed for 500°F system temperature
and initiated with the normul ramp rate, the power pcaked before the end of
the input reactivity rapip. The largest pesk reactor power was achieved nt
the lowest initial powar level (1 x IO'SW) because a larger reuactivity input was
possible before appreclable reactivity {feedback occurred. The largest maximum
fuel temperature predicted in these four calculations was 4700°F for the
operating-power or 20 MW {nitial power transient. This result reflects the
large energy content of the {uel at steady state operating-power conditions.
For the operating-power, normal ramp transient, the hot-spot cladding surface
temperature at 200 msec was csiculated to be 876°F, Although no fucl melting
was expected at this time, clod-water heat transfer along the axial flux peaking
regions in 30% of the core was predicted to be in the transition boiling regime.
The transient calculation performed for 500°F system tempcrature, 50 W
initial reactor power with twice the normal ramp rate indicates that all of the
reactivity was inserted before peak power time. The maximum hot-spot fuel
temperature reached 3700°F, which was about 80C°F higher than the similar
normal ramp value. At the end of thetransient time the hot-spot cladding surfuce
temperature was predicted to be 718°F and the transttion hoiling regime occurred
along the axlial peaking region in 5% of the core. For the 20 MW initial power,
double ramp rate case, the maximum hot-spot fuel temperature predicted was
4900°F. This value is only slightly higher than the 4700°F maximum fuel
temperature for the normal ramp from 20 MW, The long ramp time of the normal
ramp guve rise to a second power peak which Increased with hot-spot fuel
temperature from 4100 to 4700°F. At the end of the transient time for the
20 MW initial power, double ramp rate calculation, the hot-gpotcladding
surface temperature was predicted to be 1044°F. The transition boiling regime
was aguin predicted to occur along the axial flux peaking region in 30% of the
core.

The results of the extrapolative calculations for the maximum reuactivity

accidents in the Spert 11 E-core can be summarized briefly as follows:

(1) For a specified reactor condition and reactivity insert:on,
the severity of a reactivity accident is predicted to increasc

with fuster ramp rates,
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(2) The mont fuel melting, with a significant probability of core
damago, I8 predicted to occur with a 70°F initial system tem-~
peraturo for a transient initiated from subcritical.

(3) Some fuel melting In the hotter core regions, with a slight
probability of core damage, is predicted to occur at 250°F
system temperature conditions for a transient initinted from
suberitical,

(4) Although no fuel melting is predicted at 500°F system temper-
ature conditicns, critical clad-water heat transfer conditions
(departure from nucleate boiling heat fluxes) are predicted
in 2 cignificant portion of the core fortransients initiated from
20 MW Initial reactor power or operating-power conditions.
2.3 Maximum UO2-Fuel Temperature as a Function of Reactivity Insertion and
Reuctor Operating Condition
In conjunction with the maximum reactivity accident analyses, PARET
calculations were performed to determine the E-core maximum fuel temperature
behavior for various reactivity accidents initiated from the cold-startup, hot-
standby, and operating-power reactor conditions. For these calculations the
reactivity was inserted with the normal ramp rate.

The results of the criculations are given in Figure 47. The three lower
curves show the maximum hot-spot fuel temperature rise 250 msec after ini-
tiation of the excursion, For a reactivity insertion of about 1.2%, the maximum
hot-spot fuel temperature rise is the same for all three rcactor conditions.
For reactivity insertions larger than 2§, the temperature rise is about 409
less for the hot-standby than for the cold-startup accident, and nearly 60
less for the operating-power than for the cold-startup accident. The three
upper curves show the maximum hot-spot fuel terﬁpcrntures predicted during
the first 250 msec after initistion of excursions. These temperatures represent
the steady state hot-spot fuel temperatures plus the maximum fuel temper-
ature rises. For reactivity insertions larger than about 1.58, the maximum
fuel temperature during n cold-startup accident is about 15% larger than that
predicted for a hot-standby accident For all of the reactivity insertions
considered, the maximum fuel temperature predicted during an operating-power
accident is larger than that predicted for either the cold-startup or hot-standby
accident. For reactivity insertions of about 58, the cold-startup maximum

temperature approaches the values for the operating-power accident.
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The E-core maximum hot-spot 10 e e e e
fuel temperature behavior, illus- i
trated in Figure 47, resulted from | ___...e-s=mT 0
the changes in the effective core e £
size and reactivity feedback mech- £ 9
-3
anisms as the reactor operating §‘°' _ © ¥
-4 -
conditions varied from: cold startup & [ 3
to operating power. At a system ; E
temperature of 500°F, the control § - s
rod withdrawnl required for criti- o7 Temo Rue o ;
cality of the E-core was nabout E|
twice as large as at a system Cold Starup
temperature of 70°F. Thereofore, ~— = Hol Standdy
tho eftective fuel mass or core 777" Operating Pomr
length was larger at 500°F than L i P T et o
at 70°F. which resulted in power REACTIVITY INSERTION ($) .
eakin factors[“] which were 35 Fig. 47 PARET calculated maximum hot-spot
p g fuel temperature and temperature rise us func-
and 44% smaller for the hot-standby tions of reactivity insertion and acetdent condition,

und operating-power reactor conditions than was the case for the cold-startup
condition. The principal feedbeck mechanisms thut limited the excursions were
Doppler broadening and prompt moderator heating. The Doppler coefficient
of reactivity. which variesr ns a function of the square root of fuel temperature,
decreased ns the system temperature increased from 70 to 500°F. The E-core
average temperature coefficiont of reactivity incrensed ns the system temper-
ature increased from 70 to 500°F. Therefore, PMH fecdback became increasingly
more important at elevated system temyerature. The net effect of decreasing
the power peuking factor, decrensing the Doppler coefficient. and increasing the
influence of the moderator temperature coefficient was thot the maximum fuel
temperature risc during a glven reactivity-induced excursion hecame smaller
as the initial reactor operating condition changed from cold startup to hot
standby to operating power.

[a] The power peaking factor is defined a3 the ratio of the hot-spot power
density to the average power density.
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V. CONCLUSIONS

The Spert III E-core experimental program provided power excursion
data for a wide rango of reactivity accident conditions in an oxide-fueled PWR,
These data include the only known experimental results for reactivity accid.nts,
in low-enriched oxide cores, initiated from typical PWR operating conditions,
Analytical models used by the nuclear industry to predict the resu'ts of postulated
reactivity accidents can now he evaluated for hot-startup, hot—stnndby; and
opernting-power conditions usiug these new data. For the Spert Il E-core
analytical prograrn, the PARET and IREKIN digital computer codes were
used to predict the reactor kinetic behavior for all the reactivity accident tests.
Both codes use the point-reactor kinetlc equations. PARET is u comprehensive
code which considers the coupled thermal, hydrodynamic, and nuclear response
of the reactor, and accounts for all the major reactivity feedback mechanisms.
IREKIN isarelatively simple code which considersonly reactivity feedback from

Doppler broadening uand has no provisions for hent transfer or coolant flow.

Analyses of the experimental results from the low-jaitial-power tests
demonstrated that the E-core excursions were essentinlly limited by rcactivity
feedback from Doppler broadening during cold-startup reactivity acctdent
tests, as were excursions in other oxide cores previously tested at Spert.
The nonmoderator-to-moderator ratio of the E-core was larger than those of
the other oxide cores, and it was found, ns expected, that increasing this
ratio does increase the Doppler reactivity feedbuck. Peak reactor powers were
nbout 50% larger for G600°F hot-startup transients thau for equivalent cold-
startup transients, Those differences In peak power indicate that the Doppler
coefficient decreases with increasing fuel temperature, However, the differences
hetween cold- and S00°F hot-startup peuk powers were not as large as would
have heen expected if the E-core excursions were completely Doppler limited
at hot-startup conditions. Analyses of the hot-startup test results indicated
that prompt moderator heating (PMH) reactivity feedback became a significant

contributor to the total renctlvity fecdback at elevated system temperatures,

The analyses of the experimental and calculational results also showed
the cffects of coolant flow rite on thz E-core kinetic behavisr. For long-period,
hot-startup transients, increasing the coolant flow rutes increased the enerpy

release to peak power. The energy release to peak power was not measurably
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affected by coolant flow rate during short period transients: however, the runcut

power levels increased with increasing flow rute,

Analyses of the experimentnl resulls {rom the high-initinl-power tosts
demonstrated that apprecinble reactivity feedback occurred during the reactivity
insertions, and therefore, the power rises for these transients were not pure
exponentials. Becnuse of the immedinte reactivity feedback during the high-
initfal-power tests, the kinotic behavior of the E-core was influcncaed strongly
by the reactivity insertion rate; whereas. the insertion rate was retatively
unimportant for the low-initiul-nower tests. Peak reiactor powers wer. ahout 40
to 50% larger for the hot-standby transients than for 500°F hot-startup tests
initinted with the same reactivity insertions. For suparprompt critical, operating-
power transients, peak powurs were about 2.7 times those for equivalent 500°)
hot-startup tests, while the subprompt critical, operating power transicnts
reached peak powers about 10 times those of equivalent 500°F hot-startup tests,
High-initinl-power test results show the effect of initial reactor power and further
demonstrate the decreasing Doppler coefficient with increasing fuel temperntiire.

During the hot-standby tests, Doppler compensation was still the principat
fecedback mechanism, with PMi reactivity feedback contributing about 35% of
the total feedback at the time of peak power. For the operating-power teatx,
PMH reactivity compensation was the dominant feedback mechanism until
about the time of peak power, at which time the Doppler feedbnck heciame
approximately equal to the PMH fvedback. Analysis of the PMH renctivity
fecdback in the E-core Indicates that this important feedback moechunism
increases with (a) increasing moderator temperature cocefficient of reactivity,
(b) increusing initial reactor power level, (c) decreasing cooluant flow rate,
and (d) decreasing reactor period. PMH feedback ccomes more fmiportant
at higher Initial reactor powers because the Doppler cocfficlent of reactivity
decrenses as n result of the increusing inftinl fue! temperatures, the coolunt
flow rate and reactor perjod determine the nmount of heated moderator trins-
ported from the corc during the power burst. Thus, PMH feedbnck Lecomes
more important as theso parameters decrceuse  because less modorntor fs

transported during the transaient time.

During all of the reactivity accident tests, the E-core fuel rods performed
sutisfaciorily and cladding Integrity was not lost; howuever, circumferential

ridging, or clad bambooing, occurred along the high flux regions of the fuel
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rods. Moetallurgical investigations indicated that the strength of the cladding
wis not affected by the bambooing. The maximum fuel rod cliclding surfnee
temperature mensured during the entire experimental program was about G00°F
and occurred during the tests initinted ot 200 MW initinl power. The maxlimum
citleulated hot-4pot UOg  fuel temperature obtained using PARET was about
3R00°F. Thesi maxtmum temperatures are well below the melting temperatures

of the stainless stoel cladding and UOg fuel.

The capabilities of the IREKIN and PARET codes ir predicting the E-core
Kinetie  beibmvior  wuere evaluated for the reactivity nccldent test conditions
experimentally Investignted, The TREKIN code ylelded predictions that were
within 304 of the oxperimental results for the cold-startup reactivity aceldent
tests. Beeause DM reactivity feedbnek is a significant feedback mechnnism at
clevated temperatures, the IREKIN predictions were aat satisfuctory for tests
initiated  under  hot-startup,  hot-standby, and operating-power  conditlons.
The comprehensive PARET code yielded results that were within 30% or less

of experimental vesults for ali aceldeat conditions tested.

Because of the excellent agreement that was obtained between the PARET
cideulational  and  the experimental results, the PARET cixde was used to
investigate the K-core kinetle b savior for postulated reactivity sccidents
thut were pot experimentally investigated, Coleulations were performed to
determine the effect of positive moderator temperature cocefficients on accldent
resuits for excursions initiated at 20 MW {initinl power. PARET calculations
indicate  that for »n positive moderator temperature coefficient lurger than
ahout 1 30/°F, power excursions that would bz limited only by core damage
or disassembly would result in the l-core. PARET calculations were performed
for postulated E-core reactivity acefdents iaitiated with the maximum available
reactivity insertions for the various operating conditions. These reactivity
insertions were 443 for the cold-startup and 250°F hot-rtartup conditions and
$.5% for the S00°F  hot-startup, the hot-standby, sad the opernting-power
conditions.  The results of these  caleulutions indicate that the probability
of core damage during the power burst is largest for the cold-startup and
operating-powaer aceldents, More fuel metting was predicted to occur during
roewctivity accidents at cold-startup conditions than for accidents initinted

from higher system temperatures, Although no fuel melting was predicted at



operating-power conditions, critical clad-water heat transfer conditions (depar-
ture from nucleate holling heat {luxes) were calculated to occur; theretove,

melting of the cladding hecame highiy prebable.

Except for size, the Spert HI E-core is generally characteristic of an
unborated, commercinl PWR vith essentially no fission product inventory
in the core. The experimental program was lhmited to nondestructive reactivity
accident tests, and thus investigations into the mechanical behavior of the
fuel were not Included. The analytical program provided typical analyses
of reactivity transients using current state-of-the-art sprce-independent kinetics
models. These analysoes Indicated that, for all reactivity accldeat conditions
except cold-startup, tho IREKIN code or codes similur to it are not adequate
for predicting the renctor kinetic behavior. A code ke PARET, which incorpo-
rates coolant flow and moderator roactivity feedback, should be used for
predicting the resuits of renctivity anccidents in smal!, oxide-lueled PWR’s.
Using a comprchensive code like PARET, other investigators should be able
to obtain results that agree to within 30%or better with the E-core experimentsl
data.
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APPENDIX A

SPERT (Il E-CJURE DESIGN DATA SUMMARY

A summuary of the churncteristies of the Spert I E-core and major plant

equipment s tubulated in this appendx,

1. GENERAL REACTOR DESIGN DATA

Type == pressurized-water, experimental reactor suitoble for boiling or
pressurized water experiments

Functinn -~ reactor transjent behavior and safety studlies
Moderator -~ HyO

Coolunt -~ Hy0

Neutron energy -- thermal

Core type -- heterogencous, rod type

Heat removal == plant, 60 MW (limited to 1/2 hr)

Heat nower -- core, 20 MW

Power density (at 20 MW) == 550 kW/liter of U0,
Maximum coolant flov rate -- 20,000 pm

Design pressure and temperature (maximum) -- 2500 puip ot 650°F

2. REACTOR-COMPONENT DESIGN DATA

Core (Operational Loading)

Configuriation -~ approximately cylindrical
Diameter -- X 26 in,
Active helght -- 38,3 in,
Volume =- 1,86 ft3
Composition
Water =- 6,7 wt'),
Staintess steel == 225 wt'f
U02 ~= 708 wt'j,
U -- 62,3 wt'y
U-235 == 3.0 wt,




. Fuel lond, U-225 ~- 53.6 Kg

Number of fuel assemblies -- 60

Fuel Asgemblics

Type -- rectangular
Number (Operational Loading)

25 rod assembly -- 48
16 rod asscmbly -~ 4

control rod assembly with fuel follower -- 8
Overall dimensions
25 rod ussembly -- 2,975 x 2,975 x 52-3/+4 in,

16 rod assembly -~ 2,476 x 2,476 x 52-1/4 in,

control rod fucl section == 2,496 x 2.496 x 45-41/64 in,
Fuel content

25 rod assembly -- 962.5 g U-235
16 rod assembly ~~ 616 g U-235

control rod assembly -~ 616 g U-235
‘ Pitch -= 0,585 in, (square)

Flow area (instde)/assembly

>

25 rod assembly -= 4,29 in.2

16 rod assembly -- 3,16 ln.2

coatrol rod assembly -- 2,80 tn,2
Heat-transfer area (active fuel length)

25 14 assembly -- 1402 in,2
16 rod assembly -- 897 in,2

control “od agssembly -- 897 in %
Fuel Rods
Type == cylindrical
Materfals

Fuel tube -- stainless steel, Type 348
Pellets -- 4.8% enriched sintered uo, (10.5 g/cms)
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Fuel pellet dimensions

Long pellet -- 0,420 in, OD x 0,766 in.
Short pellet -- 0,420 in, OD x 0.511 in.

Rod dimensions

Diameter -- 0,466 in, OD
Wall thickneas -- 0,020 in,
Overall length -- 40.8 in, (excluding end plugs)
Active length -~ 38,3 in,
U-~235/rod -- 38,5 g
Radial gas gap -- 0,003 in, helium

Control Rods

Type =-- rectangular: upper section I8 absorber material; lower section is
a fuel subassembly

Number -- 8
Composition

Absorber section -~ 1.35 wt%, boron-10 in Type 18-8 stainless
steel; 0,.166-in,-thick hollow aquare box

Fuel section -- see fuel! assembly section on the preceding page

Overall dimensions

Absorber section -~ 2,496 x 2.496 x 45-31/32 in,
Fuel section -~ 2,496 x 2,496 x 45-41/64 in.

Travel -~ 45 in, maximum
Average scram time -- 0,350 sec (to completion)

Withdrawal rates

Fast -~ 17.4 in./min
Intermediate -~ 11,5 in,/min
Slow -- 5,64 in./min

Transient Rod

Type =-- cruciform: lower-section absorber material, upper-section AlSl
Type 347 stainless steel

Number -- 1

Compositien (absorber section) -- 1.35 wt, boron-10 in 18-8 stainlesa steel
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Dimensions

Thickness of blades -~ 3/16 in,
Blade width -~ 5,125 in,
Absorber section length -~ 38 in,

Travel -- 45 In, maximum

Average drop time -- 0.2 sec (to completion)

Control Rod Drives

Type -- Acme nut arnd screw: air pressure maintains rod in contact with
screw and scrams rods

Number -~ 5

Motor type -~ 480 V, 30, 3 speecd, constant torque
Motor rating -- 1 hp

React. * Vessel

Construction

Shell -~ layer type

Top head ~- forged, full-opening, nanged, hemispherical
Bottom head -~ layer type

Inside dinmeter ~-- 48 in,
Shell thickness (including clad) -- 3.25 in,
Head thickness -- 3.5 in,

Materials

Outer shellplate -~ carbon steel plates 1/4 In, thick

Inner shellplate -- magnesium-vandium steel (ASTM A225 GrB) with a
1/8~in.-thick 304L stainless steel clad

Top head -~ carbon steel manually clad with Type 309 stainless steel

Design pressure

Working pressure -~ 2500 psig
Estimated maximum transient pressure -- 3500 psig

Design temperature -~ 700°F

Overall length (includes head) -- 19 ft 11~1/8 in,

Maximum diameter of head flange -~ 5 ft 7 in,

Number of thermal shields -- 5 (including reactor flow skirt)
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Total thickness of shields -- 5,75 in.
Average length of shields -~ 45,5 in,
Inside diameter of inner shield ~- 32 in,

Weight of vessel

Shell 55,784 1b
Head 10,606 1b
Bottom tee 5,580 1b
Shield 11,430 1b
Total 83,400 1b

Insulation -~ 4 in, of foamglass

3. CORE THERMAL DESIGN DATA

Conlant -- delonized water

Heat power (maximum) -~ 20 MW

Coolant flow (muximum) -- 20,000 gpm

Coolant passes through core -- one

Velocity in core (maximum flow) -~ 24 ft/sec

Heat transfer area -- 541,9 ft2

Average heat flux (core) -~ 1,10 x 10% Btu/hr/ft® at 20 MW

4., PRIMARY-COOLANT SYSTEM DESIGN DATA

Primary Pumps

Type -- single stuge, single suction, double volute, canned rotor
Number -- 4

Capacity, each -- 5000 gpm
Net differential houd -~ 328 ft of HyO at 650°F, 2500 psig

Motor

Rating -- 500 hp
Type -- 480 Vv, 3@, 60 cycle
rpm -~ 3550
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. Weight, each -~ 8500 1b
, Material -- sta-less steel, Type 204L

Heat Exchangers

Type -- U-tube, evaporarive

Number -- 2

Heat transfer capacity, each ~-- 30 MW

Tube sidc fluld -~ primary coolant, delonized HaO
Shell side fluld ~- delonized HZO

Design pressure

Tube gide ~~ 2500 psig
Shell side -- 75 psig

Design temperature

Tube side -~ 668°F
Shell side ~~- 320°F

Heat-transfer surface -- 1940 ft2

Number of tubos =~ 367 U's

Tube size -~ 5/8~in, OD, 0,065-in, wall thickness
. Tube straight length -~ 191 in,

Tube pitch -- vriangular

Pressure drop -~ 10 psi

"1a” 'rinls

Tubes -~ stuinless steel, Type 304L

Tube sheet =-- carbon steel (ASTM A266, CL2), clad with stainless
steel, Type 304L

Channel -~ carbon steel (ASTM A266, CL2), clad with stainless steel,
Type 304L

Channel cover -~ carbon stecl (ASTM A266, CL2), clad with stainless
steel, Type 3041L

Shell -- carbon-silicon steel (ASTM A-212, Gr3)
Weight

Full -- 43,200 Ib
Empty -- 23,400 b
Tube bundle -- 11,600 1b
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Pressurizer Vessel

Number -~ 1

Design -~ Section VIII ASME Boiler and “ressurce Vessel Cude
Design Pressure -- 2750 psig

Design Temperaniure -~ 700°F

Dimensions

Overall height == 15 ft 2-11/16 in,
Overall diameter -- 3 ft 3.3 in.

Volume ~~ 7y 83 ﬁa
Shell thickness -~ 3,15 in.
Head thickness -- 2.9 in.

Materials

Backing -- carbon-silicon steel (ASTM A212, Gr B)
Clad -- nickel 200 (ASTM B-162), 0,100 in,

Heaters -- electric immersion, 480 v, 3¢
Number ~-- 18
Capacity, each -~ 12 kW
Total capacity -~ 182 kW

Weight (empty) -=7%26,000 1b

Primary System Pipin

Type -- centrifugally cast stainless steel (ASTM A 362-52T, modifted)

Wall thickness

10 to 16 in. -- schedule 160
8 in, ~- schedule 140

Material -~ stainless steel, Type 304L
Insulation -- 3 in, of 85% Magnesia

5. POISON SHUTDOWN SYSTEM

Poison -- boric acid solution

Addition method -~ reactor primary system maekeup pump
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' Reactivity compensated by poison addition == 17,68

Borfe acid concentration required -~ 4,97 g/

Time for total nddition == 107 minute«



APPENDIX B

APPLICAf{ON COF THE PARET CODE

The PARET code, a Program for the Analysis of REactor Transients,
computes the coupled thermal, hydrodynamic, and nuclear behavior of the
core during a transient, The PARET model represents the reactor core by up
to four fucl elements and associnted coolant chamels, Each of the channels is
assumed to represent the average behavior of some selected region of the core,
The channels can he subdivided (nto a maximum of 20 axial sections, and the
radial dimension of the fuel element canbe deseribed by up to 50 radial seetions,
The power hehavior of the reactor is determined through @ solution of the polnt-
r2actor kineties equations, in which continuous reactivity feedback from the
known major feadback mechanisms {8 accounted for, Detatled heat transtor

and hydrodynamic calculiational models are contiained in the code,

This appendix I8 specificully concerned with the application of the PARET
code to the spert 11T E-core reactor, The materia! is presented in the sane order
as it appears in the PARET inpul duta instructionst B=1 1n most cases, the

same nomencliture {8 used as that used in the PARET report,

1. GEOMETRIC CORIL_ MODEL

Tne Spert I M-core was divided inta four PARET resions or chaunels,
which are shown in Figure B-1, The type and number of fuel assemblices in
each of the channeln can he determined from the E-core tattice description
glven in Section -1, The {raction ol core fuel rods in each channel is given

in the following tabulation,
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The fraction of core fuel rods in e ™ region 'vas used as a reactivity

feedbxick weiszhting factor,

BR - 1235

Fie, B=1 Four=chaanel PARET representation of the Spert 11 E-core,

2. REACTIVITY FEEDBACK CALCULATIONS

The following subjects are specifically described in this section: (i) the
methods used to obtalr the flux profiles from which the reactivity feedbark

importance weighting fuctors arce determined; (b) the caleulation of the source,
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moderator, and Doppler importance welghting factors; (¢) the Doppler reactivity
feedback model; and (d) single average-channel PARET model transient ealcula-~

tions,

2.1 Real and Adjoint Flux Profiles

The axial and radial, real and adjoint flux distributions in the core, that

were used to determine importance weighting fictors, were ~omputed using
onc~ and two-dimensionul diffusion theory computer codes, The one-dimensional
flux distributions were required as fnput for the calculation of these importance
welghting factors. A number of two-dimensionial computations were performed
to assure that consistent results were obtained by the axial und eudial, one-
dimensional models, The procedure used to obtain the radial and axial, one-

dimenstional flux profiles was as follows:

(1) Radial and axial one-dimenslional flux profiles were obtained
for the control rods either fully inserted (rods-in) or compactely
withdrawn (rods-out) from the cn e.

(2) An iteration technique for the raditl and axinl bucklings was
used for cuch control rod configuration to assure consistent

radial and axial leakages for the two onc-dimensionial models,

(3) Radial and axial one-dimensional flux profiles for a specified
control rod position in the core were then culeulated using
the rods-in and rods-out leakages obtained from the iteration

cialculiations,

The real and adjoint flux shapes for the perturbed core condition were used for
all reactivity feedback calculations, This means that the transtent rod poison
section wug consi‘ered .0 be out of the core and that the control rods were

at a specified position corresponding to a predetermined reactivity insertion,

In the diffusion thcory computations, the {ollowing [o1r cnergy groups were
used:
Group 1 -~ 10 MeV to 0,82 McV
Group 2 -- 0.82 MeV to 5.0 keV
Group 3 == 5.0 keV to 0,532 ¢V
Group 4 -- 0,532 ¢V. 10 0.0 ¢V,
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-2
The Group | constants were obtalned using a1 combination of the 'I‘()PIC[ B-2]

5, transport theory code and the '1‘1-2\‘1!’}-15'1'[”-3] thermal spectrum code,
Coustants for groups 1, 2, and 3 were obtained using the PHROG code (i
modification of the GAM-1B™4 codey together with the RAVEN B3] code.,
The RAVEN code wis used to obtain the U-238 resonance energy cross sccetions,

Two-dimensionul (x-y geometry) real and adjoint flux profiles werc first

calculated using the qu_,*[B-Gl

diffusion theory code, The fluxes were
calculated for the control rods fully ifuserted (rods-in) and the control rods
completely withdrawn (rods-out) core conligurations, For hoth of these cuses,
the geometry used in the PDQ-4 code represcnted the reactor core as it actually
existed in the x-y plune (Figure B-2a), Different diffusion theory constants were
input for each material in the core, The core axial dimension, for both control

rod positions, was represented by the geometric or energy independent bucklings,

One=dimensionl  (radinl geometry) real and adjoint flux profiles were
next calculated for the rods-in and rods-out cases using the conal B-7] diffusion
theory code, The one-~dimeansionitl eylindrical geometry maodel wis an approxima-
tion of the explicit geometry in the PDQ-4 model, The transient rod follower,
control rods, fuel, and water in the core were represented as cylindrical arcas
(Figure B-2b), The diffusion theory constants used were the same as those used
ifn the PDQ-4 ralculntions, 'I‘ﬁc core axial dimension was agatn described by
the geometeic bucklings, The eigenvalues and {lux profiles cidculiated with the
CORA code were compared with the PDQ-4 values. If the onc-dimensional
radial model values did not agree with the PDQ-+4 results, the cylindrical

areias in the CORA muadel were adjusted until the values did agree,

Omne-dimensional (axtal geomutry) real and adjoint flux profiles were then
cilculuted for the rads~tn and rods-out cases using the CORA code. In this
slab geometry model, the axial dimensions represented the actual core dimen-
stons (Figure B-2¢), The homogenized, fuel region and water region diffusion
theory constants used were the same as those used in the PDQ-1 and the radiat
CORA codes, The corc radial dimensions were represented by the radial
material or encrgy dependunt bucklings that were caleulated using the CORA
onc-dimensional, cyllndrical geometry model, Whether the axial slab geometry
model represented the control rods-in or -out configuration depended only upon

the radial material bucklings used, Using the rods-out radial muterial bucklings
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gave the rods-out axial slab geometry CORA model, and using the rcus-in

material bucklings gave the rods-in axial slab geometry CORA model,

The one-dimr.astonal, cylindrical geometry CORA calculations were repeated
exactly us previously performed, with the exception that the core axial dimenston
was represented this time by the axial muaterial bucklings calculated from the
glab geometry CORA model, The rods-in axial material bucklings were used in
the rods-in radial CORA calculutions, and the rods-out axial material bucklings
were usced in the rods-out radial CORA calculations, The rudial geometry-axial
geometry {teration technique was continued until the eigenvalues and four energy
group, radial and axial material bucklings converged. At this point axial and
radial, real and adjoint flux distributions were known for the two cases of control
rods either {ully inserted or completely withdrawn,

One~-dimenstonal (uxtal geometry) CORA 2alculations were made fora given
control rod withdrawul position that would represent the excess reactivity
necessary to initinte o translent of a sgpecific stable period. The corc was
represented axially by rods-in and rods-out regions (Figure B-2d), For this
calculation, the same diffusion theory constants were used as were used in
the PDQ-4 rods-in and rods-out calculations, In the rods-in region, the radial
dimension was represented by the material bucklings calculated {rom the
converged, rods-in, cylindrical geometry CORA model, In the rods-out region,
the radial uimension was represented by the material bucklings calculated
from the converged, rods-out, cylindrical geometry CORA model, From this
calculation, the axial real and adjoint flur profiles pertaining to a given reactor
period( a] were obtained, and these values were usedto determine the importance
weighting, The radial real and adjoint flux profiles that were used for importance
weighting were those that resulted from the converged, cylindrical geometry
CORA calculations for the control rods completely withdrawn! h].

{a] The flux profiles represented a control rod withdrawal position that would
result in a 10-msec-period trunsient. These profiles were also valid for
1- to 100-msec-period transients, since little additional control rod movement
wus required,

[b] Most of the reactivity feedbark occurred in the high flux regions of the
E-core, Thus, the radial real and adjoint flux profiles used for importance
weighting of rencuivity feedback were those calculated for the control rods-out
model, (With the control rods fully withdrawn, the fual in the lower section of
the control rods would be u. the core, For the PARET calculations, the total
fuel volume Included the fuel in the control rods and was 4,27445 ft3,)
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2,2 Source Importance Welghting Factors

The UO, temperature distribution in the core was computed in the PARET
code by solving the heat conduction ecquation, which contains a volumetric

heat source terin defined as

Slr,z,t) = P o(t) QM(r) Ws(m,n) B-1
wherc
¢(t) = average reactor power

P = factor to cnuvert average reactor power to power per unit fuel
volume

QM(r) = radial source description in fuel rod obtained from TOPIC
* transport theory code calculations

Ws(m,n) = source importance welghting factor for region {(m,n).

The source importance weighting factors, WS(m,n)[“l, were computed using
a computer code which solves the equation

L
1 2urar dz E‘
av__ PARET PARET L. L. ¢.{r) ¢, (2) ¥ |
mn roadial axial i i i o
Ws(m,n) @ region o region n B2
X L
V | 2rrdr dz VE., . (r) ¢ {z) N,
all fuel | wll fucl i i wt
regions regions

where
AVmp = volume of U02 in region (m,n)

V = total volume of 002 {in core

¢4(r) = real flux for energy group i at space point r obtained from
radial CORA calculations

¢y(z) = real flux for energy group i at space point 2 obtained from axial
CORA calculations

v = aumber of ncutrons liberated for every fission

L = macroscople fission cross section for energy group i

fdz ¢, (z)

N, , = S————— = npormalization fuctor,

zi
/dz ',‘;i(z)

[} In the PARET code, the core can be represented by up to four radial flow
channels and up to 20 axial sections, e, m = 1,2,3,4 and n = 1,2,3 ., , 20,
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The radial and axia:, real flux profiles were those computed with the CORA
code, as described in Section 2.1 of this appendix. The calculated source
importance weighting factors werc input to the PARET code as the axial
source description.

2.3 Moderator Importance Welghting Factors
In the PARET code, the total reactivity feedback due to moderator density
changes during a time step t is computed {rom the equation

Me) = -lvﬁ Z G Z Av‘:;n W, (mn) C dp_ () (B-3)
m n

where
Avrh.gn = volume of moderator assoclated with fuel rod In region (m,n)
s totaul volume of moderator in core

Gy, = fraction of core in channel m or number cf fuel rods in
channel m

WM(m,n) = moderator tmportance weighting factor for region (m,n)
C = uverall void volume coefficient of reactivity

— —

Prof - pnn(t)
———e——————={ractional chunge in moderator volume for
- region (m,n),

Pref
The moderator importance weighting factors, WM(m.n), were computed using a
computer code which solves the equation

8pmn(t)

3 2nrdr dz )
S | PARET PARET ¢, (r) ¢,(2) o} (r) o:(z)

mn radial axial

region m< region n -
wM(m,n) = (B=4)

1 2urdr dz . R #

v all fuel { all fuelQh(l’ Qh(“) Qh(r) oh(z)
regions ) regions

where

'ﬂ'(r) = adjoint flux for energy group i at space point r obtained from
radlal CORA calculations

¢7_(z) = adjoint flux for energy group i at space point z obtained from
axixl CORA calculations
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B (¢) =

Nz'- ——— = poimalization ractor
L f o

*
Nzh o “zh = 1.0,

The radial and axial, real and adjoint, group 4 {lux profliles were computed with
the CORA code. The culculated moderator importance weighting factors were
{nput to the PARET code as the axial voild volume weights,

2.1 Doppler Reactlivity Feedback and Doppler Importance Weighting Factors

The Doppler renctivity feedback was calculated as a function of the change
in the grnup 3 macroscopic absorption cross section, 6,4, With temperature.
The change in L,3 was calculated as a function of the UOy temperature in a
unit cell using the PHROG and RAVEN codes. The water and clad tamperatures
were held at the base temperature of the system, To. From the PHROG-RAVEN
output, the resonance integral temperature coefficient, Y, was computed by
the least-squares fitting of §I 5 to the equauon[B'Bl

8L 5 = ylr, (/T - /1)) (1B-5)
where

Lo ® macroscoplc group 3 cross section at the base tempernriure, T
T = UO, temporature, °K,

The general equation used to compute Doppler reactivity feedback, RD(t), was

2nrdr dz 03(r) 0,(z) ¢ )¢ (z) qon .
all fuel { all fuel 3 3 (r 23723
regions </ reglons
1
2arar dz : ‘ . ]
all fuel [ nll fuel Z vEo, ei(r) oi(z) X ¢, (r) ¢ () Ny N,
regions J regions 1, J v
(B-6)
where

fraction of fission neutrons born in earergy group |

>
—
g

Beogf ™ effective deluyed neutron fraction,
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For convenience, we defined

2nrdr B P i
all all , .
onr = | ¢ . Z ¥ LY
fuel fuet vI o, (r)e. (2)¢ ¢ (rie (2)8 N .
regions regions i,J i : 3 J ziz) (B-7)
Substituting Equations (B-5) and (B-7) into (B-6) yields
snrdr dv
A2 no all all _ * M .
i) = — | el fuel (/T - /Y'OM,)(r)«a.j(z)¢3(r)¢5(z)r123u,,3
Borr regions reglons 2 <
(B-8)

In the PARET code, the Doppler reactivity feedback for each small region ina

fuel rod, AV is given by

mn’

(. )% (B-9)

D w e
Ranlt) = Wplmen) Dy vy T+ v (5 0% + vy (T

3

where

WD(m,n) a Doppler lmportance weighting factor for region (m,n)
Tmn = Upmp () + 74
ﬁmn(t) = mean UQ, temperature in region (m,n), °R
k = arbitrary power to which T . is raised

Y, = polynomial coefficients,

The total Doppler reactivity fecedback for time step t {s computed from

D
RP(t) = -}z‘ S Tm’mn Ron(®) (13-10)
- —d
4} n

Substituting Equation (B~9) into (B-10) yiclds

Doy o1 . . 12 X,
W) v Z Gm}:,wmn "D(m'n) [Yo Y e T Ye“rm) T3 (T:r:n) !

m n (B-11)
Ter determine the various coefficients appearing in Equation (B-11) and the

proper Doppler importance weighting factors, Equations (B-B) and (B-11) are

comparcd, These equations correrpond to cach other if
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k = 0.9
y &Y
Y = aQ (l‘ l")
3 . ot b B
Bopp 2°F ) '
v = - /T i-1.
o Y4 7T, (1-13)
2nrdr dz
N PARET PARET . . .
Wolm,n) = 755 radial nxial ear) o () o () ¢ Cad W
D mn region m region n . o o
(B=14)
T.e coefficients v, and Yg that were input to the PARET code were calculatid s

using values of 8¢ and F obtatned from the DOPP-SBlB’glcnmpulur cale,

The Doppler tmportance weighting factors, Wp(m,n), were calculated f(rom
Equation (B-14) using the radial and axial, real and adjoint flux profiles computed
by the CORA code,

2.5 Average-Channel PARET Model Tronsient Calculations

In all of the previous PARET code calculations in this report, the standard
model of four flow channels represented the rcactor core, Investigations wure
made to determine if a singlo~channel PARET model could yicld transieni
results comparable to the four~channel PARET calculutions. For this model,
a single flow channel represented the reactor core avémge channel,

2,51 Importance Weighting Facto: 3. For the single average-channel PARET
model, the source, moderuator, und Doppler importance weighting factors were

generated using the axial, real and adjoint flux profiles, The radial hinportance - - '. ST .
weightings were assumed to bhe unity. Since the radial, real and adjoint (lux E Lz
*

proflies wcre not used, the normalization factors, Nzizmd N“, were nob regulred,

Source importance weighting factors fo: the average-channe!l PARET calcula-

tions were computed from the equation
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o i (B~15)

where
AVn

Vy = :;:Avn.

Moderator importance weighting factors for the average-channel PARET

volume of LO, ir. fuel rod in axiul region (n)

calculations were obtained from the equation

A fdz *
Ay PARET 4’14(7‘) ¢h(z>
n axial
ww(n) _ region n
&
1 dz

*
all fuel %u(2) 4,(2)

n J regions {B-16)

Doppler importance weighting factors for the average-channel PARET calcula-

tions were computed from the equation

dz #
W (n) = —2=— | PARET o.(z) ¢.(z) .
D av_ axial 3 3 (B-17)
region n

The quantity 27F used to compute Y, and Y5 was obtained from the equation

7z L ®
all fuel 2, vig ¢ (%) X ¢3(z) . (B-18)

enf = regions 1,

The fuel volume used to calculate Yo and Y3 was Vo
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GENERATION TIME CHLCULATIONS, AND DETAVED NEUTROR

PARAMETERS

The effective delayed newtron fraction, ¢ e, and the prompt neatron gen-
eriation time, &, were computed using the popp-3clB-91 computer code, This
code used thc converged, axiul and radial, real and adioint flux profliles eni-
culated with the CORA code. Delayed neutron parameters for the E-core woere
calculated using published delayed neutron datu - for U-235 and u-zas! B-10]
which were weighted by a fast fission factor,

3.1 Effective Delayed Neutron Fraction

The DOPP-3C code calculutes this paurameter by solving the following
equation derived by Henry[ B-11],

2rrdr (dz k
all all 3 % * Lo
g A N
Ba. core core z vzfi ¢i(r)¢’i(Z)xj ¢j(1 )¢J(") l\‘m.‘ z)
regions regions 1i,j
Bere =
2nrdr dz L .
all all * . L
core core Z foi °i(r)¢i(z) x,j oj")%kz) I\'zi“z,j
regions/ regions 1i,J (B-19)
where

X? a fraction of delayed neutrons produced in energy group j
X j= fraction of prompt neutrons praduced in energy group j
B, = actual delayed neutron fraction for a mixture of U-238 and U-235.

The actual delayed neutron fraction is calculated from the equation

s = L35, ¢-1,238 (B-20)
a ¢ <
where
8235 = U-235 total delayed neutron fraction

3238 = J-238 total delayed nsutron fraction

e’ = a fast fission factor.

This fast fission factor, ¢, was defined as the ratio of the total neutrons produced
to the neutrons produced by U-235 fissionsl®} and was calculated frem the

equation

[a] The fast fission factor, ¢, is defined as the ratio of total neutrons producedto
the reutrons produced by thermal fissions.
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o= "—-':"f" (P-21)

where

288 o fraction of all neutrons produced by fissioning of U-238
(obtained from CORA diffusion theory code calculations),

3.2 Promot Neutron Generition Time
L .

The DOPP-3C code <alculates this parameter by solving the following

equati.n derived by Henry:

( Zurdr du . ' N
ool * ¥ A e ,7:
i ali corcjall core (- ) ¢ (r) QJ(I‘) o (z) ¢,(z) N p,‘"'j
reglons Z repions A J J v Joo=
A= r P
~ 2nrdr fd. - % * .
J=1 all corgfall core L vE oo () e.lz) x, ¢.(r) ¢, (z) ¥ . X
L . ) £ 77 i i J 73 3 zi Tz
regions ./ regions i,
(B-22)
where

vj = average neutron velocity in energy group j.

3.3 Calculated Results_
The calculated values of Bogf and A for various E-core system cemperatures

are tabulated below:

Cuolant Iniet Effective Delayed Prompt Neutron Generation
Temperatura (°F) lleutron Fraction Time (usec)

70 0.00718 15.55

250 0.0072h 15.78

500 0.00725 16.31

In the Spert III E-core PARET calculations, six delayed neutron groups
were used. The delayed neutron parameters for these six groups at a system

temperature of 500°F are tabulatedl B-12]  the next page:
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Delayed Deltuyed weutron Delayed Heutron Decay

Groupn Fraction Constant (seom!)
1 c.0352 G.uldf
o 0,001k .03
3 SIS RICTY 0. 1167
L 0. 4006 0.31h2
5 0L Lh3T L. hoot
4 0.0333 3.3803

4, [I:YDRODYNAMIC CALCULATIONS

For the hydrodynamic calculations, the time-dependent moderator inlet
mass flow rate was specified for the coldest PARET coolant channel-fuel
ro4 region (channel 1), The time-dependent pressure drop across channel 1,
which is calculated by the code, was then specified ior the other three channels,
This scheme allows for flow revecsal in the three hotter channels, which can
occur during excursions resulting from large reactivity insertions. In order
to calculate the pressure drop across the core (as well as point~wise pressures,
fluid enthalpies, and mass flow rates ulohg the length of each channel) certain
hydraulic items were required as input, These were the physical dimensions and
geometry of the rcactor system and the pressure loss coefficients, Those
hydraulic items which cannot be readlly obtained from either Appendix A or

the reactor facility description[ B-13] wi1l e presented in this section,

The PARET channels represented coinplex fuel rod assemblies, each con-
sisting of fuel rods, fuel can, two intermediate grids, upper and lower fuel
grids, and upper and lower end-box adaptors, In the PARET code the total
pressure drop across these complex channels is calcrrlated as the sum of the
cumulative pressure losscs due to (4) inlet and exit area enlargements or
contractions, (b) tne inlet and exit plenums, (c) the inlet and exit nonfueled
portions of the fuel rods, and (d) the fuel rods. In the E-core, the hydraulic
parameters of a 16-rod fuel assembly are represented by those of PARET
chunnel 4 and the parameters of u 25-rod fuel assembly are represented by those
of PARET channels 1, 2, and 3. The fcllowing hydraulic parameters were used

in the PARET calculations performed for this report.
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Active fucl length ~- 3,19166 it
Inle nonfueléd lenglth -- 0,06511 ft
Outlet nonfueled length -- 0,212625 it

Inlet plenum length -- 0,495 ft

Outlet plenum lenzth -- 0,4325 ft

Inlet plenum equivalent diameter -- 0.17667 ft
Outlet plenum equivalent diameter -- 0.0865 ft

PARET Channels 1, 2, a.d 3 PARET Chennel b

Inlet loss coetfricient 3.19 hohb
Inlet area ratio 1.22 .31
Outlet loss coefticient 3.59 6.09
Nutlet area ratio 1.62 1.98

The steady state E-core pressure drops calculated with the PARET code
at various reactor conditions are compared with experimental results, obtained

from hydraulic tests, in the following tabulation:

(Core Pressure Drop ot Various Flow Rates

PARET Calculated Prassure Experimental Pressure

Flow Rate {(grm) Drop (vsi) Drop (psi)

1500 psig and 250°F 1700 nsig and 250°F
12,000 1.6 13.5
16,000 2k 2h
18,000 30 30

1500 psig and 5OOOF 1700 psig and SOOOF‘
12,000 e 11

This good agreement between the calculated and experimental core pressure
drops indicates that the PARET code accurately represents the steady state

hydrodynamt~ behavior of thc E-core,
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" The PARET program calculates continuous heat transfer for both moderator
boiling and nonboiling conditions. The details of the PARET heat transfer
calculations are contained in Reference B-1. In addition, a hcat transfer modet

for gas gap conductance was developed for tha Spert III ¥-core calculations,

In the PARET code the thermal conductivity of the helium gap separating the
UO, fuel pel’:ts from the stainless steel cladding is described as a function
of the pap temperature. An expression for the gap conductance that would be
valid for all transient conditions and would take into account varying gap tem-
peratures ~nd widths was desired. Anderson and Lechlitei{ B-14] developed
such an expression, based on the work done by Ross and Stoute[B"l‘r’] on UO2
and Zircaloy-2 surfaces incontac:, Since the width of the gas gap for each E-core
fuel pellet can vary about its nominal 3-mil value, these variations in the spacing
between the UO, and cladding approximately satisfy the UO, —cladding contact
conditions considered by Ross and Stoute, Anderson and Lechliter’s expression

for the conductivity of the gas gap when applied to the E-core fuel becomes

~

L . 643 % 7.43x107°% - 1.07 x 107077 (B-25)

(22.56 + 2.5k x thA)

where

kg = thermal conductivity of gas gap, Btu/hr-ft—=°%
T = average gap temperature,®°F
A

gap width, inches.

In the cquation it {3 necessary to specify a constant gap width, A, It was assumed
that the gap thickness at the time of peak power represented the gap distance
for the enlir : transient, The following tabulation gives the gap widths used in

the PARE calculations for the various reactor conditions.

Coolant Inlet Initial Ree tor Gap Width

Temperature (©F) Power (M) (in.)
10 50 x 10'6 0.0030
250 i 50 x 107° 0.0025
500 50 x 107 0.0020
500 1 0.00L%
500 20 0
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represeated in Equation (B-23), Since the gap conductance could not be directly
measured, the applicability of the model was determined by comparing the
PARET-calculate.: and experimental cladding surface temperatures and reactor
powers, For both long- and short-period cold-startup tests, the model gave

good agreement between the experimental and calculational resultsl B-161,

5. RADIAL HEAT SOURCE DESCRIPTION CALCULATIONS

In addition to the axial source importance weighting factors derived from
the reactor physics calculations, radial source descriptions in the fuel, cladding
and moderator must be provided as input into the PARET code. The cladding
and moderator sources must be described in terms of fixed fractions of fission
heat deposited directly in the clad and coolant, The radial distribution of fission
energy generated in the fuel pellets is specified as a time-incependent function
of the radial dimension, The radial source description calculations will be
presented in this section,

A.1 Moderator and Cladding Heat Scurces

These heat sources were estimated using the data for the prempt energy
release from fission of U-235 published by Keepin[B'm]. It was assumed
that all fission neutron energy was deposited in the moderator, all fission
fragment energy was deposited in the fuel, and the gamma energy was deposited
in proportion to the mass ratio of thematerials in the E-core unit cell. Calcula-
tions based upon these assumptions yielded values of 0.032 and 0.004 as the
fractions of the total energy released directly in the moderator and clad,
reapectively.

The radial source description for a region R was calculated from the

equation
oo lry V
Qlr) = Fy ——— (B-24)
[ R
where

FR = fraction of totai energy release in region R
¢g(r) » power in reglon R at radial point r
¢'R =: radial average of ¢ g(r) across region R
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T asesdin we aeen o

™M
Vi = volume of region R
Assuming the heat generated in the moderator and cladding from gumma and
neutron energy is not radially dependent, then 45R(r)/‘,_R is equal to unity, Taking
into account the relative volumes of fuel, moderator, and cladding in a unit
cell, the values of the radial source descriptions are 0.02¢ und 0.02 for the

moderator and cladding, respectively,

6.2 Fuel Heat Source

The fraction of the prompt energy release from f{ission that remains in the
fuel was calculated tobe 0,964, This fraction was separated into radially weighted
and nonweighted portions, The fraction of the heat generation in the fuel due to
gamma ray attenuation was assumed to be nonweighted and amounted to 0,027,
The fraction of the heat generation in the fuel due to fission fragments was
calculated to be 0.937 and was radially weighted by the fizsion density in the
rod. In terms of Equation (13-24), the radial source description for the fuel

becomes
v2f¢(r)
Q.M(r) = 0.937 —

vEfo

+ 0.027 (B-25)

where

\'L‘fqa(r) = fission density at radial point r
v'zf¢ = average fission density in fuel,

The fission density at each point and the average fission density in the fuel
rod were calculated for four energy groups using the TOPIC transport theory
code. The solutions for the radial source description in the fuel at the various
E-core system temperature conditions are presented in Figure B-3, At a
system temperature of 5G¢ #, the radial source description varied little as the
initial reactor power increased from 50 W to 20 MW,
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7. OVERALL VOID VOLUME COEFFICIENT

A e CaTtibbbag oo UoalClivily  leCubaCK Lot (houe caworr IAC‘lLng dng vora
forranation in the PARET code, an overall void velumc enefficient must be
specified. Tor the E-core ccld-startup conditions this coeffiicient wus obtained
directly frem the experimertal uniform void coefficient of -0.508/% voidt B-17],
7he ogverall void volume coefficient used in the FARET code is given by the

equation
C = (B-26)
¢ c‘\(Be;f
where
C = overall void vclume coefficient, -%‘— /% void
ay = uniform void coefficient, $/% void
Beff ™ effective delayed neutron fraction,

Since g eff "es 0.00718 at ambient temperature, the cverall void volume coef~

ficient for 70°T system temperature was 3,59 x 1073 —%{- /% void,

Since the uniform void coefficient was measured only at amhient temperature,
anvther method was used to obtain the overall void volume coefficicnts at the
other reactor system temperatures, The coefficients we e calculated using the
experimental temperaturc coefficients measured during the control rod worth
experiments[B'lzl. The overall void volume coefficien.s were calculated using
the equation

o8
c = T eff (B-27)

-'[% /v(t)]lOO

where
ap = temperature coefficient, $/°F
v = gpecific volume, ft3/ b

. T = moderator temperature, *F
- %%/v(t)]mo = 7 vold/*F.

The values of the overall void volume coefficients calculated frora ¢ - various

system temperature coefficients are listed in the following tabulation:
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| '

. ; . . Overall Void
Initial . - Effective Volume

System Reactor Temperature Delayed CC?:f ficent
Tem;(:g;;.ture l{;;e):r o Coeg; é;j.ent. f:;Flz\-I:gt]i:'g: (_i/% void)
250 50 x 1_6'.6 - 0.0197 - 0.00724  3.02 x 17>

500 - 50 x 207 - 0.0399 - - 0,00725 2.56 x 107>

500 .- 1 - 0.039 0I00725©  2.56 x 1073
512.5 20 " - 0.0413 0.00725  2.69 x 1073

* 8, REACTIVITY INSERTION RATES

' " In preparation for an excursion, the control rods are withdrawn to a pre-
determined position ahd','»the reactor is maintained at criticality by inserting
the poison section of the transient rod into the lower part of the core, The
excursions are initiated by ejecting the transient rod poison section from the
core, iThe reactivity !neertioh rates input to the PARET code were determined
from differential control rod worth measurements and a calculated transient
rod position versus time curve, The differential control rod worth curve was
based upon experimental data from the static and low-initial-power tr-nsient
tests. The static data were required because no low=-initial-power transient
tests were performed in tbe control rod withdrawal position range that repre-
sented the 20 MW initial reactor power conditions. Plots of transient rod worth
versus position for three system temperatures are glven in Figure B-4, Since
no data were available for transient rod insertions larger than nine inches, it
was assumed that the slopes of the curves could be extrapolated for larger
insertions. Smooth curves were fitted such that the reactivity controlie: by the
transient rod was zero at the bottom of the core fuel,

The transient rod displacemeit was calculated on the‘basis of a design
transient rod acceleration of 2000 in./secz. By use of a transient rod position
versus time curve based on this constant acceleration, and the values of
worth per unit length from Figure B-4, the reactivity insertion rates were
determined. These reactivity insertion rates are shown in Figure B-5. Since
the differential transient rod worth was constant over most of the rod travel,
constant values of worth/in, were used in determining the reactivity insertion
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atures, atures,

rates, represented by the solid line in Figure B-5. An error in the insertion
rate was introduced for the last few cents of any ramp insertion since the rod
worth decreased at the bottom of the core. The dashed lines on Figure B-5
were calculated using the fitted lines rather than a constant slope and show
this error for three initial transient rod positions. For small transient rod
iusertions, the shape of the insertion rate curve and the time required to insert
the total reactivity are quite different from the values determined from the
constant worth/in, calculations, For large transient rod insertions, however,
the transient rod traverses the bottom region at high speed and the differences
between the curves are small,

For low-initial-power excursions, the reactivity insertions were completed
before appreciable reactivity feedback occurred and the excursions behave
essentially as if a step reactivity insertionhad taken place. Thus, for the PARET
calculations of the low-initial-power excursions, a linear ramp rate of 15$/sec
was used for all fhe transients, During the high-initial~power excursions, the
kinetic behavior of the E~core was strongly influenced by the 1 sactivity insertion
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rate because appreciable reactivity feedback occurred during the reactivity
insertion,

9. AVERAGE-CHANNEL PARET CALCULATIONS

Single average-channel PARET calculations were made for several repre-
sentative Spert III E-core reactivity accidents, These transients were initiated
with reactivity insertions of 1.23 and 1.17$ at initial reactor power levels of
50 W, 1 MW, and 20 MW, respectively. The reactor operating conditions were 500°F
inlet coolant temperature, 1500 psig system pressure, and 12,000 gpm coolant
flow. The calculated peak reactor powers for these transients, along with
those obtained from four-channel PARET calculations, are listed in the follow~
ing tabulation:

Initial Reactor Power SO W 1 MW 20 MW
Reactivity Insertion ($) 1.23 1.17 1.17
Four-Channel PARET

Calculated Peak Power (MW) L7 287 543
Average-Channel PARET

Calculated Pesk Power (M) L70 306 592
Experimental Peak Power (MW) hio ¢ ho | 330 £ 30 610 * 60

The average-channel calculations yielded peak powers that were within 10% of
those obtained from the four-channel calculations. The average-channel peak
powers were slightly conservative, or they overestimated the values calculated
by the four-channel model.

The average~channel PARET calculations vielded peak power results com-
parable to those from the four-channel PARET model for the small Spert HI
E-core reactor because this reactor had perturbed radial peak-to-average
thermal and resonance flux ratios that were small (less than 2), However,
for reactors where the perturbed radial flux peaking factors are large, the four-
channel PARET model should yield more accurate results than the single average-
channel model.
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APPENDIX C

UNCERTAINTIES IN THE EXPERIMENTAL RESULTS

To evaluate properly the results of anexperimental program, it is necessary
to determine the uncertaindies in the experimental data. These unceitainties
arise from systematic and random errors. A systematic error equally influences
all measurements of a particular quantity; for example, an instrument calibration
can introduce systematic errors, Random errors result when repeated measure-
ments of the same quantity give rise to differing values, and these errors could

depend, for example, upon instrument reproducibility.

For the Spert III E-core test program, experimental uncertainties resulting
from in:..rument calibrations and data repeatability were determine:). These
experimental uncertainties are presented in this report in terms of stundard
deviations and least-squares fitted curves with their associated confidence
bands, The standard deviation is a measure of the spread or scatter of experi-
mental data. The method of least-squares was used to obtain curves from the
experimental data since this method is almost universally accepted as yielding
fitted curves that come as close as possible to each data point,

The E-core experimental data were usec to evaluate calculational models,
and thus, the experimental uncertainties were of particular significance to the
overall program objectives, Comparison of a data point with a calculated result
can be made if the standard deviation or scatter in that data pcint is known. A
curve calculated using an analytical model can be compared meaningfully with
an experimental least-squares fitted curve provided that the confidence in the
experimental curve is known. The confidence in the least-squares fitted curves

is given in terms of confidence bhunds in this report.

1. STANDARD DEVIATION OF THE EXPERIMENTAL DATA

The standard deviationisa rigorous measure of the accuracy of experimental
data. For a normal distribution, about 68% of repeated experimental measure-
ments lie within one standard deviationoftheaverage value, The standard devia-

tion can be determined by one of the three following methods:
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(1) If an experimental measurement {s repeated a number of times,
the standard deviation is given by the root mean square of
the doviations from the average of the measurements. However,
during the Oxide Core Kinetics Program it was generaily
not practicable to deteyrmine stundard deviations in experiinental

measurements by repeated experiments.

(2) If an experimental quantity is measured over a range of
conditions (as opposed to repeated measurements at one
condition), the standard deviation for a predicted point can be
determined from the variance of the data about a least-squares
fitted curvelC-1)

(3) 1f a parameter cannot be experimentally measured, but can be
calculated from an equation, then the standard deviation in that
parameter can be determined if the standard deviations in the
independent variables in the equation are knownlc'zl.

In the Oxide Core Kinetics Program, if the standard deviation of a quantity
could not be determined by any of the three methods discussed above, then the
standard deviation was estimated on the basis of experience.

One standard deviation i{n the reactor peak power, energy release to the
time of peak power, maximum measured fuel rod cladding surface temperature,
reactor period, reactivity insertion, and reactivity compensation at the time of
peak power were determined by one of the above methods. The standard deviations
obtained for the various parameters are discussed in the following paragraphs,

1.1 Peak Power and Energy Release to Peak Power

In order to obtain the standard deviationinpeak reactor power. the accuracy
of the neutron detector constants,that were calculated from the results of power
calibration experiments, had to be determined. The neutron detector constants
were calculated from the results of flux wire activation experiments for system
temperatures of 70, 250, 400, and 500°F, In addition to flux wire experiments,
low~ and high-power, primary system heat balance experiments were performed
at a sysiem temperature of 500°F,
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The standard deviation in the neutron detector constants measured by flux
wire activation was determined by combining the stancard deviations of the
independent variables in the equation used to calculuie reactor power from
flux wire activation data, Combining this standard deviation (whicli is discussed
in detail in Reference C-3) witl. the estimated standard deviation resulting from
random errors or data repeatability yielded a deviation of £ 15% in reactor
power. This standard deviation of 15% coupled with the estimated w.certainty
in the time of beak power leads to a standard deviation +17% in energy release
to the time of peak power., Thus, for transient tests performed from initial
system temperatures of 70, 250, and 400°F the standard deviation in reactor
power was + 15% and the standard deviation in energy to peak power was +17%,

Several low- and high-power primary system heat balance experiments
were performed at a system temperature of 500°F; therefore, the root mean
square method was used to obtain the standard deviation in detector constants
for this temperature, Standard deviations of + 10% in reactor power and # 13%
in energy release to the time of peak power were obtained for a system tempera-
ture of 560°FLC-3],

1.2 Fuel Rod Surface Temperature

Maximum measured fuel rod cladding surface temperatures in the E-core
were all obtained from stainless steel sheathed thermocouples attached to the
corner fuel rod in assembly S11. A correction factor for the stainless steel
sheathed thermocouples could not be obtained by a transfer function approximation
with the faster-response unsheathed thermocouples, Thereforz, time-dependent
fuel rod cladding temperatures are not shown inthis report, Maximum measured
fuel rod cladding surface temperature rises are estimated to have standard
deviations of about + 10%, but the maximum fuel rod surface tempers ures are
more accurate than +10%, For example, the standard deviation in maximun fuel
rod surface cemperature is about 8 to 9% at a system ternperature of 70°F and
about 2% at a system temperature of 500°F.

1.3 Reactor Period and Reactivity Insertion

The reactor period for a given transient was calculated from the power data

assuming an initial exponential power rise, Past experience indicated that the
calculated reactor period obtained from different neutron detectors for a given

transient test did not vary by more than about * 2%, In addition, the systematic
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error in the analog-to-digital conversion system, which is used to reduce the
power data recorded on magnetic tape to digital form, is Jess than + 2%, There~
fore, the standard deviation in the reactor period was estimated to be +2%.

For tie low-initial-power reactivity accident tests, the reactivity insertion
for a given transient test was determined from the inhour equation, The standard
deviation in reactivity insertion, as determird from the inhour equation, is a
function of standard deviations in the reactor period, reduced prompt neutron
generation time, and delayed neutron parameters. The standard deviations in
these independent variables were £ 2, + 2,5, and £ 7 to 15%, respectively, which

led to a standard deviation in reactivity insertion of about £ 4%[0"4].

Asymptotic reactor periods were not attained during the high-initial-power
tests; thus the inhour equation could not be used to determine the reactivity
insertion. For these tests, the control rod worth curve had to be used to ohtain
the reactivity insertions, The standard deviation in the reactivity insertion for
a given high-initial-power transient, as determined from the control rod worth
curve, was calculated from the variance of the control rod worthdata about a
least-squares fitted curvelC-4], This standard deviation was also about + 4%,

1.4 Reactivity Compensation at Peak Power

The time-dependent reactivity compensation was determined from the poiut-
reactor kinetic equations, These equations are functions of the reactor power,
reduced prompt neutron generation time, reactor period, and delayed neutron
parameters, The standard deviation inthe time-dependent reactivity compensation
was calculated from the previously mentioned standard deviations in the
independent variables, The time-dependence of the standard deviation in the
compensated reactivity is illustrated in Figure C-1 for a 10-msec-period cold-
startup test, Theirregularities inthe standard deviation were caused by low-level
noise in the reactor power data. At the time of peak power about 0,22$ of the 1,21$
initicl reactivity insertion was compensated. At that time, the standard deviation
in compensated reactivity was about 0.025$ or about 11%. Calculations were
performed for other transiert tests with reactor periods ranging up to about
one second. Results were similar to those shown in Figure C-1 and it was
concluded that the uncertainty in the reactivity compeasation is only weakly
dependent on the amount of reactivity compensation, Thus one standard deviation
in the reactivity compensation at the time of peak power is about + 114, for the

range of reactivity accidents tested in the E-core.
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Fig. C-1 Calculated compensated reactivity and standard deviation in compensated reactivity for
cold-startup test 43 (10 msec periud).

2, LEAST-SQUARES FITTED CURVES

Correlation of the Spert III E-core experimental data and comparisons
of these data with calculational results was accomplished using curves that were
least-squares fitted to the experimental data. Before discussing the statistical
method by which the confidence in these fitted curves was determined, the
principle of least squares will be briefly reviewed, The least-squares principle
is that the best fit of a curve to data points results when the sum of the squares
of the deviations between the data points and the curve is a minimum. This
principle is given by the equation

n
v 112 .
(Y. - ¥')° = Minimum C-1
- 1 1
i=
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n

number of data points
Y; = value of data point

]
Yi

1}

value obtained from fitted curve.

As a simple example of least-squares fitting, consider the second order
polynomial

where the coefficients a, ay, and a5 are to be determined by the least-squares
method. The expression for Yi given in Equation (C-2) is substituted into
Equation (C-1), The partial derivative of Equation (C-1) is then taken with
respect to each of the three coefficients and the resulting three expressions
are set equal to zero, This procedure ylelds three equations, called the normal
equatiors, from which the three coefficients are determined. Written in matrix
form, the normal equations are

2
n EXi Z:Xi ao ZYi
zx, > o |e | = |oxo c-3
1 “N i 1 ] -
2 .3 L 2
i, ) X/ |, £X, Y J
2 |1
a n IX, IX LY c ¢ ¢ TY
o 12 ia 0 01 02 i
e | = | X, Ix,° X, gy = ey €y €t | XY
2 3 N 2 2
a, DX X DX, IXY Cho Cp Copl | 2X5 ¥4

th

where C1j is the ij — element of the inverse matrix.

There are three types of confidence bands that can be determined for a
least-squares fitted curve. These are confidence bands for a point on the
fitted curve, confidence bands for a new predicted experimental value using the
fitted curve, and confidence bands for the curve as a whole, Confidence bands
for the least-squares fitted curve as a whoie are used for comparison with a
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calculated curve, The width of a2 confidence band at a given value of X /at x = h)
on the curve is given by the equattonlC-1]

_ _ 1/2
= : iy X
W= 2y 2F, _,(ksn-k) 8, ‘f li X X Ci C4
i=o J=
whee

W), = total width of confldence band

n = number of data points

k = number of coefficients of the fitted polynomial

Cij .= ijth element of the inverse matrix of the normal equations
i-a = desired confidence level
Fj-o(k,n-k) = value from an F-distribution table (See Reference C-1)
Sy = standard deviation of the data about the fitted curve,
Since the inverse matrix is symmetric, Equation (C~5) becomes
W eyl 200 | 3
W o=2y2r,  (k,n-k) S, [Cop + 2X, Coy *+ ¥ (2C4, + Cy,) + 22X, +
L
%,Co, ]

for a second order polynomial,

1/2 C-5

In the determination of confidence bands for the least-squares fitted
curves presented in this report, a confidence level of 0,95 was used. However, = = -
these 95% confidence bands did not account for systematic errors such ag
the uncertainty in the absolute reactor power., Combining these systematic
uncertainties with the 95% confidence bands led to the 65% confidence bands
that are presented in the figures and tables of this report. These confidence -
bands imply that if a set of experiments were repeated 100 times and a least-
squares fitted curve determined for each set of data, then 65 of the fitted .

curves would lie within the confidence bands.

Polynomial curves were least-squares fiited to experimental peak power,
energy to peak power, andAreactivity compensation at peak power data as functions
of either reciprocal period or reactivity insertions. For the cold-startup tests
and the hot-startup tests performed from 500°F system temperature, 65%

cenfidence bands were determined for the least-squares fitted curves. For the .
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hot-startup tests performed from about 250°F and for the high-initial-power
tests, too few transients were performed to allow the calculation of meaningful
confidence bands; therefore, the least-squares fitted curves serve only s an
aid in the general interpretation of data. The values for the least-squares fitted
curves are listed in Tables C-I through C-XIII, In addition, values for the least-
squares f{itted curves of peak power and energy to peak power versus reciprocal
period data for the Spert I OC core and the Spert IV CDC are given in Tables C-
X1V through C~XVII.

TABLE C~I

LEAST-8QUARES FITTED CURVE FOR COLD-STARTUP PEAK POWER
VERSUS RECIPROCAL PERIOD DATA

Upper 65% Lower 65%
Reciprocear Period Peak Power Confidence Confidence
(sec1) (M) Band (MW) _Band ( MW)
3 k.57 5.80 3.42
4 4.93 5.98 3.92
5 5.36 6.38 4,37
6 5.85 6.91 4.81
T 6.39 7.51 5.28
8 6.96 8.15 5.79
9 7.57 8.83 6.31
10 8.21 9.57 6.87
15 11.9 13.8 10.1
20 16.5 19.3 13.7
30 28.6 33.7 23.5
Lo 45.2 53.5 37.1
50 67.2 79.5 55.1
60 95.5 11k 78.2
70 _ 131 156 106
80 175 213 10
90 228 282 178
100 293 370 221
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TABLE C-II

LEAST-SQUARES FITTED CURVE FOR COLD-STARTUP ENERGY
RELEASE TO PEAK POWER VERSUS RECIPRCCAL PERIOD DATA

Upper 65% Lower 65%
Reciprocal Period Energy to Peak  Confidence Band Confidence Band
(sec~1) Power (MW-sec) (MW-sec) {MW-sec)
3 6.83 9.8z h.37
L 6.22 8.18 4.46
5 5.55 T.02 L.18
6 5.00 6.21 3.8h4
1 boht 5.51 3.48
8 4,07 L.98 3.20
9 3.75 k.56 2.97
10 3.k7 L. 22 2.76
15 2.52 3.04 2.02
20 2.19 2.68 1.711
3C 2.1k 2.61 1.69
Lo 2.h2 3.00 1.87
50 2.86 3.58 2.19
60 3.42 4.28 2.61
T0 k.05 5.06 3.11
80 k.76 5.97 3.62
99 5.50 T.23 3.9¢
100 6.27 8.58 h.27
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TABLE C-III

LEAST-SQUARES FITTED CURVE FOR COLD-STARTUP REACTIVITY
COMPENSATION AT PEAK POWER VERSUS RECIPROCAL PERIOT DATA

Reactivity
Reciprocal Compensation Upper 65% Lower 65%
Period at Peak Power Confidence Band Confidence Band
(sec~l) (3) ($) ($)
3 0.2h4 0.351 0.156
4 0.222 0.290 0.161
5 0.199 0.251 0.151
6 0.179 0.222 0.139
7 0.162 0.199 0.127
8 0.148 0.180 0.118
9 0.137 0.166 0.110
10 0.128 0.154 0.103
15 0.0931 0.111 0.0757
20 0.081k 0.0991 0.06L6
30 0.0818 0.0986 0.0656
Lo 0.09h2 0.115 0.0739
50 0.112 0.139 ©0.08¢3
60 0.134 0.166 0.104
T0 0.158 0.195 0.123
80 0.182 0.226 0.1k1
90 0.206 0.268 0.150
100 0.229 0.310 0.159
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TABLE C-IV TABLE C-V

LEAST-SQUARES FITTED CURVE LEAST-SQUARES FITTED CURVE
FOR %0°F HOT-STARTUP PEAK FOR 260°F HOT-STARTUP ENERGY
POWER VERSUS RECIPROZAL TO PEAK POWER VERSUS RECIPROCAL
PERTOD DATA®] PERTOD DATA' 2]
Reciprocal Peak Reciprocal Energy to
Period Power Period Peak Power
__gsec’lz (MW) (sec™l) (Mw-sec)
I 6.87 L 6.64
5 6.86 5 7.66
6 T.08 6 7.28
7 7.45 7 6.43
8 7.92 8 5.56
9 8.47 9 L.80
10 9.07 10 b.19
15 12.9 15 2.59
20 17.8 20 2.10
30 31.2 30 2.07
L0 49.6 Lo 2.hg
50 72.6 50 3.13
60 104 60 3.88
70 141 T0 L. 67
80 186 80 5.39
90 239 90 5.98
100 301 100 6.140
[a] Coolant flow rate of 14 fps. [a] Coolant flow rate of 1h fps.
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TABLE C-VI

LEAST-SQUARES FITTED CURVE
FOR 260°F HOP-STARTUP
REACTIVITY COMPENSATION AT
PEAK POWER VERSUS RECIPROCAL

PERIOD DATA

Reciprccal

Period

‘Bec‘lz

AN TN o TR TR *A WA L B — i WV

10
15
20
30
Lo
50
60
10
8o
90
100

Reactivity
Compensation
at Peak Power

($)

0.126
0.202
0.221
0.210
0.191
0.170
0.152
0.137
0.0959
0.0825
0.0829
0.972
0.118
Q.14
0.166
0.189
0.209
0.22h

(a] Coolant flow rate of 1k fps.
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TABLE C-VII

LEAST-GQUARES FITTED CURVE FOR SOOOF HOT-STARTUP PEAK
POWER VERSUS RECIPROCAL PERIOD DATA[a]

Reciprocal Peak Upper 65% Lower 65%
Period Power Confidence Band Confidence Band
(sec™1) (W) . (MW) (MW)

1.5 5.64 7.62 k.02
2 5.99 7.50 .6k
3 6.72 8.35 5.25
Y 7.50 9.k45 5.77
5 8.32 10.5 6.39
6 9.19 11.5 7.08
T 10.1 12.7 7.81
8 11.0 13.8 8.61
9 12.0 1ih.9 9.46
10 13.1 16.1 10.3
15 18.9 22.7 15.3
20 25.8 31.8 21.2
30 - 43.8 51.9 36.2
Lo 67.9 79.7 56.7
50 99.3 115 8k.0
60 139 161 119
70 189 218 161
80 250 294 209
G0 32k 390 263
100 412 512 322

[a] Coolant flow rate of 14 fps.
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TABLE C-VITI

LEAST-SQUARES FITTED CURVE FOR SOOOF HOT-STARTUP ENERGY
TO PEAK POWER VERSUS RECIPROCAL PERIOD DATA[a]

Reciprocal Energy to Upper 65% Lower €5%
Period Peak Power Confidence Bands Confidence Bands
(sec—1) {MW-sec) {MW-sec) ( MW-sec)
1.5 12.8 15.1 10.7
2 17.0 19.3 14.8
3 15.9 18.3 13.6
L 12.L 1h.3 10.5
5 9.61 11.0 8.29
6 7.7 8.76 6.69
7 6.4%0 7.26 5.57
8 5.49 6.21 b9
9 L. 84 5.48 k.22

10 h.36 L.ok 3.80
15 3.27 3.70 oo
20 3.01 3.39 2.6h
30 3.23 3.59 2.86
Lo 3.81 L.21 3.h40
50 h.sh 5.01 4,07
60 5.34 5.89 k.79
70 6.15 6.77 5.53
8o 6.91 7.63 6.20
90 7.60 8.49 6.75
100 8.19 9.29 7.12

[a] Coolant flow of 1h fps.
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TABLE C-IX

LEAST-SQUARES FITTED CURVE FOR SOOOF HOT-STARTUP REACTIVITY
COMPENSATION AT PEAXK POWER VERSUS RECIPROCAL PERIOD DATA[a]

Reciprocal Reactivity Compensation Upper 65% Lewer 65%
Period at Peak Power Confidence Band Confidence Band
(sec™1) ($) ($) ($)

1.5 0.243 0.291 0.199
2 0.337 0.388 0.288
3 0.332 0.387 0.280
L 0.267 0.311 0.223
5 0.212 0.245 0.100
6 0.173 0.198 0.1k48
7 0.146 0.166 0.126
8 0.126 0.1k5 0.109
9 0.113 0.129 0.097
10 0.103 0.117 0.0886
15 0.0798 0.0912 0.0689
20 0.0756 0.0859 0.0657
30 0.0842 0.09%2 _ 0.0T7hY
40 0.102 0.113 0.0907
50 0.124 0.137 0.110
60 0.147 0.163 0.132
70 0.171 0.189 0.153
80 0.193 0.215 0.172
90 0.213 0.2ko 0.187
100 0.230 0.263 0.198

(a] Coolant flow rate of 1k fps.
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TABLE C-X TABLE C-XI
LEAST-SQUARES FITTED CURVE LEAST-SQUARES FITTED CURVE
FOR HOT- STANDBY PEAK POWER FOR HOT-STANDBY ENERGY

VERSUS REACTIVITY TO PEAK POWER VERSUS
INSERTION DATA REACTIVITY INSERTION DATA
Reactivity Peak Reactivity Energy to Peak
ilnsertion Power Tusertion Pover
($) __ () ($) (MW-sec)
0.85 +2.0 0.85 T.k2
0.90 19.¢v 0.90 4. 84
0.95 29.7 0.95 3.90
1.00 50.. 1.00 3.74
1.05 87.3 1.05 k.12
1.10 152 1.10 5.03
1.15 260 1.15 6.56
1.20 ket 1.20 8.82
‘ 1.25 656 1.25 11.8
1.30 914 1.30 15.2
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TABLE C-XII

LEAST-SQUARES FITTED CURVE
FOR OPERATING-POWER PEAK
POWER VERSUS REACTIVITY

INSERTION DATA

Reactivity
Insertion

($)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

Peak Power
(M)
20.6
22.8
26.5
32.1
40.5
53.5
T3.7
106
159
249
408
697
12L0
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TABLE C-XIIT

LEAST-5QUARES FITTED CURVE
FOR OPERATING-POWER ENERGY
TO PEAK POWER VERSUS REACTIVITY

LNSERTION DA.A

Reactivity
Insertion

($)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3

Energy to
Peak Power

A Mi-sec)
0.821
1.4k
2,37
3.70
5.42
7.60

10.0
12.4
1h.6
16.2
17.0
16.9
15.8




TABLE C-XIV
. LEAST-SQUARES FITTED CURVE OF SPERT I OC CORE PEAK POWER
VERSUS RECIPROCAL PERIOD DATA

ReciprocalA Peak Upper 65% Lower 65%
Period Power Confidence Band Confidence Band
(sec~1) (W) (1o0) (MW)

2 6.28 8.34 | 4,38
3 6.67 8.46 5.05
b T.45 9.15 . 5.79
5 8.4 10.3 6.61
6 9.51 11.6 7.48
7 10.7 13.0 8.39
8 12.0 1L4.6 9.40
9 13.4 16.3 10.5
10 1k.9 18.1 11.7
15 23.6 28.6 18.6
20 344 b1.7 27.2
= 62.8 75.9 5.9
Lo 101 122 79.9
50 149 180 118
. 60 208 252 165
70 279 338 221
30 363 439 287
90 459 557 363
100 569 690 LLT
150 1350 1640 1070
200 2570 31k0 2010
307 6630 8320 5020
L0oo 13300 17%00 9600
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TABLE C-XV

LEAST-SQUARES FITTED CURVE
OF SPERT I OC CORE ENERGY TO
PEAK POWER VERSUS RECIPROCAL

PERIOD DATA

Reciprocal Energy o o R
Period Peak Power
__{see}) (MW-sec) “

2 12.9
3 10.7
L 8.83
5 T.52
6 6.60
T 5.94
8 5.46
9 5.10 -

10 4.83
15 4.16 ER
20 4.0k R
30 k.35
%0 5.00
50 5.84 oo
60 6.83 Bk
70 7.94 i
80 9.17 ’
90 10.5

100 11.9

150 20.2

200 29.8

300 49.8

400 67.7
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TABLE C-XVI
‘ LEAST-SQUARES FITTED CURVE OF SPERT IV CDC PEAK

POWER VERSUS RECIPROCAL PERIOD DATA

Reciprocal Peak Upper 65% Lower 65%
Poriod Power Confidence Bands Confidence Bands
(sec™l) (1w) (MW) (Mw)

2 10.0 1bh.1 6.1L8
3 11.6 15.3 8.19
L 13.5 17.5 9.70
5 15.7 20. 4 11.4%
s 18.2 23.5 13.3
7 21.0 27.1 15.2
8 2k.0 30.9 17.5
9 27.2 35.0 19.8
12 30.6 3.3 22.4
15 51.1 64.8 38.0
20 77.1 96.6 58.4
30 147 181 114
40 2k2 29k 192
50 364 L4 289
. 60 515 621 k11
70 697 840 555
80 910 1100 726
90 1160 1390 930
100 1kLo iTho 1140
150 3k20 k130 2730
200 £L60 7780 5160
300 16300 20000 12700
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TABLE C-XVIIX

LEAST-SQUARES FITTED CURVE
OF SPERT IV CDC ENERGY
TO PEAK POWER VERSUS
RECIPROCAL PERIOL DATA

Reciprocal Er=rgy to
Per&id Peak Power
_(sec™™) (MW-sec)
2 17.8
3 13.3
L 11.3
5 10.2
6 9.56
7 9.17
8 8.94
9 8.80
10 8.73
15 8.93
20 9.53
30 11.2
Lo 13.3
50 15.5
60 17.9
70 20.5
80 23.2
90 26.1
100 29.2
150 46.1
200 67.2
300 119
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APPENDIX D

EXPERIMENTAL DATA PLOTS

A summary of transient test data of veactor power, energy, and system
reactivity from the Spert III E-core test seriesis presented in graphical form in
this appendix.

-1, SPERT DATA PROCESSING SYSTEM

The Spert II E-core test data obtained from the reactor instrumentation
system was recorded in two forms (a) frequency modulated and multipleked
magnetic tape and (b) light-sensitive oscillograph paper. The magnetic tape
was the primary data source, with the oscillograph records used for verification
and backup.

1.1 Magnetic Tape Data

Reductiur. of the magnetic tape data was accomplished by an analog-to-
digital conversion system, This system provided time-dependent plots, digital
magnetic tapes, and input for a PDP-5 digital computer, Detailed descriptions
of the analog-to-digital conversion system and the PDP-5 computer are contained
in Reference D-1. The inherent error in the conversion system, including plots
and output tapes, is less than 2%,

A processing program for the PDP-5 computer performs the following
operations:

(1) Normalizes and converts data to convenient engineering units
(2) Scales and plots all time-dependent reactor parameters
(3) Calculates and plots time-dependent transient energy release

(4) Calculates peak power, time to peak power, energy release
to time of peak power, and total energy release

(5) Calculates initial toactor period.

1.2 Oscillograph Records

The oscillograph records were analyzed using either a metal ruler and

appropriate calibration number, or using a manually operated curve follower
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and digitizer. The estimated error in curve following and digitizing is less

than 5%. A record of oscillograph results was maintained as a continuous
check of magnetic tape data,

1.3 Data Processing on the IBM 7044 Computer

Further processing of E-core data was accomplished using the SPORT
computer program[D'2] on the IBM 7044 computer, The code uses as its input
the digital tene generated by the analog-to-digit:il conversion system or punched
cards from the oscillogruph records., The SPORT program includes a least-
squares data smoothing subroutine to minimize electronic noise in the data,
The program computes the system and compensated reactivities using the
point-reactor kinetics equations, The output of SPORT includes, in addition to the

reactivity, the reactor power and energy as functions of time,

2. EXPERIMENTAL POWER, ENERGY, AND REACTIVITY PLOTS

.The experimental, time-dependent power, energy, and system reactivity
for all of the Spert I E-core transient tests are presented in the following
figures, Thesc graphs were plotted by the SPORT processing system, Each
figure is labeled according to the following symbols:

0i = initial inlet coolant temperature
Flow = average coolant flow rate through the core
Pi = initial system pressure
T = asymptotic reactor period
po = total reactivity inserted

$i = initial reactor power.

The time scale for each graph was chosen to clearly illustrate the burst
shape. For all of the tests except 79, 80, 84, 83, and 86, zero on the time scale
represents the time of transient initiation. For these five tests, the recorded

timing channel was started manually, and the times shown are not referenced
to the start of the transients,

Either the inverse asymptotic period or initial concentrations of the delayed
neutron precursors must be specified for SPORT code calculations. In processing

the E-core test data using the SPORT program, the inverse asymptotic reactor
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periods were specified. For the low-initial-power tests, the inverse asymptotic
periods were calculated from the power data using the PDP-5 computer, For
these tests the reactivity insertions were completed before appreciable reactivity
feedback cccurred, and the transients behaved as if a step reactivity insertion
had taken place. Thus for these tests (Figures D-1 through -62), the initial
system reactivity was equal to the total reactivity inserted, However, during
the high-initial-power tests, appreciable reactivity compensation occurred
during the reactivity insertion, and thus asymptotic periods were not attained,
For these tests (Figures D-63 through -70), an initial steady state condition or
inverse reactor period of zero was specified in the SPORT Program. Con~-
sequently, the system reactivity has an initial value of zero in these figures and
increases to a maximum value during the transient.
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Fig. D~32 Experimental power, energy, and system reactivity for 260°F hot-startup test 25 (1090
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Fig. D-46 Experimental power, energy, and system reactivity for 400°F hot-startup test 69 (14.3
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Fig. D-50 Experimental power, 2rergy, and system reactivity for 500°F hot-startup test 64 (575

msec period, 0.825 reactivity insertion),
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Fig. D-51 Experimental power, energy, and system reactivity for 500°F hot-startup test 65 (440

msec period, 0.87$ reactivity insertion).
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Fig. D-52 l'perimental power, energy, and system reactivity for 500°F hot-startup test 54 (223

msec period, + 93$ reactivity insertion).
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Fig. D-53 Experimental power, energy, and system rea~tivity for 500°F hot-startup test 55 (70.2
msec period, 1,008 reactivity incertion),
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Fig, D-54 Experimental power, energy, and system reactivity for 500°F hot-startup test 56 (37.9
msec period, 1.04$ reactivity insertion).
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Fig, D-55 Experimental power, energy, and system reactivity for 500°F hot-startup test 57 (21.7
msec period, 1.09$ reactivity insertion).
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Fig. D-56 Experimental power, energy, and system reactivity for 500°F hot-startup test 62 (20.6
msec period, 1,108 reactivity insertion).

(=] [=] o
(=3 Q ©
8 g &
:T SPERT 3 £ CORE T-68 2z
=
8 " 8l g
g — & &
~d e - -~
REACTIVITY7 —~ 8u =500°F
Flow = 14 11 /sec
(=] o [=]
2 Pt =1500psi <] a
n k=1 £3
= ¥ = {Gmsec ’:1 =8
23 2a)s
= g_j Tgi08
- PR 2L
« a lz
L3 = =
] c2l 8
o S2l5d
[ =l Z g e
5 5 |
5 g, 1=
Ee 8| 8
2] o S
g (=] (=3
¥ gl &
[ .. [
a
@©
S
& o
8 B ] 8
b T T T T T 1 -7 7 — y v -
+2100 =2300 «2509 22700 #2300 3100 #25UD 23500 #3720 23902 »4100

$00683306 TIME ( SEC)
Fig. D-57 Experimental power, energy, and system renctivity for 500°F hot-startup test 68 (16
msec period, 1.13$ reactivity insertion).
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Fig. D-58 Experimental power, energy, and system reactivity for 500°F hot-startup test 67 (15.5
msec period, 1,148 reactivity insertion).
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Fig. D-59 Experimental power, energy, and system reactivity for 500°F hot-startup test 66 (14.3

msec period, 1.15$ reactivity insertion).
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Fig. D-60 Experimental power, energy, and svstem recactivity for 300°F hol-startup test 58 (14,1
msec periad, 1.158 reactivity insertion).
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Fig. D-61 Experimental powuer, energy, and system reactivity for 500°F bot-startup test 59 (13
msec period, 1,178 veactivity inscition).
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Fig. D-63 E: ‘rimental power, energy, and system reactivity for hot-standby test 79 (0.86% re-
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Fig. D-64 Experimental power, cnergy, and system re.xcth.ny for hot-standby test 80 (1,088 reac-
tivity insertion).
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Fig, D-65 Experimental power, encrgy, and system reactivity for hot-<tandby test 81 (1,178 reac-
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Fig. D-67 Experimental power, energy, and system reactivity for hot-siandby test 82 (1.298 reac-
tivity insertion).
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for operating-power test 86 (1,17$




