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Summary

This report describes the experiments performed at Bvelapest Research Reactihre BME Training Reactor
andthe JSI TRIGA Mkresearch reactorThe emphasis in this report is on the experimedtk:

1 Axial reaction rate profiles fodetermination of fast and thermal neutron flux profile, at various
positions in the reactor core.

1 Control rod reactivity worth measurements.

1 Coolant temperature measurements at different locations in the core and in the poal tank

1 Reactor power and fuel temperature evolution during a fast reactor transient.

The measurementechniques used in each particular setup, as well as their core configurations, and potential
sources of uncertainties are describadd evaluatedIn some casesesults from models used at the time of
analysis are also shown alongside experimental ddtanerical experimental datasets are made available
serving as a benchmaftr future advance Multiphysics modelling efforts of the EVEREST project.

Keywords

Research reactor, experimental data, Axial profile reaction rate measurements, excess reactivity
measurements, coolant temperature, paldatabase

Abbreviations and acronyms

WP Work Package

BRR Budapet Researh Reactor
BudapestUniversity of Technology and

BME :
Economics

JSI W2 0S¥ {(0STFly LyaidAildz

Training Research Isotope piuction by

TRIGA General Atomics

HPGe High purity germanium detector
NAA Neutron Activation Analysis
LEU Low-enriched uranium

SiC Silicon carbide

DPA Displacement per atom

IFE Instrumented fuel element

PHA Pulse Height Analysis

MCS Multi-Schannel Scaling

CFD Computational Fluid Dynamics
RANS RaynoldsAveraged Navier Stokes
CAD Computer Aided Design
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1. Introduction

1.1. Background

The precise characterization of nuclear research reactors relies on the accurate determination of fundament:
parameters, primarily neutron flux and core reactivity. Because neutron flux cannot be measured directly
experimental campaigns typically measuhe products of neutroAnduced nuclear reactions. Techniques
such as Neutron Activation Analysis (NAA) utilize specific target isatapBsng on thermal reactions (e.g.,
197Au, 2% or fast reactions (e.g?#Fe,*®Nijt to deduce flux components based @haracteristic radioactive
decay and gamma emissions. To assess both subcritical and supercritical reactor states, reactivi
measurements are primarily conducted using the inverse kinetics method. Derived directly from point reactol
kinetics equationsthis method expresses reactivity as a function of tidependent neutron detector count
rates, providing a highly reliable measurement without the need for additional complex instrumentation.

1.2. Objectives

The primary objective of this document is to present comprehensive, benchqualky experimental data
derived from extensive operational and transient campaigns. By compiling meticulous facility specifications
structural geometries, and higtesolutionempirical measurements, this deliverable provides a foundation for
computational validation. The datasets detailed herein are specifically intended to support the rigorous
benchmarking of higffidelity neutron transport codes (such as MCRsing et al.2025) and Serpent
(Leppanen et al., 202p)thermathydraulic fluid dynamics simulations (such as ANSYGAGIEX'S, 2001 and
advanced multphysics coupling frameworks.

1.3. Scope
This deliverable outlines the physical characteristics, calibration procedures, and specific experiments
datasets from three distinct European research reactors:

1 Budapest Research Reactor (BRR): A 10 MW sgpsaleactor primarily utilized for materials science.
The scope covers its facility design and recent experimental campaigns focused on developin
continuous axial flux profiles within faflix irradiation channels using higdurity iron and aluminium
gold activation wires.

i BME Training Reactor: A 100 kW ligfgtter moderated, poctype reactor. The documented scope
includes a recent highrecision activatiorbased power calibration, integral and differential control
rod reactivity worth measurements, relative axial reactrate profiling, and comprehensive thermal
hydraulic temperature mapping during various operational transients.

1 JSI TRIGA Mark Il Reactor: A 250 kW-ypel reactor uniquely capable of generating 1 GW power
bursts during prompsupekcritical pulse operationsThe scope encompasses absolute axial reaction
rate validations, higiprecision fission rate profiling using miniatui#U and?3®U fission chambers,
poolwide temperature mappings to validate natural convection, and the comprehensive JSI TRIG/
Pulse Databagean exhaustive 2§ear empirical archive of transient nuclear operations.
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2. General Methodology

2.1. Reaction rate measurements

Neutron flux measurements cannot be performed direciynd are usually performed by measuring the
products of neutroAnduced nuclear reactionsuch as fissigrscattering(SiC detectorsyr via a number of
other neutroninduced nuclear reactionsavhich emit reaction products promptlyand are often useds
reactor power monitoring detectorspr by converting astable isotope intoradioactive onei.e. neutron
activation which then decays with a characteristiecay time. In the latter cas¢he decay prducts can be
either charged particlese. in the case of Self Powered Neutron Detectors (S| NBDsharacteristic gamma
radiation, by which the exact amount of the activated nuatan be deducedand is commonly known as the
Neutron Activation Analysis (NAA).

In all casesthe reaction probabilityis described by an intrinsroperty of thetarget nuclei structure called
the microscopiceactioncross sectiopwhich is generally energy dependent

1 Thermal reactionsThebinding energy of the additional neutron alone is sufficient to extiestarget
nucleus toundergosome sort of nuclear reactio Isotopes commonly used for thestimation of
thermal neutronflux are*He(n,p)*H, 6Li(n,h )2H, 1%B(n," )’Li, 2*’Au(n, )*%8Au and 22%U(n fiss).

i Fest reactions The binding energy dhe neutron alone is not sufficiento cause a nuclear reaction
a2 IRRAGAZ2YIf SySNHeé& Ay (GKS F2N¥Y 2F ybSuzssR y Q2
Isotopes commonly used for the estimation of the fast neutron flux component!argn,y” €391,
%8Ni(n,p)*®Ca °&Ni(n,2n)*'Ni, >*Fe(np)>*Mn, 2*Mg(n,p)**Na, ’Al(nh)?**Na, as well as*%U(nfiss) and
ZNp(nfiss).

Theenergyreaction cros sections mentionegreviously are shown iRigure2-1.
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Figure2-1: Reactioncross sections commonly used to detect neutron flux.

Broadly speakingt is not uncommon that thermal reactiorigve cross sections higher even at MeV energy
range compared to fast neutrons. It is therefore common practicpéoform two measurements with thermal
reactions an ordinary onewhere both thermal and fast component are measuradd a second onevhere

the sample is enclosed inside cadmium shieldinbich absorbs the thermal neutronso that only fast
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neutrons act on the sample. The thermrautron flux can then be deduced by the difference in activation
using the secalled cadmium ratio methof@nderson et al., 1947)

While wespecificallymentionedthermal (0.1 me\g 0.5 eV)and fast neutron componeni@&bove0.1 MeV}, a

gap exists in betweein the epithermal region. Recent advanéeseutron flux measurements haventified

the posdbility to extend the range of thermal reaction into the epithermagia using boron compounds such

as BN and & with varying degrees of boron concentration and enrichndemt I Rdzf 2 A & SiG | £ @

One of the more established and precise methods isNIA&, where the decg of the radioactive isotope is
accompanied by a number of gamma emissjavisich is unique for each isotope. Special care must be taken
in order to properly accourfor neutron selfabsorption and the absorption of the resulting gamma radiation
in the sample itselbefore reaching HPGaetector. That is why neutron activation foils are commonly made
in the shape of thin dis¢go minimize the effect.

In order to assesthe geometrical effects of se#fhieldingand theresponseof the detector to a particular
gamma ray energy i.e. detector sensitiyitjonte Carlo particle transport methadare commonly used
Special care must also be taken with respeatneasurements of the irradiation timélux and power levels

and then the measurement timgoarticularly ifabsolute reaction rate calculations are requirédt DS Qa &
record radiation due to the background as wetl a reference background measurem should be takeand
subtraced.

2.2.Reactivitymeasurements

Reactivity measurements performed in research reactors are primarily based on methods relying on the poir
reactor kinetics equations. These techniques include:

T pulsed neutron source methods;
1 asymptotic period methods;
9 inverse kinetics method.

Reactivitymeasurementgpresented inthis documentwere performed using thaverse kineticsnethod. In
contrastto the mentionedalternative techniquesinverse kinetics isather generahs it isapplicable to both
subcritical and supercriticaleactor states and does not require additionalnstrumentation beyond a
appropriaely positioned neutron detector. The methodderiveddirectly from the point kinetics equations
which are réormulatedto express the reactivity as a functiof the time-dependen neutron detector count
rate. For a reactor without external neutron sourtke inverse kinetics equatiotme form in Ejuation (1).

T Q- T . o 0 (1)
"y 7 00 B 7 _. (0520 Qo
— P o
wheref is thetotal effective delayed neutrorfraction,f and_ are the delayed neutron fractions and

decay constant$or delayed neutron group ¥ is the generation timeande is the amplitude functionor in
practical measurement cases the detector count.

2.3. Temperature measurements

The operation of a wuclear reactor is highly dependent on fuel and coolant temperatures. Elevated
temperatures shift the thermal neutron spectrum peak to higher energies and broaden reaction rate cross
section resonances through the Doppler effect. Furthermore, thermal expartecreases coolant density,
which, in the case of water, reduces neutron moderatibinis leads to a harder neutron spectrum that induces
more radiation damage in reactor structural materials via atom displacements (DPA). Predicting this DP
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accumulation and the resulting material embrittlement is a fundamental component of ageing management
and lifetime extension justifications for commercial nuclear power plants. To ensure inherently safe operation
these combined thermaheutronic effects mst produce a negative temperature feedback coefficient.
Accurately capturing these dynamics requires coupled neutron transport and thérydedulic modelling,
which in turn demands rigorous validation using Hiigielity experimental data.

This report describes several experimental campaigns conducted at the BME Training reactor and the JSI TR
reactor to provide this crucial validation data. To characterize the thehydtaulics, coolant temperature
profiles were mapped both within thesactor core and above it in the reactor pool tank. Theseore and
abovecore measurements were performed using distributed arrays of rApolitit thermocouple lances
inserted into specific core grid positions, allowing for the precise capture of the-tfirmensional thermal
plume and the onset of natural circulation within the pool.

Moreover, transient fuel temperature measurements during pulse operation are presented to demonstrate
the most significant thermaheutronic coupling in the nuclear fuel. The JSI TRIGA reactor utilizes a unique
UraniumZirconium Hydride (&rH) fuel matrixthat drives a prompt negative temperature feedback
mechanismCapturing this rapid coupling during a millisecond power pulse requires specialized Instrumentec
Fuel Elements (IFEs). These IFEs are equipped with embedyeel tkermocouples located diregtiwithin

the fuel meat and are connected to hiftequency data acquisition systems. This specific instrumentation
allows for the precise measurement of the prompt temperature jump before significant heat transfer to the
coolant occurs, directly recordirige prompt reactivity decrease that safely terminates the pulse.
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3. BME Training Reactor

The measurements described and presented in this section were carried out between 2019 andt2923.
experimentaldescriptiorswere documented inVanyi, 2023and (Vanyi et al., 2021(Vanyi, Hursin, Aszodi, et
al., 2023)Vanyi, Hursin, & Czifrus, 2028)urnal publications where further details can be found.
Subsectior8.1 presents a briebverview of the BME reactoGubsectior8.2 discusseshe power calibration,
while Subsectio3.3describeghe differentexperimentsthat were carried out in the facilityr¢activity worth
measurementsin Subsectior8.3.1, axial reaction rateprofile measurementsn Subsectior8.3.2 vessel
temperature measurements inSubsectior8.3.3 different transients with temperature feedback in
Subsectior8.3.4).

3.1. Facility overview

The Training Reactor of BMBME TRip a lightwater moderated and cooled potype research reactor. The
reactor core is located at the bottom of a cylindrical vessiich has a height of & and a diameter of 1./
(seeFigure3-1). The vessel is surrounded by a 200 thick concrete shielding. Between the vessel and the
shielding there is a thin gap filled with air. For safety reasansthe top of the tank continuous air extraction
is installed.

Figure3-1: Reactor corereactor vessel and concrete shielding

The moderator and coolant of the reactor is demineralised water. The primary circuit inlet nozzle is located a

the bottom of the vessel and opens into a diffuser unit. The diffuser leads the coolant directly to the fuel
assemblieswhile the whole unit is housed in an aluminium behich has windows on all lateral sides
allowing the coolant to recirculate from the vessel (§égure3-2). The primary circuit outlet nozzle is located
110cm above the core (sdeigure3-3), while a spillway is installed at the top of the vessel.
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Figure3-3: Overview of the reactor cor¢he detector tubes and the outlet nozzle

The reactor core consists of twentyur elements of regular (i.e. containing sixteen fuel pins in a regular
rectangular lattice) and modified (i.e. either the number of pins is reduced or the lattice is irregular) type EK
10 fuel assembliesvhich nominallycontain10% enriched uranium dioxide in metal magnesium matrix. The
fuel assemblies are surrounded by fodye elements of solid graphite reflector blocks. All structural
components inside the tank (such as fuel rod and assembly claddingyol rod giide tubes etc.) are made

of an alloy containing more than 99.5% aluminium.
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The reactor accommodates three vertical dry and twenty vertical wet irradiation charfiveshorizontal
beam tubesa large irradiation tunnel and a pneumatic rabbit sarmgéddivery system with three branches.
Thestart-up of the reactor is assisted by a conventional plutoniberyllium neutron source. The monitoring
instrumentation of the reactor core is located in seven protecting tubes around the icoitee vessel.

The criticality control of BME TR is ensured by two safety and two control rods (see positions and notations

Figure3-4):

I Safety rodl (abbreviation: SR1) is located between the fuel assemblies E6 andrf&ining boron
carbide pellets;

1 Safety rod2 (abbreviation: SR2) is located between the fuel assemblies D5 aodridining boron
carbide pellets;

1 Manual control rod (abbreviation: MAN) is located between the fuel assemblies C6 and D5 containing
boron carbide controlled manually;

1 Automatic control rod (abbreviation: AUT) is located between the fuel assemblies C4 and D3; it consist

of astainlesssteeltube covered by a thin layer of cadmium. This rod can be operated both manually
and in automatic mode by the control unit.

The rod positions are given in millimetres: @ mm corresponds to the fully inserted statghile z=600mm
to the completely withdrawn state.

ABCDETFT GH

WO NOOU ~WN

Figure3-4: Horizontal crossection of the reactor core

The reactor can be operated in two modes. In manual mtdeoperator assumes full control of the absorber
rods, while in automatic mode the central control unit keeps the reactor critical by continuously adjusting the
automatic control rod level to the critical position.

17
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According to the operational limits and conditions of the fagitig temperature of the coolant in the primary
circuit must beremain between20°Cand 60°Cduring operation By turning on the primary circuit pump
forced flow can be induced. The moderator can be cooled by the secondary loop or heated by an electric:
heater.

The reactor has not been completely refuelled since its initial commissioning. In th@7F3 assembly was
switched to an identicafresh fuel unit while in 1980 an additional regular assembly was inserted to the B6
position of the core. Based on the operation Ipthe released thermal energy is approximately 1818/days
which corresponds to an average burnup of BIWd/kgU for the fuel.

The original structural drawings of BMIR were collectefiom (Kovacs, 20113orted and were finally realised

in a modern CAD software. The work was made difficult by the great number of reactor parts and the
sometimescontradictoryarchives. Neverthelesghe resulting posters (such &gure3-1 to Figure3-4), the

digital two-dimensional structural drawings (s€ovacs, 20119r (Vanyi, 2023)and the threedimensional
model offered valuable information for demonstration and further modelling purposes.

Parameters that were not discussed above are presentddamyi, 2023nlong with the official drawings of
the control rods and some of the fuel assemblies. More structural drawings can be fo(iKaviaics, 2011)

while more detailed and comprehensive descriptions can be found i(ktugber & Horvath, 202Benchmark

description.

3.2. Reactor power calibration

The last power calibration of BMIER took place in 1970 according to the methodology cited and described in
Subsectior8.3.50f (Vanyi, 2023)Recently, the need for@ew, nore precise power calibratioarose to better
assesand comparehighfidelity simulationand highresolution measurementesults

The new power calibration of BMIR is based on foil activation measurements aodesponding Serpent
Monte Carlo simulations. Furthermara calorimetrybased estimationwas performedas well to support the
calibration resultsThedetaileddescription of the calibration procedusés presented in Appendixds (Vanyi,
2023)

In the case of thactivationbased calibrationthe measuredthen evaluated neutron flux values were plotted
against the corresponding calculated values and a linear fit was performed with fixedwese gffset using
the method of least squares regression. The fitting uncertainty was determined by Monte Cato er
propagation. The fitted parameter (i.e. the measured to calculated flux ratas) found to bel.44+0.03
which means that according to this calibratjdhe current 100kW nominal reactopower corresponds to
144+ 5 KW power.

In the case of the calorimetdyased estimationthe calibrationprocedure waarried outfor three separate
measurementyieldinga final1.43+ 0.08 measuredto-nominal power raticconsidering additional sensitivity
analysis

In conclsion, the relationshipbetween the reactor power and thdisplayedhominal powercan be expressed
asshown in Equatiorf?).

0 pg& ()

where the uncertainty bthe coefficient is 0.03.
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3.3. Experiments

3.3.1.Reactivity worth measurements

The measurements described below were carried out on different periods between 2019 and 2021. Due to th
COVIBL9 pandemicin this period the change in the burnup of the fuel was negligible between the
measurements.

The measurements of this subsection were carried out using thk@exneutron detectors of théow power

pulse modedetector chains 11 and 12 of BME TR. Both detectors are type CFULOS8 fission chambers with :
estimated dead time of 150s. The protecting tube of I1 is located about Td® from the graphite assemblies

D1 and Elwhile the tube of 12 is about 1608m from graphite assembly A6. The exact axial positions of the
detectors are not known. Each measured detector count time stamp was recorded anadmverted into

10 Hz data.

The integral rod worth measurements for the two control rods were carried out by the rod drop method on
three occasions in 2021.

The experiments were carried out at 20 moderator temperature according to the following scheme
corresponding to the measurement of the automatic control rod worth.

At the beginning of each measuremetite reactor power was set to 0\ zyan=400mm, zaut=445mm and
operated in this state for 1fhinutes so that the delayedeutron precursor nuclei would reach their
equilibrium concentration. Then the reactor was switched to manual made the automatic rod was moved
to 600mm. As aesult, the reactor power started to increase with a doubling time of abous48t 1.5/ the
operator dropped the automatic rod and waited a few minutes for the power to decrease.

The same methodology was applied for the measurement of the manual control rod with the initial critical
state beingzuan =600mm, zaur=186mm, the supercritical control rod statayan=600mm, zayr=300mm
and the corresponding doubling time 20

The reactivity for the subcritical and the supercritical states as well as the associated uncertainties wer
calculated with an ifhouse script that is based on the method of inverse kinefit® control rod reactivity
worth values were obtained bgppropriately subtractinghe subcritical and supercriticakactivities. The
evaluatedresults are presented ifable3-1.

Table3-1: Measured integral control rod reactivity worth measurements

Other rod position (mm) Evaluated reactivity worth ($)

AUT Zvan= 400 mm 0.859+0.004
MAN Zaut= 300 mm 1.893+0.004

The experiments were carried out at 20 °C moderator temperature on two occasions in 2021. The
measurements were performed according to the following procedure

In the case of the measurement of the automatic rtite reactor power was set to O power critical state
with the manual rod being at 408m position. The reactor was operated in automatic mode in this state for
10minutes so that the delayedeutron precursor nuclei would reach their equilibrium cornization. Then

the reactor was switched to manual mgdmnd the automatic rod was fully withdrawn at a constant speed of
5mml/s. The reactor was operated in this supercritical state until the power inecetis2W. At that point,
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the automatic control rodvas fully inserted, and withdrawn at a constant speed, until the power\df\®as
reached again.

This scheme was repeated 6 times. In the case of the manual contradhegrocedure was the same with
the automatic rod being fixed at 3GAm.

The measurements were evaluated with arhiouse inverse kinetics solver script. The control remiiSes

were determined by averaging each measured period. The associated uncertainties were determined by th
deviation of the single curves from the averagéeobtainedautomatic and manuadifferential control rod
reactivity worthresults are presented iRigure3-5 and Figure3-6 respectively.

The axial positional offseif the control rodselativeto the corecentre were determinedby identifyingthe
position of themaximumin the numerical derivative of th&curves.Theresulting offsets werel.9+ 0.5 cm
and-3.6x+ 0.5 cm for the automatic and manual control rodsspectively.
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Figure3-5: Measured differential reactivity worth of the automatic control
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Figure3-6: Measured differential reactivity worth of the manual control

Assembly worth measurements were performed for the fuel assemblie<CBE3; and for the graphite
reflector blocks A2A3, A6, B1, B2 B7, C1, D1, E1 in 2021. The applied methodology is similar to that used for
the control rod worth measurements. At the beginning of each measurentieatreactor power was set to
5W power critical state (in such low power reactor states these should be referred to ascqtiaal states)

and the MAN rogositionwas fixed at 400nm. The reactor was operated in this &dor 10minutes so that

the delayedneutron precursor nuclei would reach their equilibrium concentration. Following the waiting time
the measured assembly was carefully removed from the core (the operation t8ae2ondy therefore, the
power decreased exponentially. The counts were registered by the aforementioned type CFULO8 neutro
detector. The reactivity values for the subcritical and the supercritical stalesg with their associated
uncertaintieswere evaluated by the Hhouse script basedrothe method of inverse kinetic§.he assembly
reactivity worth values were obtained by appropriately subtractingdfieluatedreactivities of thesubcritical

and supercriticalstates Uncertainties were determined with Monte Carkyror propagation taking into
account theuncertainties of the delayed neutron parametetise detector countsandthe detector dead time

The evaluated values are presentediiable3-2.

Table3-2: Measured fuel assembly and graphite reflector block reactivity worth values

Assembly position Assembly type Measured reactivity worth ()

B3 Fuel 146.1+1.6
C3 Fuel 265.9+3.2
E3 Fuel 241.3+ 2.8
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A2 Graphite reflector 10.5+0.1
A3 Graphite reflector 17.1+0.2
A6 Graphite reflector 24.8+ 0.3
Bl Graphite reflector 8.1+ 0.1
B2 Graphite reflector 30.7+£0.3
B7 Graphite reflector 39.9+0.4
C1 Graphite reflector 13.2+ 0.1
D1 Graphite reflector 16.0+£ 0.2
El Graphite reflector 12.7+0.1

The critical control rod positions were measured on two occasions in 2021. The tempearathesreactor
was 20°C.

The measurements were carried out according to the following. The reactor power was Sét pm&er, the
reactor was switched to automatic modand the manual control rod was fully withdrawn t@ag =600mm.
The reactor was operated in this state forrbihutes so that the delayedeutron precursor nuclei would reach
their equilibrium concentration. During this timgenerally the automatic rod position was changed within a
5mm interval by the central control unikeeping the reactor critical. Follomg the 10minutes waiting time
the automatic rod position was noted along with an associated interval of uncertainty. Then the manual contro
rod was moved to 58thm and further down to 380mm and the procedure described above was repeated
each time. The measurement seriewere averagedand uncertainties wereassociatedbased on the
experiencedmovements of the automatic control rodilsq these uncertainty values were translated into
reactivity by making use of the measured differential control redcivity worth presented in Subsection
3.3.1.2 The evaluated criticalontrol rod positions are presented irable3-3.

Table3-3: Measured critical control rod positions.

380 528+4 0.3
400 445+ 4 0.7
420 395+2 0.4
440 355+2 0.4
460 322+2 0.5
480 292+2 0.5
500 266+ 2 0.5
520 242+2 0.4
540 223+2 0.4
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560 207+2 0.4
580 195+ 2 0.3
600 186+ 2 0.3

In 202Qrelative axiateaction ratemeasurementgplease sesection2.1) were carried out with the activation
method using Dy(5%Al alloy wires. In total, 14 measurements were carried out19 different positions.

From the point of view of the activatigonly the radiative capture reaction of Elf4 is relevant. The cross
section of this reaction is approximately 1/v for thermal energies and decreases quickly for neutron energie
larger than leV. Although several resonances can be found betweéreXCand 16eV, over 99% of the
activation in a thermal reactor is caused by neutrons with energies below the cadrnitmff (about 0.5eV).

The reaction chain of Bi64 is the following:

164Dy n,y ]'65”LDy ”/(1.3 IIliIl) 165Dy B_(2.35 h) 165Ho_

Therefore the registered counts of the wire segments are proportional to the thermal neutron flux they
were exposed to.

In order to perform the irradiationthe wire was put into a thin plexiglass tulwehich was then inserted into

the specified fuel suishannel or veical irradiation channel. After starting the reactdhe power was
increased to XKW, which was maintained for 6 minutes. Following the irradiatitve Dy wire was first cooled

for 30 minutesthen it was removed from the plexiglass tylaed was fixed to a metal rahich was inserted

in the measuring equipment. The measuring equipment consisted of a sample holgdeoraible by a stepper
motor, and a stationary scintillation-detector equipped with a collimator with a window ofnim width. A
computer program was used to control the movement of the rail under the detector. For the measurements
described in this chaptethe rail was moved in steps ofrdm length and the meastement time was set to

10s. After the measurementlecay correction was performed on the registered data set.

The number ofletectedcounts can be expressed stsown in Equatior3).

3)

« D -0 M Q Qo

-0 p Q Q

Q0 Q
%o » 3O P Q p Q

where ( is the numbe of registered counts is the detector efficiencyA the sample activity< the decay
constant of Dy165, & the thermal neutron fluxG the seHshielding factor, the average thermal cross
section Ngthe number of Dy164 nucleitw the timeinterval between a fixed time (e.ghutdown of the reactor

or beginning of the measurement of the first segment) and the beginning of the measurement of the given
segmenttathe activation andm, the measurement times.
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As the geometryactivation time and measurement time are the same for each segment of thelhwidkviding
each registered count by the correspondify  values one may obtain a quantity proportional to the
reaction rate ad the thermal neutron fluxas well

All the irradiations werg@erformed at kW nominal reactor powesind lasted about 6 to 7 minute$he main
characteristicof the performed irradiations are summarised(Wanyi et al., 2021)n the case of the position
notation, the first letter and number are the assembly identifiangile the second number depicts the sub
channel numberThe subchannel numbering starts from the corner closest to the Al position and continues
from left to right, from top to bottom(seeFigure3-4). With the exception of irradiation R#2, each irradiated
wire wasmeasured twice in the measuring equipment.

Table3-4: Main characteristics of the performed axial reaction rate measurements.

Control rod positions
Measurement

Measurement ID "
position
Zaut(Mm) Zvan (Mm)

RP-#1 360 440 E6/1
RP-#2 340 450 B6/7
RP-#3 340 450 B4/1
RP-#4 339 450 B3/1
RP-#5 340 450 B3/8
RP-#6 540 380 C6/9
RP-#7 323 460 F3

RP-#8 342 450 E3/9
RP-#9 195 600 C6/9
RP-#10 341 450 C6/9
RP-#11 325 460 E7/1
RP-#12 351 445 D6/9
RP-#13 195 600 D6/9
RP-#14 543 380 D6/9

The raw detectocount rateswere correctedfor radioactive decapnd subsequentlynormalized.Except for
RP#2, the two independent measurement series wemeeraged for simplicity, the maximumvalue of each
resulting axial distributiomvasthen normalized tounity.

The evaluated relative axial reaction rate profiles shewnin Figure3-7 to Figure3-13. The axial positions
correspond to the geometry of the measurement rail. In each ctee steep gradient of the distribution
indicates the direction toward the bottom of the reactor core. As can be obsemesgveral measurements
the orientation of the activation wire was inadvertently reversed during installafidre bottom end of the
measured curves drop to zero due to the termination of theviye. Due to this effect and the uncertainty of
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the measuremergcalculation fitting (see (Vanyi et al., 202}) the axial positioning uncertainty of the
measured points is estimated of ab@imm. The uncertainty of the detected counts (due to Poisson statistics
positioning collimator geometry etc.) is estimated to be about 0.03 in relative units.

The measured reaction rate profiles showed good agreement witlnitial Serpent Monte Carlo simulations
However, the measured and calculated reflector hump heights differ in some c¢asdsference which can
probably be attributed to unknown local geometric irregularities or material inhomogene(t@smore

details see(Vanyi et al., 202})
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Figure3-13: Evaluated relative reaction rate measurements#B and RR14

3.3.3.Vessel thermahydraulics measurements

Comprehensivéemperature measurements were carried out in thessel of BMERto characterizehe flow

conditions and the temperature fieldicrossvarious reactor transientsOver a two-week experimental
campaignin May 2021 six long transient® >maur) and eleven shorter transients (typicallyc30 minutes)

were performed.

In total, thirteen thermocouples were utilised as instremtation for the measurements. Twelve of these were

of typeK, classl precisionwith exposed hot junction and kapton insulation along theim&ter-long wire.

One thermocouple was typg&degacyg sensor of clas$ precision and with an ungrounded hot junction (the
adjective degacyg refers to the circumstance that the equipment was inherited from earlier thermal
measurements). For each measuremghe thermocouples were connected to a National Instrumen®Ri13

card. The data card has sixteen thermocleuphannels. The accuracy of the cpldction compensation is
typically 0.8°G but maximum 1.7Caccording to the hardware specification. In the NI LabVIEW 2020 software
(version 20.0f1) a graphical interface was created to display a graph of the thermocouple signals and calcula
mean temperature values along with the corresponding standard dewistior each connected sensor
separately.

The calibrated thermocouples were positioned on two long hollow aluminium rods. The first (central) rod was
5500mm long with an outer diameter of 25nm and a wall thickness of 1mdm. The wall of the pipe was
perforated so that the water could enter in order to ensure appropriate radiation protection. To the lower end
of the rod a 115mm long 18 mm wide 10 mm thick aluminium slab was screwed symmetrigadlizich had

two 10mm diameter holes at the opposite sidder assembly positioning on two diagotfiaél assembly tig,
and a 5mm diameter hole approximately at a quarter poifithis hole fixes thd0mm long hollow needle
holding a thermocouplé positionjust above the level of the fuel rods. A tylighermocouple was positioned

at the end of this needle in such a way that when the equipment was fixed on the assempilgeipensor

was just above a suthannel (sed-igure3-14). Five further typeK thermocouples were fixed to the outer
surface of the rod with aluminium wire 1000m, 1750mm, 2500mm, 3250mm, 4000mm above the core
level (i.e. above the upper level of the graphite assempheith each sensor facing in the same direction and
the junctions being about 205 mm from the rod surface. The rod was moved to different positions during
the experiments.
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Figure3-14: The bottom part of the central thermocouple holder rod

The second (peripheral) rod was 799én long and was assembled from shorter rods of different wall
diameters and thicknesses. The equipment would be fixed in one single position next to the core (atnout 50
from the A4 graphite) for each measurement.8pe K thermocouples were positioned to the exterior so that
the first sensor would be at the core leyelhile the rest of the five thermocouples would be 1066,
1750mm, 2500mm, 3250mm and 4000nm above the core level (i.e. in the same elevationthase of the
other rod) and facing in the same radially inward direction. An additional dyfreermocouple was fixed
750mm below the core levefacing approximately the middle of a recirculation window below the deigure
3-15andFigure3-16 show the experimental setup in the reactor vessel.

The upper ends of the sensor wires were connected to th@24B cardwhich was applied to a computer that
executed the LabVIEW measurement software and recorded the measured data to a hard drive.
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Figure3-15: Experimental setup of the thermocouple holders (view from the top)
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Figure3-16: Experimental setup of the thermocouple holders (lateral view)
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Six longer and eleven shorter transients were performed using the equipment described in the previous
subsections. Before each experimeall the temperature measurements had to show the same values within
at least 1.C°C tolerance. Temperature disparities (i.e. vertical stratification) were minimised by either waiting
or circulating water through the vessel by the primary circuit systdhafAhe experiments started and ended

in OW power shutdown state of the reactor. The power of the reactor was lbggery 30 secondsvhile the
NI-9213 card was set to a sampling rate oftia

Table3-5 summarises the relevant details of the transients. tNeedle positioa column indicates the sub
channel that the needle of the shorter rod is facing (the first letter and number are the assembly identifiers
while the second number depicts the sabannel number; the subhannel numbering starts from the corner
closest to the Al position and continues from left to righdm top to bottom, seeFigure3-4). The position of

the longer rod remained the same throughout the experimentgi AtP,-Ps¢ transient the reactor was started
from OkW, operated 10minutes at power leveP;, then 10minutes at power level Fand finally 1dminutes at
power level B. The values are expressed in ke power change times are not included in the irradiation
time intervals (thusa & 1-P-P:€ type transient lasted more than 3@inutes).

The longer irradiations of different power levels were chosen to observe the main flow phenomena in the
vessel and the evolution of the temperature field over time. The different short transients were executed in
order to study the response of the systethrbugh the temperature field) to sudden power changes.

Table3-5: Summarizing table of the performed transients.

Transient ID Needle position | Transient duration(min)

TH#1 E5/7 Constant 1 kW
TH#2 E5/7 60 Constant 10 kW
TH#3 E5/7 60 Constant 20 kW
TH#4 ES5/7 60 Constant 50 kW
TH#5 F7/1 60 Constant 50 kW
TH#6 E5/7 90 Constant 100 kW
TH#7 B6/9 30 50-0-100 transient
TH#8 D7 30 50-0-100 transient
TH#9 D6/9 30 50-0-100 transient
TH#10 D7/1 30 50-0-100 transient
TH#11 D7/3 30 50-0-100 transient
TH#12 E5/7 30 50-0-100 transient
TH#13 E7/1 30 50-0-100 transient
TH#14 F7/1 30 50-0-100 transient
TH#15 E5/7 30 50-100-50 transient
TH#16 E5A1 20 50-100 transient
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TH#17 E5A 30 100-50-100 transient

The time to reach 18W from a shutdown state was typicallgd® minutes while to reach 10&W it was 1§

12 minutes. At the end of the transient&hen the reactor was shut down by dropping the control and safety
rods, the reactor power went below 1% of the previous power level within one mirfeigure3-17 presents
the logged power curves of Transients#2 TH#4 and TH#6 (shifted to each other for better visibility).
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Figure3-17: Logged power curves of transients-#§ TH#4 and TH6

Thecalibrated75 Hzraw thermocouple data wasollapsel into 1 Hz data by averaging over each 75 data point
but no other special treatment was applied.

In generalthe measurement results were consistent with the preliminary expectations and the conventional
low-fidelity TRACE calculations (for more details 8é&nyi, Hursin, Aszodi, et al., 20R3)he usedtype J
thermocouple (peripheralz = -750 mm) exhibited anomaloudehaviour at thestart of each measurement
day, but subsequently stabilized and produced reliable readings.

Of the many findingghe following highlights are particularly noteworthy:

- Axial thermal stratification can belearlyobservedn each measurement.

- While the reactor is at nominal powghe measured temperature is increasing with the altitude for
the central sensorawvhile decreasing for the peripheral sensors.

- It takes cosiderable time before the recirculating warm water reaches the peripheral sensors at
z=0mm and z=-750mm. The recirculation time delay iglearly visibleat the peripheral
thermocouplesof the long constant power transientsgactor powenk10 kW).

Funded by the European Union. Views and opinions expressed are however tho
- Funded by . the author(s) onlyand do not necessarily reflect those of the European Uniother 32
the European Union European Atomic Energy Community ¢(E@atom’). Neither the European Union no

the grantirg authority can be held responsible for them.



M". EVEREST D2.1 Report describing the experiments performed at each reactor

While at the top of the vessethe mixingequalizeghe water temperature At lower elevations(e.g.
1750 mm 3500 mn), there is considerable temperature difference between the sensors of the same
altitude.

Certain central thermocouples provideadequate data for velocity estimationusing correlation
techniques(see (Por et al., 2003jor technical details) Temperature disparities quickly disappear
before and after the transienenabling power estimation through calorimetric methods.

The measurement curves are shown below in sequential drder Figure3-18to Figure3-34.
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Figure3-19: Measured temperatures during the 2 transient (constant 10 k%0 minutes)
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Figure3-25: Measured temperatures during the 8 transient (560-100 transient 30 minutes)
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Figure3-26: Measured temperatures during the 9 transient (560-100 transient 30 minutes)
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3.3.4.Multi -physics measurements

In June 2022a two-week experimental program was conductatthe Training Reactor of BM#8uring which
a series ofreactor transient experiments were performedhe objective of these measurementsvas to
characterizethe NB | O theraD feedbackunder various transient scenariosTo this end, multiple
thermocouples were installedt different fuel assembly outlsf while the signals froman excore neutron
detectorwere recordedsimultaneously

In total, sixteen identical typ& thermocouples were used for temperature measurements during the
experiments. The thermocouples were of clasgrecision with exposed hot junction and had kapton
insulation along their sevemeter-long wire. The sensornnectedto a National Instrument N9213 high
density thermocouple input modulewhich was connected to a computer. The data card had sixteen
thermocouple channelsall of which were used during the experiments. According to the hardware
specificationthe coldjunction compensation of the device is typically 0Gbut maximum 1.7C For control

data acquisition and display purposesgraphical interface was created in the National Instrument LabVIEW
2020 software (version 20.0f1). The program displayed in graph and logged to file the thermocouple signal
The same interface was used to display and log the data of the neutronic measurement (see
Subsectior8.3.4.2.

All the sensors were first intercalibrated in air and wattdifferent temperaturesFor the purpose of absolute
calibration the thermocouples were placed both boiling water and melting icevater mixture as well. Based

on the calibration measurementshe relative and absolute precisions of the sensors were conservatively
estimated to be 0.2Cand 0.5°C respectively.

As the reactor can only be instrumented from the ttppough a water layer of 5008 m, thermocouple holder
and positioning equipment had to be designed and manufactured. The equipment consisted of G000
long, hollow aluminium rod (diameter: 26m, wall thickness: 2nm, material: aluminium alloy AY8060, a
connecting crosshaped aluminium plate (thicknessn®n, material: aluminium alloy A¥Y8060) and four
medical stainlesssteel needles fixed perpendicularly to the plate (sEaure3-35). In total four whole
identical thermocouple holders were manufactured and used simultaneously for each experiment.
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Figure3-35: Drawing of the crosshaped plate part of the thermocouple holders

The walls of the long pipes were perforated for radiation protection reas@&en holes were drilledn the
crossshaped plate one for fixing the pipe to the plate with an aluminium screwo for positioning the
equipment on two diagonal fuel assembly tips and four others for the legauokitioningof the temperature
sensors. The geometry of the cross was desigudtat when the holder is fixed and placed above a regular
EK10 fuel assemblythe four needles are centred above the four corner shianrels. Four thermocouples
were pulled through eachain pipe, andeachof theminsertedinto a singlespecific needle and fixedothat

the hot junctions of the sensors were aboutrin below the bottom of the needle$he lengths of the needles
were chosen so that when the equipment is fixdte bottom of the thermocouple hot junction is at the same
axial level as the top of the fuel pinBigure3-36 shows a fixed experimental setup of the thermocouple
holders.
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Figure3-36: Experimental setup of the thermocouple holders (CAD model)

3.3.4.2. Neutronic measurements

The Training Reactor has five buritneutron detector measurementsvhich are housed in separate dilled
protecting tubes around the reactor core. Two of the measurements are type CFULO8 fission chambers use
in pulse mode (internal notation: 11 and)J2vhile the rest are type KNB3M boronlined, gamma
compensated ionization chambers operated in current mode (internal notationE&4nd E6). During the
experiments the signal of the E5 ionization chamber was sampled and recovdgidh has the cleast and

most reliable signal based on operational experiences. The radial position of the E5 protecting tube is abot
140mm left and 35 mm above the centre of graphite assembly ARignre3-4. The axial position of the
detector is not known precisely.

The detector is connected to a buift signal processing device that consists of a-pitoneter, a main
processor along with testommunication and display units. During the experimetite chamber current was
sampled through this unit with the help of a LabVIEW interface. The sampled signal was displaye
simultaneously with the thermocouple data and logged separately to file.

3.3.4.3. Transient description

In 9 workdays11 successful experiments were performed. Each transient started in acrideal state and
ended in another neacritical or shutdown state. In the case of experiments that started from a cold, state
each thermocouple had to have the same reading withir°Gi8lerance.lnorder to start with a homogenized
coolanttemperature distribution, sufficient time was allowed between tagperiments, during which the
primary coolant circulating weautilized, to mix the coolant to a sufficient degr
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The chamber current of the E5 neutron detector was sampled with the rate éfz1@hile the sampling
frequency of the thermocouples was Hz throughout the experiments.

During the measurementswo experimental thermocouple setups were used. In the first one (Sgljpghe
holder rods were fixed on the following assembly tips¢fEBB3;C4 C% D6, F7-¢EG with the sensors being
inserted to the first mentioned assembly (this setup corresponds to the one shoWwigume3-36). In the
second one (Setu@?), the sensor holder rods were fixed on the following assembly tipsF£B4cC3 C&;

D7, F&cE7 with the thermocouples being inserted into the first mentioned assembhfortunately, the F4;

E3 switch could not be administerdoecause there @wsnot enough space between the sensor holder plate
and the nearby vertical irradiation channels.

Three main types of transients were performed:

1 Reactivity insertion to cold state: The reactor was operated in automatic mod&ahédminal power
for at least 10minutes so the delayeeheutron precursor nuclei would reach their equilibrium
concentration. Thenthe reactor was switched to manual mode and reactivity was inserted to the
system by withdrawing one of the control rods to a specified position. The supercritical reactor was
monitored until a new critical state was reached.

1 Reactivity insertion to hot state: The reactor was operated in automatic mode at a specific power level
above 5kW for at least 1@ninutes so the delayeeheutron precursor nuclei would reach their
equilibrium concentration. Therhe reactor was switched to manual mode and reactivity was inserted
to the system by withdrawing one of the control rods to a specified position. The supercritical reactor
was monitored until a new critical state was reached.

1 Long irradiation: The reactor was operated in automatic mode at a certain power level for a specified
longer period of time. In the case of these transiemit® manualcontrol rod was setyan=600mm
after the irradiation power was reached. Following the irradiatmme of the control rods was dropped
and the reactor was monitored until a shutdown state was reached.

Table3-6 and Table3-7 present themain characteristics of thperformed transients.

Table3-6: Summary of the performed transients (Cl: cold insertiéh hot insertionLlI: long irradiation)

Power (W)

Transient ID Setup # Type Duration (s)

FB#1 1 Cl 4040 5 4325

FB#2 1 Cl 1550 5 45938
FB#3 1 Cl 2150 5 21991
FB#4 1 HI 1290 21991 55519
FB#5 1 HI 520 10012 91385
FB#6 1 LI 5400 101948 103668
FB#7 2 Cl 2140 5 21440
FB#8 2 HI 1270 21440 55519
FB#9 2 Cl 2950 5 11994
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FB#10 2 Cl 1270 5 47166
FB#11 2 LI 5400 101948 103422

Table3-7: Summary of the control rod positions of the performed transients (ClI: cold insgktlohot insertionLI: long
irradiation)

Initial control rod positions| Final control rod positions
346 450 346 460

Transient ID | Setup #
Cl

FB#1 1

FB#2 1 Cl 558 380 558 420
FB#3 1 Cl 300 482 350 482
FB#4 1 HI 350 482 400 482
FB#5 1 HI 382 450 600 450
FB#6 1 LI 381 600 402 600
FB#7 2 Cl 300 496 350 496
FB#8 2 HI 350 496 400 496
FB#9 2 Cl 372 450 372 470
FB#10 2 Cl 589 381 589 421
FB#11 2 LI 378 600 397 600

Theoreticallythe measured chamber current of detector E5 is proportional to the nominal thermal core power
of the reactor which is based on the neutronic detector E6 and logged automatically evexylB(ractice

the two detectors are located in different positions and might have different gamma compensation.
Nevertheless based on the measured critical states coefficient was determined that transforms the
measured chamber current into nominal power. The uncertainty of this power data is estinmatezl 34

which does not include the actual unknown gamma compensation bias of the detectors and the accuracy c
the reactor power calibration. The overall conservatively estimated uncertainty of the presented power curves
might be as high as 6%.

By averaging over 75 data pointee 75Hz measured raw temperature data were collapsed intdzldata.

The signals of thermocouples fixed over a given assembly were averaged. In the presentedtigeaphiz
assembly temperature data were further smoothed with a moving average algorithm ovesec80d time
window to help the readability of the presented results. The absolute precision of the thermocouples was
estimated to be 0.5C.

In the presented power data large sudden changes can be seen at certain power levels (e.g. approximately
2100W below, in Figure3-37). These are due to the change of the measurement method within the pico
ammeter corresponding to neutron detector E5.
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In general the measurement results were consistent with the preliminary experimental expectations.
However the first series ofconventionaj low-fidelity coupledTRACIPARCS simulations failed to reproduce
the measuements(for more details seévanyi, Hursin, & Czifrus, 2023)

The measurement curves are shown below in sequential order Figare3-37 to Figure3-47.
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4. Budapest Research Reactor

The construction of the Budapest Research Reactor (BRR) started on 25.03.1956, and the first critic
commissioning took place on 25.03.1959. A second reconstruction started in 1986 and lasted until 199(
Critical upgrading was carried out on 12.12.199% feactor received its operating licence on 25.11.1993. The
power is 10 MW, beryllium is used as a reflector, and the coolant and moderator are light water. In the
meantime, the 36% 235 fuel was replaced with LEU fuel. The last authority review andrthefu
reconstruction started in 2020, resulting in the reactor being granted a provisional operating licence until 2033
The purpose of the reactor is to serve scientific research as a neutron source for material science research a
its applications in gplied research and development.

4.1. Facility overview

The BRR took its current form and design between 1980 and 1990. The reactor is of the vessel type, whicf
classified as VVRSZO0 in the Hungarian designation system. A characteristic feature of these reactors is that
the ionexchanged light water used anoderator is also a coolant. The cooling water flows from the top down
through the active zone i.e. the core, which contains WMRfuel elements containing uranium oxide fuel
with 19.75%enrichment,in an aluminium matrix. The reactor is controlled witth manually operated shim
control rods for xenon and burnup management and 3 automatic safety rods, contai@ngeBtron absorber,

as well as a single automatic i.e. Regulating rod made of stainless steel for fine reactor power control. Tt
facility is designed for research and isotope production. The reactor has a thermal power of 10 MW, with al
absolute maximumhermal neutron flux ofl..2410cm?s? .

4.1.1.Primary circuit

The primary circuit removes the heat generated during reactor operation from the active zone and transfers i
to the secondary circuit through two heat exchangers connected in parallel. The coolant in the primary circui
is circulated by three service ande standby main circulating pump in normal operation, while two stdnd
pumps (one service and one stahgl) are available in case of emergency. The stairdtesd primary circuit
piping is connected to the aluminium alloy piping through a transitioretin each flange joint to prevent
electrochemical corrosion. A similar connection is made to the gravity emergency cooling system tank. Th
provides the coolant flow for a limited period in the event of a malfunction in the prirpamps system,
removing the decay heat until one of the standby pumps starts.

4.1.2.Secondary circuit

The system is closed circuit. The heat generated in the reactor is transferred throughwedéercounter
current heat exchangers to the secondary circuit, which cools offigidlellerrotary cooling tower where the

heat is transferred to the environment through the closed water circuit finned tubes of the cooling tower. Here
too, the cooling water is circulated by four circulating pumps, three of which are in continuougiopeeand

one is on standby. The pressure in the secondary circuit is highethiat in the primary circuit, ensuring that

no active water is released to the environment.

4.1.3.The reactor vessel and its surroundings

The reactor vessel is made of aluminium with a vertical axis and a circular section with an open lid with th
reactor zone located on the bottom of theessel The heating elements, which can be placed in different
configurations in the core, are surrounded by a beryllium reflector to increase the neutron flux. A fraction of
neutrons is transported tthe ten channels in the horizontal plane of symmefioymed in the vertical centre

of the reactor zone. Vertical irradiation channels are also availableeitatlik, making the reactor suitable for
irradiations with high neutron fluxes in the core.
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The Reactor vesséd an opentop vessel located inside the Reactor block adneavy concretebiological
shielding with 4 cast iron rings at the top of the taiikere is an air gap between the vessel and the concrete.
The reactor vessel is 2300 mm in diameter, made of 16 mm thidkB2.5 alloy and 5686 mm high. The tank
contains approximately 20 hof desalinated, déonized water.

The reactor vessel is bounded on the top by the reactor cover, which consists of two cast iron discs arrange
eccentrically one inside the other.

The zonal basket{gure4-1) is a cylinder rolled from sheet metal and posachined by chipping. Inside it is

the zonal grid supporfixed by a welded joint. The hexagonal opening of the zone grid holder is fitted with the
zone grid, which is provided with holes for the orientation of the heating bundles and for the passage of coolin
water.

The zone grid is not fixed to the zone grid holder. Its position relative to each other is determined by the
support and the hexagonally machined shoulder.

A beryllium shell (puttony) assembled from components, is bolted to the approximately 140° sector of the
outer surface of the zonal baskeovering the tangential and cold neutr@hannelsas well aghe beryllium
around the horizontal channel I. The zonal basket is open at the beryllium envelope location, 135° arc 434 m
wide, for the mounting of the beryllium elements. The backbone of the beryllium casing is formed by the lowel
and upper casing plas with welded edges.

The upper envelope is perforated to allow for cooling water to flow through. The two ends of the enclosure
are bounded by a flanged breast plate and back plate and a side plate and back plate.

The enclosure elements are fastened together by M8 screws, while the assembled beryllium enclosure
connected to the zone tank by M12 flange screws.

The 4 @135 mm ducts and the 3 @95 mm ducts are also connected to the zone tank with M12 flange screw:

The upper part of the zonal basket is welded with a rolled flange made of "L" profile bamut€in the lower

part of the zone box provide space for the cooling water discharge pipe. the overflow pipe and the weldec
joint of the casing pipe. The zonebis secured by a removable screw to the 4 lugs welded to the embossed
bottom.

After the positioned channel slots have been made. the following channels are located between the zone
basket and the reactor vessel shell:

- 3 radial channels (Nominal Diameter (NA) 100mm) 1., I, 11
- 2 radial channels (NA 100mm) (fast neutron) IV, V.

- 3 radial channels (NA 60mm) VI., VII., VIII.

- 1 tangential channel (NA 100mm)

- 1 cold neutron channel.

49 - Funded by Funded by the European Union. Views and opinions expressed are however those ¢
the European Union  author(s) onlyand do not necessarily reflect those of the European Unigh@European
Atomic Energy Community (‘"Efiratom'). Neither the European Union nor the gragtin
authority can be held responsible for them.



D2.1 Report describing the experiments performed at each reactor M". EVEREST
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Figure4-1: Drawing of the interior of BRR with the zone basket. the core and the horizontal neutron channel.

4.1.4.2. Fuel

The zone is equipped with VAR type single and triple fuel element&ach @iel element consists of 3
concentric elements, two of which are cylindrical, these are the internal elements, and one hexagonal, this i
the external elemen{Figure4-2). The distance between the elements is provided by stepped spacers on the
head and foot sections. The design of the fuel element head allows it to be moved safely with the manipulatiol
tool (Figure4-3). The positioning of the fuel elements in the zone grid is ensured by the foot part and at the
height of the head by the design of the head. The tripkel elementconsists of three individual fuel stacks,
one with a central gripping head and three with legs, as shoviAigare4-3 and Figure4-4. The characteristic
parameters of thduel elementsare given irfable4-1 .

Table4-1: The characteristic parameters of theel elements

Enrichment [%] 19.75+ 0.25
Cover material reactor grade aluminium
Cover thickness [mm] 0.75
Element thickness [mm] 2.5
Fissile material composition UG+AIl mixture
Fissile material thickness in the element [mm] 0.98
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Number of elements in the bundle 3

Nominal active length [mm] 600

Heat transfer surface per unit volume [éicm?] 3.67
2% concentration in the active zone [g/liter] 78.6
235U concentration in the fissile material [g/én 0.65
% per 1 mfuel elementsurface [g/nd] 216
Cooling surface area of a bundle?Jm 0.232

Average”*®U content per batch [g] 50
Volume fraction of water in the cell [%)] 54.2
H/U ratio in the cell 183
Evolution of cross
1 = cladding 54

o —

cell
boundary | =

72
@ Fuel: U0+ Al
(LEU variant of
WANR-M2- WAWR-SM)
=) § 1.25
~
B 0.38
WWR-M5 assembly
based on U-Al alloy 125

3

1)-cap, 2)- rim, 3)-fuel elements, 4)- stem  WWR-M5 assembly based on uo,
WWR-M5 assembly

Figure4-2: Schematic view of the WWR2 and WWRM5 fuel assembilies.
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Figure4-3: A VVRM2 type triple fuel element.

Figure4-4: Crosscut view of the tripe WWHRM2 fuel element.
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4.1.4.3. Zone layout
The structure of the zone is illustratedfigure4-5.
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Figure4-5: The reactor zone map.
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The grid supporting the active zone contains 397 hexagonal cells with a 35 mm pitch, surrounded by a reflect
made of metalberyllium segments. Within the reflector shroud, beryllium elements with the same geometry
as thefuel elements are placed in some cells, which allows for easy replacement of the beryllium elements
subject to the highest burap ( 4x 1&n/cm?integral fastneutron fluxis thelimit at whichthey need to be
replaced).

The beryllium reflectorRigure4-6) consists of 17 interlocking elements. The dimensions of each element were
determined by the nuclear requirements of the reflector, the manufacturing capabilities and their mounting
location.

The reflector elements are divided in such a way that they can be mounted radially on the ends of the channe
extending into the zone basket. Aluminium segments are bolted to the lower plane of each beryllium element
The aluminium segments orient the lydliium in position within the zone basket.

The top plane of the beryllium reflector is sealed by an aluminium ring, which has been modified to create :
large diameter silicon irradiation site. The ring is fixed to the beryllium elements by screws. The ring orient
the reflector to match the inneridmeter of the zonal basket.

The beryllium elements surrounding the cold neutron channel and the tangential channel are in a berylliun
enclosure mounted on the zone tank. Channels for water cooling are formed on the surface of the berylliun
elements. The elements are provided withelds at accessible locations for mounting and gripping.

The beryllium reflector elements must be installed ipaaticular installation sequence.
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Figure4-6: The beryllium reflector around the core.
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4.1.4.6. Vertical channels

The active zone can accommodate 51 vertical irradiation channels. 46 are currently in use. These are:
- 13 irradiation channels

- 1 fast neutron channel

- 5 x (3) water hole channels

- 1 x (3) pieces of tube mail

- 1 x (3) material testing channels

- 2 x (7) Boron filtered irradiation channels

4.1.4.7. Horizontal (Radial) channels

Starting from the centre of the Zon&ifure4-7). ten horizontal channels are arranged radially around the
reactor.These are:

- 3 radial channels (NA 100) I., 1., Il.

- 2 radial channels (NA 100) (fast) IV., V.

- 3 radial channels (NA 60) VI., VII., VIII.

- 1 tangential channel (NA 100) IX.

- 1 cold neutron channel. (Tangential channel NA 100) X.

They continue through the reactor wall and into the heavy concrete biological shielding surrounding the
reactor vessel. Each horizontal channel terminates in a channel lock that rotates along its horizontal axi:
Detailed dimensions are available via tloeec CAD drawing.

11. Channel

S 111, Channel

Figure4-7: Arrangenent of horizontal channels around the core.

4.1.4.8. Reqgulating and Safety Protection (absorbent) rods

The absorber rods are identical in both material and construction to those used before the reconstruction,
which occurred between 1986992, with 17 rods of neutron absorbing material of-80p 1 > Y Yy I { dzN.
carbide pressed to a density of ~1.6 g/can® 25 mm in diameter, about 100 mm longer than the uranium
section of thefuel elements. In this way, at the lower end of the rod the boron carbide charge éstgrcm
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above the uranium charge of tHeel element at the top and bottom (the upper and lower end positions of
the absorbent rods are shown kigure4-8).

The boron carbide is enclosed in an aluminium tube, hermetically sealed by electron beam yweittirey
bayonetlocking head at one end to connect it to the intermediate piece that moves the rod.

The automatic power control rod is identical in construction to the one described above, however steel is use
&4 + ySdziNRPy | 0a2NDBSNI.GKNRPdzZAK2dzi GKS NRBRQ&A RALIl YS

The guide tubes of the safety rods and control rods are filled with water. The individual positions of the contro
and safety rods are shown Figure4-8.

Figured-8: The vertical positions of the control and safety rods.

Table4-2: Grouping and value of control rods before and after modificatiocooé loading#41m.

No 41m. Beginning of Relative
No. 41m. End of cycle 14 cycle 15 uncertainty [%]

Position Rod Ayt Min.1 10 Mw1i Aut.Min.2 10 MW2 Aut.min 10 MW
0 K1 2.808 2.777 2.808 2.808 0.0 1.1
103 K2 2.111 2.146 2.087 2123 1.2 1.1
105/107 K3 1.493 1.573 1.411 1519 5.8 3.5
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205/207 K4 2.511 2.345 2.386 2.262 5.2 3.7
303 K5 2.628 2.451 2.652 2.470 -0.9 -0.8
305/307 K6 1.976 1.845 1.980 1.863 -0.2 -1.0
406 K7 1.170 0.955 1.183 0.977 -1.1 -2.2
507 K8 1.205 0.964 1.213 0.982 -0.7 -1.8
603 K9 2.160 2.124 2.160 2.120 0.0 0.2
605/607 K10 1.698 1.688 1.662 1.681 2.2 0.5
203/503/403 BV 6.907 6.741 6.939 6.827 -0.5 -1.3
(1+2+3)
505 AUT 0.680 0.561 0.689 0.572 -1.3 -2.0
0 K1 2.808 2.777 2.808 2.808 0.0 -1.1
103 K2 2.111 2.146 2.087 2.123 1.2 1.1
105/107 K3 1.493 1.573 1.411 1.519 5.8 3.5
205/207 K4 2.511 2.345 2.386 2.262 5.2 3.7
505 AUT 0.680 0.561 0.689 0.572 -1.3 -2.0

auto. min.1:Cold, nortoxic condition, inner curtai® cm, outer curtain49.90cm
10 MW1:Warm start condition, inner curtair21.20cm, outer curtain60cm
auto. min.2:Cold. nortoxic condition, inner curtaird® cm,outer curtain51.10cm
auto. min.2:Warm start condition, inner curtair22.20cm, outer curtain60 cm

where nontoxic conditions imply that the reactor was not operational for roughly 40 h prior to the experiment,
S0 no significant reactivity effects due to xenon and samarium poisoning are present.

Table4-3: Reactivity data after modification

Date Rod position [cm] Reactivity
reserve [$]

K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 AUT

Nov.29, 188 188 70 70 188 70 70 70 188 70 30 7.68
2022

4.1.5.Composition of materials

To determine the material composition of the fuel elements, the files generated by the KIKO3D
program(Kereszturi et al., 2002re used in the BREKI program, which produces the KIKOBURN.out
inventory file. This contains the data of all the fuel elements included in the campaigns so far.
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4.2. Experiments

4.2.1.Experiment 1: Axial Flux measurement in the fast channel of BRR

4.2.1.1. Introduction

Regular axiaflux experiments are conducted using neutron activation analysis (Setfipat only 3 positions

in the irradiation channels, primarily to characterise the thermal neutron flux over the full 60 cm length of the
fuel elements in a fadlux irradiation channel (number 426 kigure4-5) decided to measure continuous axial
flux for the complete 60 cm length of the fuel elements in a-fast irradiation channelTo squeeze the water

out of the channel would provide better measurement of fast flux component for modelling.

4.2.1.2. Quantity of interest. measurement technique. measurement procedure. Etc

Our primary interest is to develop high quality models for calculation of the neutron flux in the irradiation
channels with the highest possible accuracy. This may give a good validation possibility to high fidelity mode
for power reactors.

Since the measurement circumstances are more complicated in a 10 MW research reactor than in-the low
power teaching reactors, squeezing the water out of the irradiation channel cannot be done with one 60 cnr
long cylindrical sealed container; we had to @semaximum of 20 cm long sealed Al containers to place the
activation wires in them. Furthermore, to sink the container under the water lead weight must be put at the
bottom of it. To be able to remove the containers from the working reactor, proper handk be built on

top of the container, as shown Figure4-9a. Figure4-9b showcases the photo of the three Al frames with the

Fe wires. The weights of the frames and the Fe wires are handwritten. These frames were then placed in seal
Al tubes with 20 cm total length each. The length of the wires was about 16.2 cm. The Blpon)lWires with

a diameter of 0.1 mm were also placed in the Al frames. The Fe wires werpurighiron 99.99% with a
diameter of 0.1 mm.

a) b)
Figure4-9: a) Demonstration sealable tube with handle for irradiation samples on the right. On the left, a lead disk is
shown, which helps to sink the sealable tube in the water. In b), on the right, the Al frames with Fe wires are shown.

The wires' characteristics are summarised able4-4.
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Table4-4: Characteristics of the neutron activation wires.

Mass (g) | dMass| Mass Al Number Number of Rel unc %
0] atoms(b)
atoms(a) 58Fe/Au/cm
54Fe | All
cm
Fel 0.072 0.0003 0.025 2.436E+1€ 1.08%  2.1894E+18 1.08
Fe2 0.0714  0.0003 0.025 2.436E+1€ 1.08%  2.1712E+18 1.08
Fe3 0.0734  0.0003 0.025 2.436E+1€ 1.08%  2.2320E+18 1.08
AlAul 0.0149 0.0003 0.014898 0.02 1.893E+1€ 2.25%  5.0111E+15 2.27
AlAu2 0.0149 0.0003 0.014898 0.02 1.893E+1¢ 2.25%  5.0111E+15 3.01
AlAu3 0.0145 0.0003 0.014498 0.02 1.893E+1€ 2.30%  4.8766E+15 3.01

The irradiation of the three pairs of wires in three containers lasted 58, 60 and 62 minutes for the tubes
numbered 3, 2 and 1, respectively, on tHed November 2025. Of course, the bottom tube, number 1, spent
more time in the fast channel number 4Z6ee Figure4-5). After the activation periods, the tubes were
transferred to the reactor's hot chamber. After a few days' decay period, the wires were taken to the
measurement station.

In the meantime, the acquisition system was set up using the 13% efficient HPGe detector of-teeelow
counting system in the Neutron Guide Hall of the BRR. For scanning the activated wires, a programmakt
moving table has been purchased and configuiegerform automated experiments in conjunction with a
DSA2001 Multi Channel Analyser. Photos of the setup are shawigtire4-10.

i |

Figure4-10: (Left) HPGe detector with lead shielding, moving table with measuring frame, (right) and 10 mm slit in lead
collimator in front of the HPGe.

Using this setup, sixteen gamma spectra were acquired by applying 1 cm steps from the lower end of the wi
in the fast activation channel 426. Altogether 48 gamma spectra were acquired in 1 or 1.5 hours. In additio
to these measurements, calibration expaents were performed witl°Co,**Ba,*Eu and?*Ra sources, and

a long room background spectrum was taken. These spectra were evaluated usinghthese developed
Hypermet PC gamma spectrum fitting softwéFazekas et al., 1997\n example oftte activated and room
background spectra is shownhigure4-11.
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Figure4-11: Example spectra with labelled gam#paaks from the activated wires with the reactions that produced the
emitting daughter isotopes

The evaluations of the peakrea tables were performed in Excel files using VBA macros to automate repetitive
tasks. The measured peak area T carries the infoaman the number ofdaughteratoms created in the
neutron reaction that acted on thparentatoms. In the case of the natural Fe wire, tée(n,pj*Mn and the

8C S 6 §FE reakctions provide sufficiently lofiged daughter nuclei. In case the AlAu(3kn+2) wire, only

the 11 dzd ¥P°Bu reaction yielded measurable activity in our case.

Since the 1 cawide slit in the Pb shielding is not perfect, we must remove it for every measured position to
provide the number of atoms in the measured section arakeithe correction absolute. Of course, it depends

on the measure of activation for each section that we are trying to determine, thus it leads to a set of linear
equations that must be solved. This process is still under development.

Figure4-12 shows some preliminary results of the daughter creation rate without the almoeationed
corrections. The iron wire was broken during the tube opening process on the set of 3 wires; thus, its activit
dropped to 0 above the 54 cm position. The fittingdtian is a cosine with an amplitude, a scaled position and

a shift in its argument. In the fit, only the amplitudes were changed from curve to curve; the other two
parameters were constant with a 3 cm shift to the left, and the maximum became around 27 cm.
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Figure4-12: Daughter creation rate without corrections

Calculations were performed using an MCNP model for the possible changes that must bé-igaa-13
presents the result of efficiencies at several energies, including five shavigure4-12.

The spatial integral of the efficiency provides a better view for the imperfect nature of the Pb slit and the
amount of the needed correction (séégured-13). Before we go to the explanation it is important to note the
presented curve can be mirrored on the Y axes to the negative distances on the horizontal axes. We a
interested in obtaining the detected peak area only in th@.% cm, 0.5 cm) region, butendetect the total

that includes the rest of the length of the wirBurthermore, the activity along the wire length is changing,
which is not known yet. Thus, the solution of the correction for the imperfect slit should involve the solution
of a linear equation system. It should contain the unknown activity of the wirgepidt can be modelled with

1 cm pieces in which we are interested in.
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Figure4-13: Cumulative efficiency vs. distance from the slit centre.

Nevertheless, it is also worthwhile to look the modeglometry, showcased ifrigure4-14, for study of full
energy peak efficiency at different position of the source.

Figure4-14: Particle tracksof 1292 keV gamma rays mideieped from a source at middiop of the white area. The
detector is indarkblue, while the lead shielding is in green, the light blue is air, and the white is vacuum.
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