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1. INTRODUCTION

The aim of the development of fast reactors is to achieve a more sustainable nuclear energy
production on the long term. The deployment of fast reactors would help thadratsitards

a closed nuclear fuel cycle, thus enabling a more efficient utilization of uranium resources as
well as the reduction of nuclear waste. In fast neutron spectrum plutonium could be burnt more
efficiently and the londived minor actinides (Am, N, and Cm) accumulated in light water
reactorsoé spent fuel could be eliminated by
toxicity levels and the lower expected storage time of nuclear waste, thus making its disposal
more feasiblg1].

Gascooled Fast Reactor (GFR) is one of the generation IV nuclear reactor concepts selected by
the Generation IV International Forui@IF) for further analysis and implementati@). The

helium coolanlsc or e outl et temperature is up to 850
the GFR power plant can reach thermal efficiency up td8%8 [3]. The GFR reactor design

has several advantages and disadvantages comparedotbeéhgeneration IV reactors. For
example, the Sodiuroooled Fast Reactor (SFR) has larger thermal inertia due to the sodium
(Na) coolant density and heat capacity, but the fast neutron spectrum is much harder (the
average neutron energy in the core is mhigher) in the case of GFR reactor. The helium
coolant is chemically inert, transparent and the sipbkese gas coolant eliminates the problem

of boiling, but in the case of the SFR the liquid metal is chemically reactive, not transparent
andithasadi | i ng t e mp e inaontrast, ¢he lelium Bodlant hAsGome drawbacks,
such as the high gas pumping power need, the relatively high pressure in the primary circuit
and the difficulty of decay heat removal within loss of coolant accident (LO@#Jittons [4].
Currently, the main challenge is to develop a high temperature and radesgistant fuel
assembly for the GFR core design.

GFRcorehas approximately one order of magnitude higher power density (~100 R\kian

the historical gasooled thermal reactors-E MW/n?) [1]. Because of the big power density

and the lack of the thermal inertia the reliable heat removal from the core is a key issue of the
GFR design.

Before the construction of a larger scale GFR of 2400 MWth, a reactor mostitcaat will
prove the viabilityof the concepf5] [6]. In order to achieve the above goals, construction of
an experimental gas cooled fast reactor of 75 MWth is planned. The design thesmabpo
the ALLEGRO test reactor is 75MMYbut the power density of the core is 92 MV¥/mhich

is high enough to investigate the performance of a GFR reactor.

The development is currently underway within the framework of some national and
international pojects. The ALLEGRQeactomwill demonstrate the viability of the concept and
help to develop the required technologies. The main technical challenges include the fuel
handling machine, decay heamoval heaexchangers, refractory fuel assemblies, meliu
purification technologies, etc.

The aim of tlis PhD dissertation is to give as accurate description as possible of the thermal
processes, that take place in the rector's fuel assembly. | have used two diféthentologies

for this, a3D Compuational Fluid Dynamics (CFD)ode and real physical measurements
applying Particle Image Velocimet(?lV). Both methodologies can provide relevant results
separately, but together we can also confirm their validity.



1.1.The concept of the gas cooled fast reactor
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Figure 1.1 Scheme of gas cooled fast reac{@is

The GFR reactor merges the favourable properties of fast neutron spectrum systems for long
term sustainability of uranium resources and waste minimalizatitin,high thermal cye

efficiency and with the possibility of using the produced heat in industrial processes (e.qg. for
hydrogen production). The outlet temperature
could be suited for connecting it directly to a gas turbinddimg up a highly efficient closed
JouleBrayton cycle.

The GFR2400 is a gasooled fast reactor concept with a thermal capacity of 2400,MW
designed for higiperformance, industriadcale power generation. The reactor core located
within its fabricatedsteel pressure vessel surrounded by the main heat exchangers and decay
heat removal loops (see kig 1.1). The control rod drives located beneath the reactor core to
minimize theirs heat loads. Inside the reactor pressure vessel above the core avenfumlati
handling equipment is situat@gi.

The ALLEGRO demonstration reactor is an essential step in the development of the innovative
gas cooled fast reactor (GFR) technology. The ALLEGRO reactor is a ssallerversion of

the GFR2400 and the first of its kd to be built. In the ALLEGRO design (see Urig1.1)

there will be two main heat exchangers with water coolant on the seconda@Adsldienally,

to the two main heat exchangers there will be a prototype heat exchanger connected to the
reactor in whichthe heat transfer medium will be helium in both sides. This component has the
purpose to investigate the heat transfer performance of the futur@FRheat exchanger
design[5].

In this prototypereactor, the coolant ialsoh e | i um. The helium cool ar
temperatures ar e83®O0AAQC rmespapt it e l8Y.0

During shut down state, the remanent heat of the core will be removed by decay heat removal
heat exchangers. These heat exchangers were placeddagé the core for the reason of
facilitating heat dissipation by natural convectidithough the heat exchangers are able to
remove excess heat from the system even with natural circulation, they also accommodate a
low-power electric pony motor to ent@nthe heat floW4]. The ALLEGRO reactor design is
currently being developed in an EU project called S48G



In line with the plans, the initial core of ALLEGRO is set up with MOX (M@Hide) fuel
assemblies to investigate the performance of the main additional equipment (such as the heat
exchangers and blowers). In a later stage of operation, a number of experimental ceramic fuel
assemblies is planned to be loaded into the core in order tdigateghe effects of irradiation.

The MOX assemblies will work at | ower temper
[10] [11] . These assemblies designed with stainless steel fualimipdnd wire wrapped

helical spacers. This fuel type was investigated in detathin the ESTHAIR progranil?2].

After this starting phase, temperature resistant refractory assemblies will be used in the
demonstration corat similar coolant temperature range as in the GFR concept, which requires
the application of innovative UuC fuel and SiC composite claddifdj [13].

The SiC composite fuel cladding is also untlee scope of recent studies as a candidate of
Accident Tolerant Fuel (ATF) cladding mater[a¥]. This new cladding has an engineered
construction using siliconarbide (SiC) composite, in which the SiC matrix material is
reinforced with flexible SiC fibexin much the same way that steel rebar reinforces concrete.
This creates an extremely hard and durable material that can withstand the harshest reactor
conditions[15].

Some studies investigatedet longterm effects of the high temperature operation of these
claddings SiCf-SiC cladding tube segments and sandwich tubes with inner tantalum layer in
impure helium atmosphere prototypical for GFRs was investigated at normal pressure in the
temperature ange bet ween 9TBedstudy Shovesthdt dutiry Bafyet dpErational
temperatures of 900 0 0 0 A C -SiChcladdisyi n@aferial should withstand letegm
operation with respect to oxidation and corrosion. Despite, at temperature highet hah 1 A C ,
i.e. under accident conditions, volatilization of components would lead to degradation of the
SiC based cladding tubss].

In the ceramic core design of the ALLEGRO reactor, there are 87 ceramic fuel assemblies.
Accordng to preliminary designs the total length of the assembly is 4.2 m. It includes a 600
mm long leg, 250 mm long head, a top and a bottom shiefdusyeflector, and a 1350 mm

long fuel bundle part. Precise geometrical data for the reflector and sbieldments are not
available yet [5] [9]. The active length of the rods is 0.86 m, which is located in the upper part
of the bundleThe refractory assembly consist of 91 fuel rods with a dimeter of 9.1 mm. The
fuel rods are arranged in a triangular |&tath a pitch distance of 11 mm. The crssstional

view of the assembly can be seen in Figu&a. Four honeycomb spacgrid hold the fuel
elements in their positions (FiguteZb). The height of the spacers are 26 mm and the distance
between thensi246 mm.
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Figure 1.2: The crosssectional view of the refractory fuel assemblythe geometry of the
spacergrid (b) and theside view of the assembly (c)

The ALLEGRO reactor has been long under development with EU suippGif [7] and
GOFASTR[17] research programm®uring this time, several projects have addressed the
challenging therral hydraulics of the reactocore The reactor system development started by

the collaboration of Europeane sear ch i nstitutes, uni ver siti e
the near past the demonstrator reactor has been developed by a consortium named V4G4 Centre
of Excellence[18], associating several research organizations amganies from Slovakia,

Czech Republic, France, Poland and Hungary. In the framework of the latest European project
(SafeG[9]), the research programme was relaunched in 20B@.BME NTI is active
participant in tis SafeG progamme. Some of the results presenitedhis PhD thesisare

actively used by th&afeGprogrammeThe results of my PIV measurements are being used

for examplein a benchmark exercise that is currently underjg8y within Safés. Results of

the applied CFD analysis have been used also in the SafeG project.



2. COMPARISON OF DIFFER ENT GAS COOLED REACTOR
CONCEPTS

In the field of gagooled reactors, not the ALLEGRO GFR is the only candidate. There are two
other basic concepts WwiHelium coolantthe fipebble bedand thefiprismatic block design.

The ALLEGRO is designed to meet the technological criteria for the future GFR 24G0 MW
reactor. It is woit to be mentioned that the demonstration reactarentlybeing developed

has anominal power of 75 MW, which fits in the current trend of SMR reactors. If the
technology proves to be mature, an improved version of the ALLEGRO reactor could be
attractive to industrial users as an SMR.

Small Modular Reactors (SMRs) are an emergiagscof nuclear reactors that may provide a
more competitive alternative in many potential mak8MRs typically operate with a rated
capacity of 300 MW or less and are designed as individual modules containing theysadety
component$20].

2.1.Gascooled reactor core with spherical fuels

The first reactor concept is a&o-called pebble bed design The demonstration High
Temperature Ga€ooled Reactor Pebblebed Module (HTRPM) at the Shidaowan site in
Shandong province offina has been connected to the gni@021[21]. The plant features

two small reactors that drive a single 210 MWe turb8team produced by the heat from the
first reactor was used to power the turbifleereactors use grapkitis a moderator and helium

as a coolant, with uranium fuel in the fornrbe® cmdiameter 'pebble&iepends on the design)
Each pebble has an outer layer of graphite and contains some 12,0R¥éoweramiecoated

fuel particles dispersed in a matoxk graphite powde(see in Figure 2.1)The fuel has high
inherent safetgharacteristics andas been shown to remain intact and to continue to contain
radi oactivity at t-efanpigher thanuthe eesperatprestthat waugl b® A C
encounterd even in extreme accident situations, according to the China Nuclear Energy
Association (CNEAJ21].

In recent studies the excellefutel resistance has been reaffirmed. The main advantage of
TRISO fuel particles is theigood retention ability for various radioactivisssion produc.
Experiments have shown that the integrity of the TRISO structure can be maintained at
temper at ur e s [22h 8dthmbove InerlidhddEactor core with thermal neatr
spectrum uses the TRISO fuel.

In the HTRPM design, the reactor core is a loose pebble bed, which contains about 420,000
spherical fuel elements in the equilibrium state. In each fuel pebble, there is an inner zone of
which the diameter is 5 cm, and aumter graphite shell without fuel whose thickness is 5 mm.

In the inner zone approximately 12,000 TRISO type coated fuel particles are dispersed into the
graphite matrix. For each fuel ball the amount of heavy metal is 7 g, with285 enrichment

of 8.5% According to the reactor physics design, the fuel elements will pass through the reactor
core 15 times. The average burnup of the spent fuels will achieve 90 GI28JtU

As shown in Figure 2.2, the HFRM reactor module maly comprises a pebble bed reactor, a
steam generator, a helium circulator and a hot gas duct. The reactor pressure vessel and the
steam generator pressure vessel in-bidside arrangement are connected by the horizontal

hot gas duct pressure vessel stharmingthe primary pressure boundary.

The core is enclosed by the ceramic internals, including the graphite reflectors and the carbon
bricks. In the side reflector, 24 control rod channels and 6 absorber ball channels are drilled in
the inner regionThe cold helium plenum is located under the top reflector.



Carbon bricks, surrounding the graphite reflectors, play the role of thermal insulation of the

core as well as neutron shielding of the metallic internals. All of these ceramic internals are
housed g the reactor core vessel, which is ultimately supported on the reactor pressure vessel
[23].
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Figure 2.2: Thespherical fuel element of HTGR2] and themain components of HFRM
reactor[23]

The main difference between ALLEGRO and HPRI is the core design and the power
density. The European GFR has more than 28 times greater power density value (99.MW/m
The ALLEGRO will contain rod bundle fuel assemasl withoutany moderator material. This

core design goes hand in hand with the fast neutron spectrum and the possibility of a more
efficient fuel cycle. Nevertheless, the disadvantage is the lack of thermal inertia, which appears
in the HTRPM reactor due to the Ige mass of graphite present. Duringastulated_oss of
Coolant Accident (LOCA) a rapid core pressiassandcoolantdensitydecreasean causdie
overheang ofthe core. Thesdesign basiaccident situations have been studied in great detall

by a tem of scientific experts using various computer cqgék[25] [26], in order to ensure

the fulfilment of safety functions even in this situation

2.2 Gascooled reactor coe created with prismatic blocks

The prismatic HTGR concept with hexagogahphite block fuel elements has been used in
prototype and commercial HTGRs in USAn Japana demonstrator eetor namedHigh
Temperature Test Reactor (HTTR3s been proved telviable andoperational in several test
runs during the last two decad@3].

Fuel for the GIMHR is in the form of TRIS@oated particles embedded in a carbonaceous
matrix and then formed into cylindrical fuel compact. Thesmpacts are approximately 13

mm in diameter and 51 mm lorg 26 mm in diameter and 39 mm lomgdifferent designs

They are then inserted, one on top of the other into fuel holes, machined in the hexagonal
graphite fuel elements, 793 mm lomgJapanes HTTR ©r 580 mmon Figure 2.3and 360

mm across sides. An annular core is formed by stacking ten layers of. pRYGK28].
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Similar to the development of the HTTR, JAEA collaborated with the Japanese heavy industries
in completing the basic design of commercial GTHTR300 that combines a 600MWt HTGR and

a direct cycle gas turbine for power generat[@9]. In the technological coupling, an
intermediate heat exchanger (IHX) is connected to the reactor to heat the gas in the secondary
circuit. Thus, an indirect Brayton cycle is implemented. The net generating efficiency is
predicted in the rage of 45 50% bounded by potential values of fuel and key cycle component
performance parametersee in Figure 2.4The use of a gas turbine to harness the thermal
energy produced in the reactor through an indirect heat cycle is a similarity with the&urop
GFR.

Reactor

Recuperator .
s 900 AC process h
R production

IHX (Intermediate Heat Exchanger)
Gas Turbine

‘,;,T: = b.,‘ e

Figure 2.4: JAEA's Larger Commercial Cogeneration System Design: GTHTR300C
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In Table 2.1 key parameters of the different gasled reactor desigrmse shownWe can see

that the ALLEGRO GFR fits welhto the concepts just presented, althotlghdemonstration

unit is not yet operational. The temperature and pressure values are also in the same order of
magnitude, but as can be seen the power density is much higher in the GFR Taactarxt
difference is that the TRISO fuel is typically endded in a graphite matrix, which shifts the
neutron spectrum into the thermal ran@ge fissile material breeding capability of thermal
reactors lags behind that of fast reactariich is a huge drawbacks of this gasled reactor

concepts.

Fast spectum GFR | Pebble bed GR Prismatic GR
Demonstrator unit | ALLEGRO (EU) HTR-PM (China) HTTR (Japan)
Moderator NO Graphite Graphite
Core inlet/outlet 400/800 250/750 385/850
temperature
Limiting fuel 1200 AC 1620 AC 1620 AC
temperature
Mean He Pressure | 7 MPa 7 MPa 4 MPa
Fuel UC-PuC V]@7) uo>
Fuel coating SiCcladding TRISO TRISO
Power density 92 MW/n?’ 3.22 MW/ 2.5 MW/n?
Readiness Under asign In operaton In operatbn

Table 2.1: Main parameters of different gamoled reactor desigr22] [27] [23]

This PhD thesis work deals with the ALLEGRO fast neutron spectrum GFR concept.




3. INVESTIGATION METHOD OLOGY

It was presenteth the previouChapterthat the ALLEGRO reactor has very special thexim
hydraulics conditions.In the field of nuclear energy there are sevpaasibilitiesto model or
simulate therral hydraulics process in fuel assemblieghe easiest and most commonly used
method is computer simulation. Depling on how detailed we want to describe the chosen
problem, we can create coarser systamemodels or if we want to examinprocesses
moredetails we have to limit the investigation domain to a smaller segment of the facility and
a high-resolution 3D CFD (Computational Fluid Dynamics) simulatimodel can be useth

my case, the goal was to describe the fuel assembly as accurately as possible, fohavgch |
developedseveraBD modelsusingthe ANSYS CFX code.

CFD codes can provide fast resufor fluid flow conditions that we would not be able to
measure in realityfhese codes and software packages are generally well validated, but in some
special cases it is necessaryctnfirm the resultsIn the nuclear sector, it is particularly
important to decide to what extent the calculated results cover the real physical prdaesses.

do this, a measurement method with a resolution close to the CFD codes discretisation must be
used. Fortunately, the LDA (Laser Doppler Anemometryand PIV (Particle Image
Velocimetry)measurement techniques allow extremely detailed flow measurementsonr

intrusive mannerAt the BME NTI, we have a PIV measurement system at our disposal, with
which it was possible to perform such validation measuremientse nex two subsections,

these two investigation methodologigdl be presented

3.1.Computational Fluid Dynamic approach

The Computational Fluid Dynamics (CFD) summarises all the methodologies, for the
numerical calculation of flow and related transport procg$se, mass)herefore CFD said

to be an interdisciplinary scigfic method In this subsection | will give a very broad outline

of how CFD calculations are done. As this discipline is very complex and diverse, any more
insight would unnecessarily fileveral long chapters.

Practitioners of the discipline simulate flows in complex geometries with a precision that flow
experiments would not be able to reprodugaother advantage over the experimental method
is that there is no need to design expemsind timeconsuming experiments. A modern office
computer is nowadays sufficient to carry out npst andpostprocessinglements oa CFD

study In the case my researapersonal computer with 32Gb RAMemory and with a AMD
Ryzen 7 2700 EighCore pocessor was sufficient to compile the CFD models.

Nowadays, the results produced by a carefully designed CFD simulation are considered to be
equivalent to actual physical measurements. The primary reasons for this have been the
dramatic increase in the mputational speed of computers and the development of widely
validated universal CFD codesBut | should mention that in the case of new a physical
phenomenon, complex geometries, special media or topics of high safety relevance, it is
particularly appropate to verify and validate simulation models and methods, which require
experimental results at a resolution comparable to that of the CFD method.



Most CFD codes use the Finite Volume Method (FVM). The method consists in decomposing
the part of spacédomain) under study into a finite number of cells of finite sizes. These cells
form a secalled meshwhen creating a mestistinction is mad&etween surface and volume
elements

The ANSYS CFX mesh generator prefers the following discretization elemeigsgle and
quadrilateral elements cover the surfaces, while in the inner regions tetrahedron, hexahedron,
pyramid or prism type of elements are usually udég.most detailed CFD modelsee in
Chapter 6) consisted of more than I8illion elements, fliy utilizing the capabilities of the
aforementioned personal computer.

For the resulting cells, the codes iteratively solve the key conservation equations of
hydrodynamics (heat, mass, and momentuligrative computations are very resource
intensive sosimulations are often performed anhighperformance cluster computérhe

cluster computer owned by tBME NTI is able to perform theimulatiors ona Rock Cluster

build up from 8 server machines (type: HP DL360 GENrag servers have Intel(R) Xeon(R)

CPU E52690 v4 @ 2.60GHz type processors that can run on 56 threads parallel. Each server
has 256GB RAM memory.Even with such resources, it can take several days or even weeks
to complete the calculations.

Most of thereallife applications are basewh turbulent flows,for which special turbulence
models are applied i@FD simulations. These turbulence models are simplified constitutive
equations that predict the statistical evolution of turbulent flevihout these models, steady
state calculationsvould also be very time consuming. However, it should be noted that
turbulence models are not universal, but rather proisieecific. Their uncertainties should be
considered by minimurm a sensitivity studyin my research, | used several turbulence efmd
which are described in the respective chapters. Thediuamged simulations were mostly
computed with KJ,-¥ kK SST and B-Sress Ralgls) wHiledtke tirtependent
transient calculations used the SAST model in many cases. The applicatese based on

the many years of experience of NTI and Best Practice Guidelines used in the nuclear industry
[30].
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3.2 Particle Image Velocimetry approach

Particle Image Velocimetry (PIMp an optical measurement technique the norinvasive
analysis of flowswhich has been under development since the 1880s By the end of the
1990s, the technique was becoming more widespread in basic research and industrial
applications, partly due to thieplacement of photographic image capture by the possibility of
video recording and the proliferation of electronic and then digital cameras.

At the same time, the necessary computing facilities were developing at a rapid pace, enabling
the capture of lgre quantities of digital images and their increasingly rapid processing and
analysis. An important element of optical metrology is the illuminating light source, and as the
size of lasers has decreased and their parameters have improved, PIV systenesdraee b
increasingly applicable to a wider range of applications.

The PIV measurement technique is based on recording the displacement of the tracer particles
mixed with the flowing medium and moving with it, and inferring the velocity distribution in

the flow. The flowing medium can be gas, water or other optically transparent materials.
Optimally, the tracer particle should have a similar density as the flowing medium, and its size
and shape should ensure good flow tracking and good reflectivity. Pantiokesg with the

flow are illuminated at two successive time instants, the light scattered by the particles is
recorded (i.e. photographed), and the direction and extent of movement of the identical particles
identified in the two images is determined. Usippropriate mathematical procedures, this
grain identification can be solved and, knowing the time elapsed between the two images, the
flow velocity can be determined. With proper calibration, the true physical content of the image
displacement, i.e. thaixel-to-metre conversion, can be determined, and the physical velocity
can be calculated. Depending on the measurement setup, a distinction is made between two
dimensional and thredgimensional stereo PIV measurements. The latter requires at least two
image recording cameras.

Light sheet optics Mirror

Pulsed
laser

Laser light sheet

e
o

o

lluminated
Flow with particles
__tracer particles

* First light pulseat ¢,  — —__ .
e Second light pulse at 7,+As @,77\-«»,__

Imaging optics - L
Flow direction

Figure 2.3 Experimental arrangement for planar 2D PIV in a wind tuf8il

The measurement system which was used during the elaboration of this PhD thesis is
described in the Chapter 7.1.
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4. DETAILED THERMAL MODELLING OF THE ALLEGRO
CERAMIC ASSEMBLY

In thisChaptey | will discuss my first complex CFD fuel assembly models and the results they
achievedThe models progressively investigate the effects of more and more components and
physical processe#t the end of this sensitivity analysis, | have defined the most relevant
modelling criteria. The position of the assembly hotspots was also revealed. Conservative
models show that the hot spots approach or fall within the operating limits. This probéyn ni

set the research direction for the theSiee results presented here relatentofirst and second

thesis pointandwerepublished in the following articld82] [33] [4].

4.1 Geometry of the refractory ceramic fuel assemblyor CFD
modelling

As | have describeth Chapterl, in the ceramic core design of the ALLEGRO reactor, there

are 87 ceramic fuel assemblies. The plantreds sectiomf the fuel assemblies sghown in
Figure4.l/a. The active length of the rods is 0.86 m, which is located in the upper part of the
bundle. Four honeycomb type spacer grids will hold the rods in their positions within the active
length. The individual rods are clamped with thredeaf springs in every spacer (Figute).

The spacers are 26 mm high and the axial distance between them is 240 mm. The first spacer
is located 48 mm from the beginning of the active part of the fuel (Figi®.IThe assemblies

have hexagonal shroudsade of SiC. The coolant pressure is about 7 MPa and the core inlet
temperatuf34. is 400 AC

Clad outer

P~ surface

Assembly Symmetry

=11

a) b)

Figure4.1: ALLEGRO ceramic assemlBj and the geometry of the bare rod bundle models
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4.2 Mesh sensitivity study for the active rod length assembly with
spacers

Before investigatinghe fulklength assembly with spacer gridd)ad to understand the flow
distribution in the bare rod bundI®ly first step was to create a simplified bare rod bundle
model . I n this CFD analysis a 60A section
described, which is marked with orange in Figdi¥a, whereas the flow domain boundaries

are marked with the red triangla.order to generate appropriate inlet flow boundary conditions

for thefull length assembljmo d el , a short 6Gdlé wasepplied. theaxiali mp | |
length of the geometry formed was 4.55 mm, which is equal to the radius of theordbe

lateral plane surfaces symmetry boundary condition is definegliplemooth wall condition

is given for the walls of the rods (Figu@/a). In all models the upper and lower surfaces are
connected with periodic box boundaries. With this method a fully developed turbulent flow can

be modelled, which is independent of thelifection. Mass flow rate is specified according to

the crosssectional average mass flux of the assembly. The mass flow of the assembly is 0.415
kg/s. The inlet velocity profile model is adiabatic, and uses the helium material properties at
constant t e mp Bhe mdshusensitivity studf thedinvestigatn is not presented

here but can baundin atticle [33] and in the appendix under Chapter. Al

4.2.1.Geometry

In the next step model for a esi&xth segment of the fuel assembly active part has been
developed (see Figurk3). Utilizing the symmetry of geometry, we have created a simplified
assembly model. The cressctional geometry is identical to the bare rod bundle model.
Modelled area can be see in Figdtg&/a. The model includes four honeycomb spacers with
the distance 0246 mm between them (Figude?). It is important to note here, that due to the
pattern of the spacer spring, the lower right and left corners of the model are slightly different.
In the right corner there is a leaf spring, while in the other it is mis3ihg CFD model
geometry is longer than the 860 mm active part by 2x62 mm. This is the result of a mesh
generation method, that avoids the use of interfaces. The first spacer is 110 mm far from the
inlet surface. Further geometrical data can be seen umeHdg3.

Missing leaf spring

Figure 4.2: Geometry of the honeycomb type spacer
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4.2.2.The effect of structural elements

To investigate the temperature distributions of the assembly, detailed models have been created.
The models have been extended step by step to ex#meiregfect of the structural elements

and the physical process of heat radiation. The OS2 model served as basis for these
investigations. The detailed parameters of the models can be seen in Ta\kest.resolution

at the outlet of the most complete nebts in Figure 4.4.

Velocity w
INLET
. 30.4

23.8

0 0.100 0.200 (m)
—
0.050 0.150

Figure 4.3: The structure of the active length models

4.2.2.1. Model OS2

The OS2model (OneSixth model with mesh density M#gscribes only the fluid domain of
the assembly. Thmesh density has been chosen in order to reach consequéstwih taking
into account the heat radiati@gee inN33] and Chapter A2 in the appenfliXhe number of the
element of the fluid domains in the sensitivity study were22; 117, and 182 million.

At the lower surfacesfohe model inlet boundary condition was given (Figh® and velocity,
turbulent kinetic energy and turbulent kinetic energy dissipation distributions were defined. The
velocity scale in Figure4.3 is referring to the inlet boundary condition axial ey
distribution. These distributions were determined with the bare rod bundle modéts[@FP.

On the upper surfaces outlet boundary condition was defined with O Pa relative pressure. The
reference pressure equals to finessure of the nominal conditions (7 MPa). In this phase of

the assembly development, each of the rods has the same thermal power. Rod outer surface
( &d®) heat flux depending on the heidB} was specified with a quadratiolgnomial.

n P8 GPTZA PREOEPTMZAO OGP UL BP T WA (4.1)

The temperature of the coolant at the pinlet
=5195 [J / kgK]) is considered to be practically consbetween 1 and 100 bar and from room
temperature to 1000K. Temperature dependent material properties of Helium were specified
with polynomials. Validity range of the polynomials are: pressures from 1 to 100 bar and
temperatures from room Temperaturetowa 1800 K[35] .
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' KOFEMZY pPpWEPT2Y pPwopT 2°Y p@ QW (4.2

A Buaepm 2°Y v wrzp T z2°Y pRCXPpT Y UBlQEFRT Z
Y g8 ¢cepm 0AO (4.3)
_ XELvTETM 2°Y 1®OoFEMT Z2°Y pR wEPMT 2Y 1goPeTm 2
Youpuvgrmn 7H 4+ (4.4)

4.2.2.2. Model OS2_CA

The model OS2_CA (On8ixth with Clad and Assembly shroud) includes the 1.08 mm thick
SiC rod claddings (5 radial and 860 axial layer) and 1.65 mm thick SiC assembly shroud (5
radial and 860 axial layer) with the axial length of 0.86 m. The 1.07 mm thick SiC shroud of
the assembly is also modelled in this case (5 radial and 860 axial)lalesshroud is
connected to the fluid domain by an interface and the heat transfer is also considered. The outer
surface of the shroud is adiabatic walhe solid elements were meshed with hexahedral
elementsThe resolution is adjusted to the resolatad the fluid mesh. The BPG recommends
that the ratio of mesh density variation alohg interfaces should not kerger than 1:330].

Using this principle, all model parngeredescribed with hexagonal elements (clad, agbgm
shroud, gas gap and flleBased on experience, the resolution shown here is conservatively
detailed and therefore rfarther mesh independence analysis was perforrdadboundary
condition, the surface heat flux @' is specified on the rods' inneurface. The axial
distribution of the heat flux is described with a quadratic polynomi@).(

n PP TZPTMZWN PHPTZPTZW T8 pXp T wih (4.6)

The physical process of thermal conduction in the clad and slisoaldo considered. The

density of the SiC was considered as constant, 260G kgha temperature dependent material
properties were given with polynomials. The polynomials based on measurements performed
for temperatures varyilslg bet ween 20 AC and 8

_ 0® WL PXTTY XE CP@m 2zY @ Fpn’Y wLvgH + (47)
0 n COMEFE Y pRp@Epm z’Y px pmn’'Y p8& mpdCH+ (4.8)
4.2.2.3. Model OS2 _CMPL

The model OS2_CMPL (Or8ixth CoMPLete) included the gas gap of the fuel rods (~5.3
million additional elements for modelling the gap with 5 radial and 860 axial layers) and the
(PuU)C fuel elements (simplified to 0.86 m long continuous cylinders ) ~4.7 million additional
element(11 radial and 860 axial layer) for modelling the fissionable material. The fuel pellets
and the gas gap were meshed also with hexahedral elements. The fuel pin active length is 860
mm, fuel pellet diameter is 6.64 mm and the gap between the fuel pealietseacladding is
0.15 mm. This model contains 92.15 million elementsthis model the heat generation was
taken into consideration as volumetric heat generation within the volume of the fuel pellets
(4.9)[3].

n PE MUP M2 PRPXP TMZ W CH TP T wia (4.9)
The gas gap was considered as a solid heat conducting medium (the convection of the filling
gas was neglected), with the temperature dependent material properties ofirngegéf
(helium at 10 bar pressure). The densities of the helium in the gap and the (U,Pu)C fuel are
C 0 n s tudoktl,641 kg/m, u.guc=10880 kg/m) [35]. The porosity of the fuel is taken into

account (20%). Thethermadan duct i vity values are reliable
<Tk< 2 3 0 QI0]AC
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6N RO TXO+ (PZpT 2°Y p&CYOPT"Y p® wLPGTHTS ¢ &
(4.11)
4.2.2.4. Model OS2 _CMPL,DT,MC

The model 0S2_CMPL_DT,MC is the most detailed model, which takes into account the heat
radiation in the gas gap and between theruddouter surfaces. lthe active length rod bundle
model with thermal radiation in the helium coolant flow domain Discrete Transfer Model
(DTM) method is used with ray numbers decreased from the default §36) #37]. This
reduction was necessary to gain results of the simulations with the enormously large number of
elements. In the theory of this method the radiation leaving the surface element in some range
of angles can be concentrated into a single ray. The rhg peg¢ calculated and stored during

the calculation. Rays are fired from the surface elements at discrete values of the polar and
azimuthal angles. Each ray is then traced to calculate the interaction with volumetric and surface
cells. The heat radiation the gas gap is described with the Monte Carlo (MC) method, because
with MC method the heat radiation can be modelled also in the heat conducting solid media
[37]. In the Monte Carlo model, the radiation intensity is calculited the differential angular

flux of photons The uniformity of the distribution of thermal radiation depends strongly on the
size of the photon library and less on the domain discretization. | varied the size of the library
from 1074 to 10"9 with a settizity gradient in four steps. | found thatliarary size of 108
allowssufficiently detailed thermal radiation modelling.

I n this case it is necessary to define the
fuel element surfaces. This emissivity factor for SiC is 0.8 and fetjRus 0.4210]. Helium

is assumed in both models a transparent media therefore the heat radiation does not heat up
the helium gas directly. Mesh resolutions and further conditions are identical with those
previously describefB88].

Number of elements 0S2| OS2 CA| 0S2 CMPL | OS2 CMPL_DT,MC
Coolant do_n_1ain (hybrid) 76 76 76 76
[million]
Cladding (hexahedral with 5
radial and 860 axial layer) - 53 5.3 5.3
[million]

Assembly shroud (hexahedral
with 5 radial and 860 axial - 0.85 0.85 0.85
layer) [million]

Gas gap (hexahedral vth 5

radial and 860 axial layer) - - 5.3 5.3
[million]
Fuel (hexahedral with 11
radial and 860 axial layer) - - 4.7 4.7
[million]
Heat radiation - - - +
SUMM [million] 76 82.15 92.15 92.15

Table 4.1: The properties of different meshes
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Figure 4.4: Mesh resolutiorat the outlet and the compositiohthe OS2_CMPL model
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4.2.3.The results of the models

;%T g?rature OS 2

1386

pooed
0000

= o

OS2 CMPL DT,MC

Figure 4.5: Crosssectional temperature distribution at the axial position 619 mm
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Figure 4.6: Temperature distributions along Linel (left) and Lir{gght) (Line position in
Figure 4.5) at the altitude of faxfuel
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In Figures4.5-4.6 we can see the temperature distribution at the altitude of the maximal fuel
temperature. The effect of the heat conduction of the structural elements is decreasing the
temperatures of the claddings. There are lower temperature regions beside the assembly shroud
and the central inactive rod. The lower temperature edge subchannel region is caused by the
higher mass flow rates (Figudeb). Considering the heat radiationtire fuel gap it reduces the

fuel temperature. In Figuke6it can be seen that the heat radiation transports further heat from
the corner rod cladding so the maximum temperature is lower in 0OS2_CMPL_DT,MC (Table
42) . The assembl ydouldowar ftacsmmp dredhtawrees <walsr a 0
the models with heat radiation the shroud has a higher tempeiteireompared our model

results with our smaller CR2_CMPL_DT,MC model, which at the same time has a finer mesh.
This model describes theht corner subchannels only. The detailed description and the results

of this model can be find in artic|@4]. The CR2_CMPL_DT,MC was taking into account the

heat conduction and heat radiation in the similar way asisncthrent thesisThe results
presented in Figuré.6 show good agreement between the models of one sixth model
(0S2_CMPL_DT,MC) and the smaller corner model (CR2_CMPL_DT,MC). The lower fuel
temperatures of the model CR2_CMPL_DT,MC along the Linel isedabyg the smaller
modelled region which cannot take into account the global effects of the inner region of the
assembly. Ignoring heat radiation can be considered as a conservative estimation.

Model Cool antCl addi nGas ga Fuel [
0S2 1465.2 - - -
0S2_CA 11354 1281.9 - -
0S2_CMPL 1075.7 1171.1 1350.4 1422.2
0S2_CMPL_DT,MC 1066.6 1152.8 1323.2 1405.2

Table4.2: Maximum temperatures calculated by different models
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0S2_Right 0S2_CA Right ——0S2_CMPL_Right
——0S2_CMPL_DT,MC_Right —— SPACER

Figure4.7: Fuel pin outer surface temperature distributions intigét corner along a
monitor line (line position marked by black star)

In Figure4.7 we can observe the significance of modelling the structural elements and the heat
radiation in the conditions of a high temperature gasled reactor. The evaluatiomd is

located in the outer surface of the rigide corner clad. Without the detailed modelling of the
assembly structure and heat transfer processes, the temperature values are highly overestimated
(the exact values are indicated in Tahl8). The OS2model gives the highest temperature
values, and the most sophisticated OS2_CMPL_DT,MC gives the lowest ones.
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Maximum cladding outer | OS2 | OS2 CA | OS2 CMPL | OS2 _CMPL_DT,MC

temperature in the Right
corner [ A 1271.3| 1039.4 1001.9 981.8

Table4.3: Maximumclad outer surface temperatures in the Right corner

The ceramic assembly has a slight asymmetric temperature distribution, caused by the
asymmetry of the spacers. The higher temperature values are located at the right corner (Figure
4.8). In the right camer of the assembly, at every spacer a leaf spring (highlighted in Figure
4.2) is blocking the flow, therefore the flow cross section is narrower than in the left corner
subchannel. Due to the lack of the spring in the left side, the cladding surfaceatemgse

nearby the spacers are lower.

1 000
900
200 /
600
500 /

400
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80

Axial length [m]

¥

Temperature [AC]

——0S2_CMPL_DT,MC_Left ~——0S2_CMPL_DT,MC_Right = ——SPACER

Figure 4.8: Temperature distribution in the Left and Right rod corner surface along a monitor
line (line position marked by black star)
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Figure 4.9: Comparison of the centreline temperature distributions ofdlezhents in the
different rod positions
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The highest fuel temperatures are located in the inner region of the assembly. The temperature
of the uranium centreline is similar in the first half of the axial length in the different rod
positions (See in Figaerd.9). The fuel rods in the assembly edge give the lowest values. The
effect of the spacers is well observable in the temperature distributions.

The fuel elements release approximately 6.1 % of their power through the radiation in the gas
gap. The averagradiative heat flux, which leave the outer surface of the rod cladding is 1.3 %
of the total wall heat flux. In the different subchannel positions this value deviate. In the Table
4.4 we can see the radiative and total wall heat flux values in theafiffsubchannel types.

The heat transport trough radiation is more significant in the edge and corner subchannels, than
in the inner subchannels. In these subchannels high temperature fuel pin cladding faces to the
assembly shroud. The highest radiativet flga is in the left corner subchannel.

Inner Edge Corner Corner
Right Left
Average total wall heat flux [W/n¥] 482 456/ 510 051| 395369 394 890
Average wall radiative heat flux [W/n¥] 3447 20789 36 970 38374
Ratio [%] 0.71%| 4.08% 9.35% 9.72%
Table 4.4. Average outer cladding surface heat flux in subchannels
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Figure 4.10: Heat transfer coefficient along the active rod bundle
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The axial changes of the average Heat Transfer Coefficients (HTC) are calculated from the
crosssectionalmass flowaverage temperature and heat flux values (Figur®. Local heat

transfer oefficientswere calculated as follows:
"0°Yo (4.5)

where:
"0"Y6 1 local heat transfer coefficient [WAK],

nc i average wall heat flux [W/fh,
Y T wall temperature at the given altitude [K]
'Y T buk temperature of the coolant at the given altitude [K]

In the heat transfer coefficients of all models, peaks can be seen at every spacer. The peaks are
caused by the increased flow velocity and the intensified coolant mixing. Heat transfer
coefficient dstributions in case of 0S2_CA and OS2_CMPL models are nearly identical. The
conjugate heat transfer values are the highest in the models with thermal radiation, because of
the lower clad outer surface temperatures. In Figut@heat transfer coefficies calculated

from the CFD results are compared to the value calculated with Rehme heat transfer correlation
(4.6) [39].

The value of this empiric correlation based average HTC is 2355KVFhe CFD calculated
length averageddTC values are significantly higher than, the ones given by the Rehme
correlation. The biggest difference occurs in the case of the most complex
0S2_CMPL_MC_DT model and its more than 13% (Tdb: Near the spacers the numerical
values differ from thecorrelation result with more than 20% due to their effects presented
above.The CFD calculated values are close to the values provided by the empiric correlation.

0,1688 0.2122
2 5 2 -04

Nu=0.02087 (r&™™ 0:135@/ s P oo ae—%“g’ [F; 1 C'gaT" 8
p = i -

G (4.6)
Where: Tout T the average temperature at the outlet [K]
Tin T the average temperature at the inlet [K]
P T Pitch distance [mm]
D i Diameter of the rod [mm]

OS2 | 0S2_CA| 0S2_CMPL | 0S2_CMPL_MC_DT

Average HTC from CFD

WIMZK] 2570 | 2612 2616 2 662
leference[(;or]om Rehme 9.13% | 10.93% 11.10% 13.04%

Table4.5. The difference between the CFD and Rehme correlation calculated average heat
transfer coefficient values
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4.3 Conclusionsof Chapter 4

In this Chapter my investigations werpresentedor the active part of the ALLEGRO ceramic

fuel bundle. Bare rodundle simulations were performed in order to create accurate inlet
boundary conditions for a mor esixthsegnentbfé¢ghd 60 A
rod bundle active length, a mesh sensitivity study was rbatd@ot presented in this thesis

book. The active length models contained the spacer grids and considered the effects of the
structural elements (heat conduction in the assembly shroud, fuel rod cladding, gas gap in the
fuel elements) with increasing details. Using the CFD models the $enasy of the core was
investigated. From the results of the simulations, the flow and the thermal conditions in the
corner region were evaluated detail Because of the high temperature values, tbat
radiation was also described. Craestional temerature distributions and profiles showed that

the assembly has a slight asymmetry caused by the asymmetric location of the springs of the
spacers. The assembly shows a strongly inhomogeneous coolant temperature distribution. The
unbalanced temperaturelis can be smoothed using mixing vanes on the spacers.

The fuel temperature maximum can be observed in the inner rods. More detailed models gave
smaller temperature maximums. Modelling the radiative heat transfer increased the accuracy of
the calculationsThe effect of the heat radiation is more important in the corner region, where
high temperature rod in the corner position faces the significantly colder assembly shroud. The
heat radiation in the fuel gap further decreases the fuel temperature maxgnaonmg heat
radiation can be considered as a conservative estimation in the further investigations, because
of the high computational needs of the heat radiation. To increase the reliability of the results
for gas cooled reactors, very accurate and @etailalidation of CFD models based on
experimental datevill be presented in the negthapter
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5. SIMULATIONS FOR VALIDATION ON THE L -STAR
EXPERIMENTAL GAS COOLED SYSTEM

In this Chapterexperimental results of the 8TAR gascooled experimental facility witmy

CFD model calculations will be compared. This way | had the opportunity to compare the CFD
calculation methodology with actual measurement results. Design of the facility allows using
various values of heating power and fluid mass flow rates dependithe chosen scenario.

The purpose of this study of thidhapteris to create CFD models for theSTAR facility,

which are capable of reproducing the results of reference measurements. The other aim is to
find an applicable turbulence model for the GidRevant cases. The results presented here
validate the thermal radiation modelling methodology. They are related to the first two thesis
points and are published in the following arti[38].

5.1.TheL-STAR facility

Within the FP7 European projects GoFastR and THINS an experimental facility named L
STAR (Fig.5.1-5.2) was built in Karlsruhe Institute of Technology (KIT) to study turbulent
flow behaviour and its heat transfer enhancement characteristicsdioajas annular chmnels

under a wide range of conditiof@0] [41] [34] [42]. The L-STAR loop allows examining of
laminar flows too. Its test section is a hexagonal channel, which contains a cylindrical heated
rod. Particularly air was used as working fluidt bla and CQ also could be an option. The
heating power of the rod as well as the mass flux through the test section can be adjusted.

The closed gas | oop was designed to reach a
operating absolute pressure of 0/Pa[41]. The test runs were performed in the range of
Reynolds numbers from 8000 to Q@0 (see Table 2). Under operational conditions the
Reynolds numbers in the ALLEGRO ceramic fuel assemblies are aro@p 1thereforehe

tests perfectlguitto investigate the turbulent heat transfer in the ALLEGRO GFR rod bundle.

The test facility was scaled and designed to describe a complete subchannel around a single
GFR fuel rod.

The test section has aflow cress ¢ t i 0o nn® &nd ifs tolllemgth is 3246 mm between
the inlet and outlet geodetic heights. The electrically heated rod has an outer diameter of D
34.55 mm. Figre 5.2 shows a 3D schematic view of the heater assembly. The innermost part
of the heater cartridges filled with compressed MgO powder used as insulator. It has been
followed by a the NiCr8020 resistive material layer (coiled in a spifé. heater coils are
fixed to ceramic filler, used to fill up the gap between the ceramic support and thesheliter
The outermost layer is the cladding shell, which is made of stainless steel.

Central Filling Central Filling Surface
Compressed MgO Compressed MgO structure
®20 mm ®20 mm

Resistance
Wires + Ceramic filler Ceramic Support

Ceramic Support
@27.7 mm »25 mm

®25 mm

Cladding Shell
1.4404
@34.6 mm

Heater Shell w/TC Resistance
1.4571 Wires
®31.7 mm ®27.7 mm

Surface

®40.6

Heater Shell w/TC
1.4571
®31.7 mm

Cladding
Shell 1.4404
©34.6 mm

Figure5.1: Schematic representation of the heater rod assembly in8BAR facility{41]
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The internal heating cartridge has a total largjt2720 mm, of which approximately 2500 mm

is heated. The cartridge consists of six individual heaters and has a maximal total power of 24
kW N It @sftains six individual heating elements, each 407 mm long. Between the heating
elements there are XOm gaps, as shown in kigg5.2/b.

Point Zero

12

327 mm

98

- 174

P76.1

208 mm

273

100

410

PointZero

100

641

3668 mm
3398 mm
3246 mm
Heater Cladding 3780 mm

Heater Rod 2720 mm

Testsection, 3.4 m high

1524

Compressor

’
(A
85
850 mm

a) b)

o
=

Figure 5.2:a) Geometry of the-STAR loop b) detailed structure of the test section (heaters
marked with red)41]

The purpose dhis part of thestudy is to develop a CFD model foeth-STAR facility that is
capable of reproducing the results of reference measurements. With these model results it
becomes possible to validate our CFD models to be applied for the calculation of the
ALLEGRO fuel assemblies.
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5.2.Structural elementsensitivity study

Adiabatic wall
(grey)
o
&
t‘}[/,)
L OUTLET
Spacers between Pressure
Heaters
4

Heaters (red)

Wall with
Adiabatic wall

specified heat loss
(cyan blue) \
(grey)
Interface \ /

) o NLET

) Mass flow

Fig. 5.3: The geometry of the complete<STAR CFD model

The model development for the simulation eSTAR experiments can be divided into well
distinguishable stages. The early models described only the fluid domain so heat conduction in
the sold materials was not simulated. Three meshes with different resolutions have been created
for the LSTAR geometry. The proper mesh resolution was ch$38h and the mesh
description can be find in the appendix Chapter A3

In order to increase the accuracy of the model results, it is necessary to describe the thermal
conduction in solid elements and the physical process of the thermal radiation. The model with
M2 mesh was developed in 3 further steps in order to show thesedfébe structural elements

on the simulation results (geometry information for these model developments afdXfhm
Initially, the L-STAR model was completed with the compression shell (model 11_M2), which

is made of stailess steel. In the model II_M2 wall heat flux boundary condition was prescribed

in the inner side of the cladding shell. The heat flux was calculated in an analogous manner as
in the previouhapter

In the next step the model was extended with the hehtdl, heating elements and filling.
Some of the structural elements were simplified based on recommendations-8dWR_
benchmark organiser3.he geometry of the complete RTAR CFD model can be seen in
Figure 53. The heater shell is made of stainlet=el. Since the material properties of this steel
differ only slightly from the ones of the compression shell, the same material properties are
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used for this structural element. The heating parts have a complex internal structure thus they
are simplifiedto an annular tube with volumetric heat generat®oa).

As it is described i€hapter5.1the heated rod contains six individual heating elements, which
are Lueate=407 mm long with 10 mm gaps between them. As boundary condition for this model,
the suface heat flux corresponding to the heat output of these heaters is given on the outer
surface of the rod (5.1).

nexe —7T, z$ Z A (5.1)

Where A is the surface heat flux on the outer heated surface of the cladding shell
% [m]) in W/m?and 0 s the heating power of the Gtar system in W.

The heat loss to the environment is taken into account. During the test runs a heat imbalance
have been observed (5.2). The amount of the heat loss to the environment was calculated from
the difference bgveen the intake of the heater power and the heat transferred by the cooling
gas at the end of the test loop.

0 0 a ® Y Y (5.2)
Where 0 is the amount of heatansferred to the environment in W, is the
measured mass flow of the gas coolant in k@/s, is the specific heat capacity at constant
pressure [J/kgKT)Y and”Y are the measured temperature of the air in thetoanid inlet of
the test section in AC. Exact anice|]38.es and t he

As a boundary condition, a negative surface heat flaz s [W/m?], corresponding to
this amount bheat losses) was prescribed for the hexagonal walls (
[m?]) of the test section (3) (Fige5.3).

Neeee 0 70 (5.3)

At the outlet relative pressure of 0 Pa was added as boundary condition. In the inlet boundary
the mass flow rate, inlet temperature and a turbulence intensity of 5% was prescribed. The walls
were considered as smooth walls withship boundary codition.

In these early calculationsthe SS¥k t ur bul ence model wastataised t
turbulent flow. The default turbulent Prandtl number=Rr9 was used in the simulations.

The heater part was named as Heater wires spiral in theeFigl. These parts consist of
resistance spirals in cerarembedded material. The central part of the heaters consists of
mainly compressed MgO ceramia. the absence of precise temperatlependent material
properties, simplified properties for these threacitral elements are given according to the
basis of recommendations of3TAR benchmark (see in Figure 5.4).

n —7 z, z« (5.4)
The volumetric heat generation rate of the of one heater part ( [W/m3]) was
calculated asy4), where$ and$ are the diameter of

the simplified heater part in.m
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Figure 54: Simplified and homogenised sttuie of the heater rof41]

All structural elements areesolvedwith block-structured hexahedral meshes. They are
connected with interfaces. Thus, the third model (111_M2) considers all of the internal elements.

The final malel (Ill_M2_R) takes into account also the heat radiation using the DTRM
(Discrete Transfer Radiation Model) radiation modéle main assumption of the DTRM is

that the radiation leaving the surface element in a certain range of solid angles can be
approxmated by a single rayl.he ray paths are calculated and stored prior to the fluid flow
calculationas is described in the previoDbapte(4.2.2.4)The emi ssi vity (0)
shroud is 0.25 and it is 0.6 for the slightly oxidized compressielh shthe heatef41].

In Figure5.5 the influence of describing the internal structural elements can be seen. In the case
of |_M2 the fluid domain is modelled only therefore the wall temperatures are enormously
overestimatedlhe more complex models give results closer to the reference measurement data.
The Ill_M2_R model provides best fitting results, therefore we can state that modelling the heat
radiation in a gas cooled system is highly important in simulation of heatdrafhe higher

rod surface temperature values in previous simulations (Matulik et[43]) were the
consequences of neglecting the structures inside the shells and heat losses of the device. The
line named Matulik 1 is a ra of a CFD simulation, where only the fluid domain was
described. In the case of Matulik 2 the compression shell and the heat conduction in the shell
was modelled. In these two cases the heat losses to the environment were not simulated,
therefore the rd surface temperatures weareer predicted For these reasons modelling of the
interior structures the heat losses and heat radiation is recommended in order to reach accurate
results.
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Fig.5.5: Comparison of SHX-01 measurement data and calculatiosuks with different
model complexity for outer rod surface temperature

5.3 Resultsof simulations of different testcases

In this section the results of simulations with 1ll_M2_R model are presented and compared to
temperature distributions measured e8TAR. Measurement results for five cases of different

heater outputs and gas mass flows were available for model valipitjomhe key parameters

of the reference measuremeraee presented in my articl¢38]. The total temperature
uncertainty of the thermocouples of the heated rod is 1.57 K in each axial position. Based on
our sensitivity studies the structural elements and heat radiation are not negligible, so they are
taken into account in all adels. In the light of the measurement results, accuracy of the
different turbulence models could be also examined. For this purpose, CFD calculations were
performedwithk), BSL Reynolds stress and SST turbul
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Figure 56: Comparison of SH'X-01 measurement data and results of calculations with
different turbulence models (outer wall surface temperature)

]

k-U [ K] SSTky [ K BSL [K] Reéneated, | NUheated
sect. ,Sect.
Ave. Max. Ave. Max. Ave. Max. [-] []

SH- 13.8 15.33 0.88 3.83 6.02 7.83 14999 381
TX-01 . . . ) . .

SH- 3.12 4.02 6.01 7.51 2.2 7.14 16090 372
TX-02 ' ' ' ' ' '

SH- 19.58 21.72 1.24 3.99 9.82 12.53 15166 389
TX-03 . . . ) . .

SH- 3.68 7.00 9.25 11.32 5.86 8.41 8053 373
TX-04 . ) ) ) ) )

SH- 14.21 16.07 1.59 571 7.34 12.85 | 24074 390
TX-05 ) ) ) ) ) .
Average

of the 10.88 12.83 3.79 6.47 6.25 9.75

cases

Table5.1: Average and maximum difference between the measured and calculated wall
temperatures in CFD simulations using different turbokemodels

The relation between ttf&H-TX-01 measurement and the CFD calculations can be seereBig

5.6. Computational results agree acceptably with the measured ones. We have compared our
results to previous simulations created by others (R. Gomal [@0]. In Figures5.6 the lines

named Gomez, CFX and Gomez, Fluent are a result of CFD calculations performed in ANSYS
CFX and Fluent code#&s we can see my calculations gives better agreement.
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In the case of SHX-01 andSH-TX-03 (the lattemot presented heré@st runs on the upper

part of the test rod, the difference of the data lines Gomez, CFX and Ill_M2_SST are
insignificantly small. These two models use the ST kt ur b ul eMycoemputatodse |
systematically gie lower temperatures in the lower section of the heated rod. This phenomenon
can be explained by the different method of simulation of the axial heat conduction of the
compression shell and the internal elements. The model Ill_M2_SST gives closer teraperat
values to the measured ones. As we mentioned above, temperature uncertainty of the
thermocouples of the heated rod is 1.57 K.

In Table5.1 the average and maximum temperature deviations are compared for different CFD
simulations using different turbethice models. Overall, the SST model gives the smallest
temperature deviation (3.79 K in average, and 6.47 as averaged maximum).

In the cases of SHIX-01, SHTX-03, SHTX-05 the SST model is able to reproduce precisely

the measured wall temperature disttibns in the LSTAR. In this cases SST model predicts

the wall temperatures with average deviation smaller than 1.6 K, which is comparable to the
temperature measurement uncertainties of the thermocouples. The BSL turbulence model gives
less accurate reds| however it is more sophisticated than the ST ka-d mo [878.| s

In the cases of SHIX-02 and SHTX-04 the calculation results are not so precise in none of
the cases calculated by the different turbulence modelsese tiwvo cases the Nusselt number
slightly lower and the heating power is significantly lower than in the other cases (see Table
5.1).

The turbulent heat transfer is strongly depending on the turbulent Prandtl number. Each
turbulence models handle the tudnt Prandtl number differently. In the ANSYS CFX codes

the default P, is 0.9 which is suitable for most of the cases to describe the turbulent heat
transfer, especially in the case of SS¥k The turbul ent Prandt/| nu
the turbulence models used in these simulations. In order to find the most prepisic

correlation, and to calculate the most suitable turbulent Prandtl number for the two problematic
cases further investigations will be necessary in the future. This phenomenon has been observed
also in other studies likd0] therefore farther studies are absolutely reasonable.

5.4 Conclusions of the LSTAR CFD model validations

Number and variety of the test facilities related to thecgated fast reactors are limited. The
L-STAR facility was built to experimentally ingggate the thermal and flow conditions in GFR

fuel assemblies. In our current study several CFD models have been developed-fSi#ie L
facility to reproduce the temperature distributions in reference measurements. The structural
element sensitivity stly shows the significance of the modelling of the heat conduction in
solids and volumetric heat generation to get the precise rod surface temperature distribution in
this case. The results of our present simulations are closer to the experimental déta than
results previously published. According to the turbulence model sensitivity study the results
calculated with SST®# model i s acceptably accurate i n m
influence of the Nu and the turbulent Prandtl number on theiraccuracy is not negligible

also.
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6. CFD MODELLING OF MIX ING VANE SPACER GRIDS FOR
ALLEGRO RELEVANT GAS COOLED REACTOR FUEL
GEOMETRY

During the investigation o@hapter4 | have come to the realisatiotihat the lack of coolant
mixing is one of the maireasons of the developing hotspots of the ALLEGRO fuel assembly.
Practically in the nuclear industry, the coolant mixing can be enhanced with mixing vanes in
the top of the spacer gridshis method has never been applied to GFRs because the earlier
GFRsdid not have @&pacemrid designto which amixing vanecould be fittedl will explore

this possibility in thisChapter

| will present inthis ChapterseveralCFD modes, which aresuitable for the simulation of
Mixing Vane spacer Grids (MVGSs) that atesigned for Gas Cooled Fast Reactors (3FRs

The main goal of this study is to develop an accurate and reliable CFD modelling method for
the investigation of Mixing Vane spacer Grid for GFRsthe point of this investigation just

little few ALLEGRO-related experimentaereviable[38], therefore results of the MATiH
experiments were used to ganyself someexperiencg44] [45]. The results of the MATHH
simulatiors are not reported in thihesis book,since my current work focuses on the
ALLEGRO relevant geometryMy simulations showed good agreement with the MARIS
experimental result§46]. In my calculations for the ALLEGRO geonmgtthe same
methodology was used as in the MAFH=analysis.

The performance of different type mixing vanes was investigated for gas cooled fuel rod
bundles. The split, advanced split, swirl and twisted mixing vanes were modelled for
ALLEGRO ceramic pin asmbly. The ranking by performance of the vanes was based on the
pressure drop, croskw factor and heat transfer coefficient values. Accordingmyp
calculations] have determined the most suitable vane type, with the most advantageous effects

on theaforementionedlow parameters. In the next step, the effect of vane alignment on the

mi xing performance was studied. The vane ang
was found that 30A vane angl e wasistdshe most p

Finally, I will discuss the performance of the ALLEGRO ceramic pin assembly upgraded with
the optimised twisted MVGs. ThRo of the different vane arrangement configurations was
investigated trough three different models. All the computations pegfermed using ANSYS
CFX 17 software.
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6.1.The ALLEGRO ceramic pin assembly models
6.1.1. Description of the bare rod bundle inlet velocity profile model

In the first step, | have modelled a short axial section of the selected subcliaigidighted

on 6.1/a)of the assembly in an isothermal case (iFgg6.1/h). The goal was to create a model

in which | can exploit the symmetry of the hexagonal arrangement. The height of the modelled
geometry is 4.55 mm, which is equal to the outer radius of the rod. Fordfrad fdane surfaces
symmetry boundary condition is defined.slgp smooth wall condition is given for thealls

of the rods (Figure 6.1)bIn all models the upper and lower surfaces are connected with
periodic box boundaries as presented befdfeMass flow rate is specified according to the
crosssectional average mass flux of the assembly, which is 0.0127 kg/s in the modelled
subchannel. The inlet velocity profile model is adiabatic, and uses the helium material
propertesat constant temperature at 400 AC.
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Figure 6.1: ALLEGRO ceramic assembly and the geometry of the model
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6.1.2. Details of ALLEGRO MVG CFD model

Using the converged flow parameter fields of the bare rod miockah create an accurate inlet
boundary condition fothe model with MVG. This solution allowseto model only a smaller

section of the geometry, which in turn requires a lower number of nodes and thus, reduces the
computational effort. The temperature of hel
distribution comes from the inlet velocity profile model. At the outlet O Pa relative pressure
boundary condition was set. Mtip smooth wall condition is defined for the walls of the rods

and for the MVG. Symmetry boundary condition is applied on theases separating the
subchannels.

It was necessary to run the calculations in transient mode and then retrie\aveiraged

results. The initial steadstate models used the SS&k mo d e | as the turbul e
was found in other publications to be the most appropriate for siapifdicationg38] [47]. In

the evaluation of the steadyate models, a significantly unsteady flow behaviour was
experienced. Thereford, had proceeded with the calculations in time dependerdemo
Transient calculations used the SAST model due its easy implementation.

The length of the simulated transient was 0.3 s with a time step of 0.0004 s. Central difference
advection scheme with second order backward Euler was applied. For the détennointae
ti mestep value Athe previous timestepod optio

The models were simulated using the secakolving simulation method because based on our
user experience and the literature recommendalibfjg48], the SASSST method is able to
give the most accurate results. This experience comes from the MABehchmark exercise
involving a mixing vane measuremg#6]. Although SASSST requires finer mesh resadut,

the computing capacity demand has remained at a manageable level.

A constant surface heat flux (389,591 kV¥ywas introduced to the outer rod surfaces, which
corresponds to the external surface heat flux of the averad82pdn this phase of model
development, we assumed a uniform heat flux, since we wanted to study only a single MVG
performance. Although, in the total length assembly mo@Haterd) the dependence of the

heat flux of the axial direction have lmeeonsidered. According to the current design, the
thermal power of the rods is uniform (there is no different enrichment or burnable poison in the
fuel rods).

The temperature dependent material properties and main boundary conditions are the same as
in Chapter4.22.

The model with MVG includes one honeycomb spacer (Fi§re) with the height of 26 mm.

The model is 30D (D=9.1 mm) long after the MVG which is 273 mm (319 mm long in total).

This distance is slightly greater than the distance between &eerspin the original assembly.

On the top of the spacers a split type mixin
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Figure 6.2: Geometry of the Split type MVG
6.1.3. Mesh description of the ALLEGRO MVG CFD model

The meshes include tetrahddeements around the spacer with layers of prismatic elements
next to the solid wallsThe number of prismatic layers is76and the height ratio is 223,
respectively. Above the tetrahedral region, in the bare rod bundle sections, the mesh consists
of prismatic elements in the inner regions with hexahedral layers next to the walls. For the
model of the inner fluid region, five meshes of different resolutions were defined in order to
perform a mesh sensitivity study. In these models the split type M¥®& modelled. The
geometry of the modelled MVG can be seen in FiguteThe main parameters of the meshes

are shown in the TabR1 and mesh resolutiopsesented in my articlig9].

Modell M1 M2 M3 M4 M5
Number of elementgmillion] 1.9 5.1 10.1 18.4 | 36.8
Number of nodes [million] 0.97 2.4 4.8 8.0 14.1
Average y+ on rod bundle 3.00 | 1.52 1.23 0.93 | 0.78
Average y+ on spacer 454 | 2.32 1.89 141 1.19
Average y+ on vane 5.75 | 3.45 2.92 222 | 191

Table6.1: Parameers of different mesh densities
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6.2 Result of the ALLEGRO MVG mesh sensitivity study simulations
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Figure 6.3: Pressure along the axial model length

Figure 63 shows the pressure of the models along the axial length of the model. The pressures
show good agreeent for different mesh densities. In the first section of the curve the pressure
loss due to the MVG effect is well observable. In these diagrams the position of the MVG were
marked with black vertical lines.
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Figure 6.4: Crosssectional average wall teperature along the axial model length

In Figure 6.4 the fuel rod crossectional average temperature distributions along the axial
model length are presented. The distributions match in the region of the spacer, but away from
the MVG (between the axialstance 0.1 m and 0.25 m) the distributions slightly deviate.

At this distance the flow dominated by the vortex shredding, therefore the heat transfer and the
rod wall temperatures depend on mesh resolufiba.biggest difference is observed in the case

of the coarsest mesh, denoted by M1. The maximal and area averaged wall temperatures were
also monitored. The mesh dependence of these values is shown in6Egilitee results of the

two finest grids are the closest to each other.
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Figure 6.5: Graphicd representation of the examined key parameters as a function of the
different mesh densities

The value of the heat transfer coefficient (HTC) was calculated based on the whlilland
temperature of the helium as follows:

oYy ——> (6.1)

where:
"0"Y6 i local heat transfer coefficient [WAK],

nc i average wall heat flux [W/f}
Y 1 wall tempeature at the given altitude [K],
"Y 1 bulk temperature of the coolant hetgiven altitude [K]
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The CFD based HTC calculations are compared to those calculated with empiric correlation
invented by S. C. Yao et al in 1980]. This correlation can predict the changes in the local
Nusselt numbersatised by the split type MVG. The correlation considering the blockage factor
of the spacer and thenes, and the angle of the vane:

— p vveA & T p 1 OARBA B 7 (6.2

where:

(@]}

T local Nusselt Number at the wall with the spacer instaled [

(@]

T local Nusselt Number at the wall without the spacer instadled [
T the blockage ratio ofpacer to flow channel when viewing from upstream |

N C -

T the axial distance from the downstream end of spacer [m]
Dn i hydraulic diameter of flow channel [mn]

A T the fraction of area of the vanes to the flow cross section, viewing from
upstream],

' T the angle of swirling vane with respect to axial direction [rad]

Form the equitation belové(2) we also calculated tHecal heat transfer coefficient, as
follows:

0oY6 —— (6.3
where:
Dn i hydraulic diameter of flow chmael [m],
. O 1 local Nusselt Number at the wall with the spacer instaled [
avelum T the thermal conductivity of the fluid [W/mK]

In Figure6.6we can see the calculated axial distributions of HTC values of the different mesh
densities. From 05m to 0.25m the HTC distributions vary slightly between the different
meshes. In this region the flow is unsteady. The finer meshes yield similar values, and the HTC
distribution calculated by the empiric correlati@d] is in the same order of magnitude. The
local peak in the HTC values caused by the mixing effect of the MVG decreases in the same
tendency as thé(2) correlation predicts.

Calculation of the heat transfer coefficient using an empirical formula is usuallgri®d with

a relatively large error, in the range 0£30%. Thereforelput N 20% dewi6ati on
showing a possible uncertainty range of the Yao correlation. Although we find that the finer
mesh resolution shows a greater deviation from theeladion, based on the mesh
independence study, the two finest meshes still give the best similar results (see i6.Bjgure

This discrepancy can be resolved by the higt
our previous studies, we observedraikrly large differences in relation to HTC values (see

Figure 14 in article[33]).
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Figure 6.6: Wall heattransfer oefficient along the axidength[50]

In Figure 6.7 velocity components imlownstream direction (W axial direction) can be seen
along the model axial length. For this parameter it is easy to obtain mesh independent results.
It is observed that results using Mesh M1 differ from those calculated with finer mesh
resolution. Therare noticeable peaks in the velocities at the altitude of the spacer (between
0.005 m <L<0.031 m ), caused by the constriction of flow cross section. After the MVGs the
mean velocity of the flow is increasing due to the expansion of helium at continuously
increasing bulk temperatures.
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Figure 6.7: Crosssectional axial velocity component along axial length

From the CFD results local average CrossFlow Factors ({(BRfFwere calculated along the
axial length. Average values tifis CFF, parameter were calculated for all the gaps between
the subchannels indicated in Figé.&/bwith blue linesThe equation looks as follows:
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sm 2 Y S
i 0
(6.9

where:

0 "O0i local crossflow factor-],

S T gap length between the subchannklsgtion can be seen in Figusel with

blue lineg [m],
0 I transversal velocity component [m/s]
0 T bulk velocity of the coolant [m/s]

In recent studies empiric correlations for crossflow factors or in other words secdiodary
intensities were evaluatdg82]. According to the study mentioned herkeavecalculated the
decay of lateral flow in our case, as follows:

— p pgQ ° (6.5
where;

# & & 1 local crossflow factor],
#& & 1 crossflow factor at the undisturbed flow regiep [

z T the axial distance from the downstream end of spacer [m]
Dn i hydraulic diameter of the flow channel [m]
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Figure 6.8: Crossflow factor along the aXianodel lengtH52]

In Figure6.8the calculated crossflows are presented as function of CFD model mesh densities.
The secondary flow factor is definitely sensitive to mesh density. The lower density meshes
cannot describe theortices, which are responsible for the diverse flow between the
subchannels. A proper mesh sensitivity study is essential to investigate the flow structures
created by the MVGs. The two finest meshes -(WB) give similar CFF tendencies. The
empirical corelationbased values are also good agreement with the finer mesh resolutions. It
was decided that M4 was the most suitable mesh for the further calculations.
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6.3.Performance of different mixing vane types

In this sectiorl would like toprovide detailed CFDraalysis of the four most widely used MVG

types using the CFD models presented in detail in the previous section. The selected vanes were
split, advanced (which is a further optimized form of the split vane), swirl and twisted based on
literature study (Figre 6.9) . The vane inclination angle 1is
models are exactly the same as those presented in the psayigestiongChaptel6.2), hence

the description is not repeated. In these models the M4 mesh resolution was applied.

v
AA
SPLIT ADVANCED
SPLIT ADVANCED
i
TWISTED SWIRL

Figure 6.9: Geometry of different mixing vanes
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Figure 6.10: Crosssectional wvelocity distribution behind the MVG in 1D distance
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Figure 6.11: W-velocity distribution along Linel (see Figure 13) behind the MVG in 1D
distance
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6.10-611. Figureshows the crossectional velocity distributions created by the different MVGs
downstream of the spacer at a distance of 1D. It can be observed that the individual vanes create
a completely different velocity distribution. Similar vortex structures caobiserved in case

of split and twisted type vane models. This behaviour is clearly represented in the velocity
distributions shown in Figuré.11.
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Figure 6.12: Pressure along the axial length

From the axial development of the pressures (Figul® it can be seen that the spacer with

the swirl type vane has the smallest pressure drop, followed by the twisted type vane. The
pressure drop of the spacer with split and advanced type vane is almost the equal. The swirl
type vane is the most favourable from th@wpoint of the pressure drop.

In Figure 6.B we can see the heat transfer coefficients calculated by the CFD models. There is
a very good agreement at the altitude of the spacer, however significant differences can be seen
in the region after the MVG%$he swirl type MVG causes the smallest increment in heat transfer
coefficient.
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Figure 6.13: Wall heat transfer coefficient along the axial length

Split and twisted vanes show a similar characteristic, while advanced vane produces slightly
lower values. n terms of heat transfer, split and twisted vanes are the two most effective
solutions. The integral mean values are presented in B&ble

One of the key parameters we are looking for, is the mixing factor between subchannels (Figure
6.14). The swirltype MVG creates the least amount of crokannel mixing. The highest
mixing factor is observed in case of the twisted type MVG. Considering the CFF the twisted
MVG seems to be the best choice.
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Figure 6.14: Crossflow factor along the axial length

Principalpoints of the studgre to select the MVG type, that has the most favourable properties
from the point of view of applicability in the ALLEGRO reactor. In a similar evaluation, several
parameters must be considered. In an optimal configuration, thenerdssps necessary to be

as small as possible, while the heat transfer coefficient and the mixing factor need to be as high
as possible.

The science of RSA (Response Surface Approximation) in mathematics can help us with this
kind of problem. RSA includestatistical and mathematical techniques in which data are
generated either by numerical calculations or by experiments. The data are then processed.
The data is interpolated using a response surface to generate and a selected objective function
is optimzed on this surfacgs3].

The above mentionedlesign variables and objective function should be definedther
optimization. The optimum is found at the minimum or maximum point of the objective
function. According to the remmmendation of the literatur®3] the objective function is
defined as a linear combinationt@fo different functions representing the inversehsf heat
transfer rateand thefriction loss, respectively with a weightingctar (A T7A) that is
frequently adopted in mulbbjective optimizationdn this case theninimum point should be
the optimal choice of the design.

With the above in mind, | have adaptéx tobjective function to my studyn my case, the
maxmum of the function will be the optimum, and the mixing facsowill be part of the
linear combination, as follows:

"0 Pay 1 OY81 6700 (6.6)
where:
H T C 6is a relative average heat transfer coefht behind the MVG-],
C F F 0is arelative average crefiew factor behind the MVG-],
r P 6 T is arelative pressure loss of the moddls [
1 iis the weightinQ[]factor of the HTCO
1 iis the weighti flpg[-].f actor of the CFF®6

¢ AT1A) was chosen as one based on the literdfi8f This may seem to be arbitrary,
but in this case there was no other descriptive value to be found.
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If we take a no#linear combination of design parataes, we can create another benchmark. |
have marked t h® p&aamet & ofacteriaiut chrfbe claulaiecdas )
follows:

Y (6.7)
where:
H T C dis a relative average heat transfer coefficient betiadMVG [-],
C F F Dis arelative average crefisw factor behind the MVG-],
r P 6 1 is arelative pressure loss of the moddls [
mP P ¢ HTC HT C({ CFF | CF F | Foujectve Ro
[Pa] (-] [W/m2K] [-] [-] [-] [-] [-]
SPLIT 4985 1.00 2768 1.00 | 2.78% | 0.45 2.45 0.454
ADV 4696 0.94 2641 0.95 | 4.21% | 0.68 2.69 0.696
TWISTED 4728 0.94 2734 0.98 | 6.13% | 1.00 3.04 1.041
SWIRL 3789 0.76 2305 0.83 | 2.33% | 0.38 2.53 0.4165

Table6.2: Relative performance of the different MVG types

Table6.2 summarizes the results ftvretdifferent MVG types. The displayed parameters were
the pressure drops of the models, the integral mean HTC and CFF values on the model length
after the MVG. Columns marked with an apostrophe contain relative values. The smallest
pressure drop is causby the swirl and the largest by the split type MVGs. The highest average
value for the heat transfer coefficient is found for the split type MVG. The highest mixing
between the subchannels is created by the twisted type MVG. In this case, along thedexamine
length, approximately 6.13 % of the coolant is exchanged between the subchannel§2Table
shows the relative dimensionless values of the key parameters for easier comparability. For
these quantities the reference value is highest value of the givemegiar calculated by the

four different models. In the lasto columns we introducedhe value of the objective function

and the R of which we can compare the performance of different vanes using a single value.

The weighting factor for the Ro parareetvas set to 1, similar to the objective function used
in the literaturg53]. Since Ro is a fraction, | have done the weighting by varying the exponents
of the members from 1 to 0.5 and 2. Nevertheless, even after charayimgitjints, the Twisted
vane still gives the optimum in every case.

Based on the evaluation of these functions, the twisted type MVG is the most effective at
operational conditions of the ALLEGRO ceramic fuel assembly.
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6.4.Twisted MVG inclination angle optimisation

In order to find the optimal vane inclination and to investigate the effect of this geometrical
modi fication on the flow behaviour, the valu
40A with 5A s tmypesearchAitwad citlided thattsmailer step Sizes are not
necessary for the qualitative understanding of the given phenomena. The results can be
compared to the original arrangement with 30
study are shown in Figu@15. Thegeometry and the mesh in the other part of the models are
identical to those presented in the previGimaptes.

15° 20° 25°g ; 15 20°! 25°!
35°I {4o°|\‘i: 30°a 350* 40*

Figure 6.15: The twisted MVG with six different vane inclinations
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Figure 6.16: Crosssectional wvelocity distribution behind taMVG in 1D distance
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Figure 6.17: W-velocity distribution along Linel behind the MVG in 1D distance

On the crossectional velocity distributions at a distance of 1D, it can be seen that larger mixing

vane angles are more disruptive to the flow (Figbu¥). The deviations in the velocity
distributions are much greater if the vane inclination angle is higher. This phenomenon is
particularly apparent in the-welocity distributions along Linel on tihegion marked with red
dashedectangleon Figure 6.Z. This line is also passing through the centre of two eddies. In
case of the models with 15A, 20A and 25A van
contrast the models with 30A, 35A and 40A an
of this vortices. This means that the differences in the magnitude of axial velocities are higher,
therefore the gradient in-welocity field is high which causes shearing. Shear flow is the source

of turbulence, which in this case means more intensalambmixing along the rod bundle.
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Figure 6.18: Crosssectional pressures distribution along the axial length

Figure6.18shows the axial course of the pressures for the models with different mixing vane
inclination angles. Not surprisingly, the modeltlwihe smallest angle gives the smallest
pressure drop value (TalBe3).
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Figure 6.19: Crosssectional heat transfer coefficient along the axial length

Figure6.19 shows the axial trend of the heat transfer coefficient for the different mixing vane
angks. The higher the angle of the vane, the larger the HTC peak after the vane. There is no

|l onger any significant diffe4@Aceane ahegl e,
spacer grid with a 30A vane peayfronrtmespagi mi | a
grid as the MVGs with higher angles. This suggests that further increasing the angle of
inclination (more bending) of the vane does not improve the heat transfer of the rod bundle.
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Figure 6.20: Crosssectional crosslow factor along he axial length

On the axial dependence of the mixing factors, it can be seen that the value of the calculated
factor has a sudden jump after the vanes (Fig2@. The higher the angle of inclination of

the vane, the greater the observed peak is, butatie of decay of the mixing factors increases
proportionally to the inclination angle. So, it returns sooner to the minimum values typical of a
bare rod bundl e. For the 30A model, t he val
entire axial lendt.

Similarly, to the previou€haptel have collected in a table the key parameters of the evaluated
models. These parameters were the total pressure loss of the models and the averaged CFF and
HTC after the MVGs. The base of the comparisiwe, value ofthe previously presented
objective functionwas also calculated for the models. The values are also presented in the
graphs of Figuré.21.
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Inclination angle P HTC CFF F objective Ro[-]
[ A] [Pa] [Wim?K] [-] [-]
15 3962 2469 1.97% 3.00 0.393
20 4199 2608 2.95% 3.50 0.588
25 4450 2717 3.53% 3.78 0.692
30 4728 2799 5.75% 4.89 1.093
35 5065 2824 3.46% 3.68 0.618
40 5232 2833 2.67% 3.26 0.463

Table6.3: Average pressure drop, HTC, and CFF values for MVG with different angles

The graphs in Figuré.2l show that the pressure drop increases monotonously in case of
increasing angle of inclination. The average value of heat transfer coefficient increment is not

inear but tends toward saturation. This means
enhance more the heat transfer along the rod bundle. For mixing factors, the maximum value
is at 30A. For inclinati on adegdasesfastericagather t h

distance from the spacers increases, therefore the average CFF values are smaller for the rod
bundle. In terms of the three key parameters examined, we displayadutbe of the objective

functiona nt Rioh ep afir & adkagrant. As we can see, this relative performdrasthe

| ocal maxi mum at 30A, then for | arger bendin

| also investigated the effect of weighting tregameters when changing the vane tilting angles
Changimg the tiltingangled o es not change the fact that the

Based on the evaluation made with this 319 mm long fuel assembly segmentlradetate
that a vane with 30A i ncl i natspacengricageaneteyofi s t h
the ceramic fuel assembly of the ALLEGRO reactor.
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angle of vane inclination
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6.5.Extension of the ALLEGRO ceramic fuel assembly with partally
optimised twisted mixing vanes

Based on the experience gained with ALLEGRO smaller scale multi subchannel models, a
bigger scale ALLEGRO ceramic assembly model has been built (see FEdije This
assembly models includes the ALLEGRO fuel with av@jispacer grids of the reference model

and two other models with different spacer grid configuration. In the case of the last two models,
the twisted mixing vane type spacers are applied, of which the geometry was optimized as
presented in the previo@hapter

6.5.1Modelling of the 860 mm long active rod section of ALLEGRO
6.5.2. The geometry of the model

| have constructedhtee different models. The first model was named VANEO because the
spacer grid used in this model was not extended with mixing vanes. The ofghis model
provide the reference values This model is identical in every detail to the OS2_CMPL model
of my previous work{33]. In the second model called VANEL1 the grids were equipped with
mixing vanes in the subchannalsng the assembly wall. The geometry of the first two models
allowed us to describe only a 1/6 segment of the assembly using symmetry boundary conditions
(see Figuré.22). The third model labelled VANE2 describes 1/3 part of the assembly. Instead
of symmetry, this model was simplified with rotational periodicity. For this reason, the number
of elements of the mesh describing this model is exactly twice greater than the previous two
models. Figures.22 shows the predicted diverse flow directions with greerows, and the
necessity of this third, computationally more expensive m@dg@lained in detail later).

My preliminary research has shown that due to the narrow flow cross section in the assembly
corner, the cooling of the corner rods is unsatisfgc{@hapter 4). This problem can be
remedied by directing cooler helium through the mentioned corner subchannels with the help
of mixing vanes. However, if the vanes are baffling coolant the corner subchannel from two
directions at the same time (VANE1)etproblem may not be resolved. On the other hand, if

the vanes drive the coolant from the corner subchannel (VANEZ2) inwards from one direction
and outwards from the other direction, a complete subchannel flushing takes place. In this case,
the symmetry bondary condition cannot be applied. The predicted crossflows of the different
MVG configurations are marked with green arrows in Figure 6.22.

The models include 4 spacer grids with a spacing of 246 mm. The model boundary conditions
are the same as my preus models can be seen in Chapter 4. In this models, the heat generation
was taken into consideration as volumetric heat source with a function of a quadratic polynomic
[3] within the volume of the fuel pellets (see in detaiCimapter 4).
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Figure 6.22: Geometry of three different model configurations with 860 mm long fuel bundle

Model VANEO VANE1 VANE2
Fluid element [million] 62 89 165
Fluid nodes [million] 36 49 89
Total elements [million] 78 105 197
Average y+ on rod bundle 2.61 2.75 2.75
Average y+ on spacer 3.84 3.91 3.92
Average y+ on vane - 4.97 5.05

Table6.4: Parameters of different fulength models

A detailed mesh sensitivity study confirmed the siiitgtof the meshes now in use. The
quality of the mesh used is the same as OS2_CMPL (sey anticle[33].) The main
parameters of the model mashes can be seen in Table 6.4.
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6.5.3. Result of the models
6.5.3.1. Pressure losses
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Figure 6.23: Crosssectional pressures along the axial length
Total pressure loss [Pa] Pressure loss growth
relative to VANEO [%)]
VANEO 19 315 i
VANE1 20 929 8.4%
VANE2 21 044 8.9%

Table6.5: Pressure losses of the models

Figure6.23 shows the crossectional presures along the axial length and Taheshow the
pressure drops of reference model and models with MVGs. The use of vanes increases the
pressure drop along the length of the assembly by approximately 9%. For the two different vane
configurations, therés no significant difference between the pressure drbps.increase in
pressure drop raises concern about the safety limits of the assembly during natural circulation
conditions, which needs to be examined in the future.
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6.5.3.2. Velocity fields

%7 p7 4
Figure 6.24: Streamlines in the different models

Figure6.24 shows the streamlines in the edge subchannels in a perspective view. In the case of
VANEDQ, the streamlines run completely straight, although the spacer grids perturb them locally,
no significant mixingin the coolant is visible. In case of VANE1, the mixing caused by the
vanes is clearly visible, but it can be seen that the streamlines do not pass through the corners
of the assembly. This means that the coolant exchange between these corner subshannels i
insignificantly small. In the case of VANE2, the streamlines drift around the wall of the
assembly due to the vanes. This slightly transverse path is sufficient to flush the corner
subchannels with the cooler medium from the edge subchannels.

Figure 6.25 illustrates the location of the test surfaces through which the crossflows of the
subchannels is being examined. For the one sixth assembly 30 monitor lines were used. The
monitor lines traversed at 2 mm intervals along the entire length of the aaigecton. In

this Chapterthe three most significant monitor lines are presented in the assembly corner
(Figure6.25). The average of the velocity components parallel to the normal vector of the given
line was calculated. This was used to determine theciy of the coolant passing
perpendicularly to the given monitor line. The normal velocities thus obtained were
nondimensioned by the average axial velocity(}Vat the given axial height. These data sets

are plotted along the axial length. Along thesonitor surfaces, we also obtained a detailed
picture of the mass flow through the surfaces separating the given subchannels. The orientation
of the flow was also taken into account (Transverse flow). This orientation information cannot
be described byhe value of the mixing facto6(4). With this method, the global transverse
moments formed in the assembly can be monitored, for which the definition of the local mixing
factor is not suitabléel'he Transverse flovequation looks as follows:
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(6.7)
where
S T gap length between the subchannels [m]
0 I transversal velocity component [m/s]
0 T bulk velocity of the coolant [m/s]

Figure 6.25: The vortex structures formed in the left corner at 10D from th18G

In Figure6.25 the developed vortex structures behiinel 3¢ spacer are shown at 10D distance
downstream (91 mm) havefocused on the left corner, because it enhances the distinctiveness
of the different mixing vane configurations. In the case of VANEO there are no visible vortex
structures. Of course, gtong on the appropriate velocity amplitude scale, the developing
secondary flows can be observed, but they are insignificant compared to those created by the
MVGs. The developing vortices are clearly observed in the case of VANE1 and VANE2. The
vortices h VANEL act against each other in the corner, therefore there is no visible transverse
flow in the subchannel in question. The crossflows created by the VANE1 MVG rather deliver
coolant from the edge subchannels to the inner subchannels (green arrogiged. 5). The
crossflow structures of the VANEZ2 can be also seen in Fig2te In this configuration the
coolant passes through the gap between the assembly wall and the corner rod. As a result, the
cooling of the corner rod can be more efficient.
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Figure 6.26: Transversal velocities in plane nl in the assembly cross section

The axial course of the transverse flow on the surfa@dh?2 is shown in Figuré.26-6.27.

The nl surface is located in one of the assembly corners, where we want to signiécant

mixing. It can be seen that VANE2 solves this successfully, but VANEL produces smaller
values in the transverse flows, than it is observed in the VANEO case. This can be explained
by the fact, that the vane expels the coolant from the corrrdstion. As mentioned, two
stable vortices that form symmetrically on both sides of the corner prevent the further mixing.
This phenomenon is illustrated in Fige&5 by the vector field.
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Figure 6.27: Transversal velocities in plane n2 in the assgnabbss section

The n2 surface is in the narrowest gap. Due to the flow cross section reduction the transverse,
the flow values are the highest here. In the case of VANE2 a huge peak in the transverse flow
is observable, which is created by the MVG. Thisans that the VANE2 mixing vane
arrangement can drive through a large amount of medium in the corners @=igre
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6.5.3.3. Temperature distributions
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Figure 6.28: Rod outer wall surface temperature distributions

In Figure6.28 the temperature distribwins of the outer surface of the rod claddings are shown.

It is clearly seen that the assembly corners experience significantly higher temperatures in the
VANEO model. This higher temperature region is reduced in the VANE1 model, as the heat
removal is impoved by the vanes, but still the problem is not eliminated. The proper
arrangement of the MVGs in case of VANE2 model completely eliminates the temperature
maximum of the assembly corners.
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Figure 6.29. Crosssectional temperature distribution at 10D frahe 3° MVG

Crosssectional temperature distribution at 10D from the 3rd MVG can be seen in Gigaire

In the case of both VANEO and VANE1 model hot region formed in the assembly corners (red
dashedrectangl¢ and the cooler region appearing in the edgbchannelgblue dashed
rectangl¢ can be well observed. The temperature inhomogeneities mentioned above are almost
eliminated by the VANE2 model. At this distance from the spacer, it is clearly seen that the
vanes of the VANE1 model do not eliminate thweerheating of the assembly corners. In
contrast, the vanes on the VANE2 model also flush the assembly corners, thus mitigating the
problem of the high operational temperatures of the corner rod claddings. We can see lower
coolant temperatures around bétcentral rod because it does not contain any fuel pellets.

The following figures (Figuré.30-6.33) show the temperature distributions along the monitor
lines located on the outer surface of the rods. The positions of the monitor lines are shown on
the graphs. Based on these, four different monitor line positions were selected: Left Corner,
Right Corner, Edge, and Inner.

The data on the monitor line in the right corner (FiguB®)eshows that, the VANE2 mixing

vane layout causes the most favourable lamest rod surface temperatures. Up to the first
spacer grid, the values of the different models are relatively close to each other. In each case,
the temperature rises slightly after the vane, the main reason for this phenomenon is that the
narrowing causd by the grid in this corner is also increased by the leaf spring there. This corner
is the most critical part of the assembly. VANEL1 gives slightly lower rod cladding temperature
values compared to the VANEO model.
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Figure 6.30: Rod cladding outer sface temperature distribution along a monitor line in the
right corner

In the left corner (Figure 613 for the temperature distributions are more uniform than in the
right corner. This is caused by the design of the spacers. On the left corner there is no
positioning leaf spring, and the flow cross section is thus slightly larger. In this position,
VANE?2 also produces the most favourable temperature distribution. The model VANEO and
VANEL1 gives similar temperature values, because in these models thestsgnffow cannot

cool the cladding surface efficiently.
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Figure 6.31: Rod cladding outer surface temperature distribution along a monitor line in the
left corner

The temperature distributions along the assembly edge (Fig@entoBitor line show thahe
two models with mixing vanes performs similarly, with no major differences observed in the
absolute values of the rod cladding temperatures. In the VANEO model, the temperatures are

significantly higher.
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Figure 6.32: Rod cladding outer surface teemature distribution along a monitor line in the
edge rods

Based on the temperature characteristic along the inner rods (Fig@)ret&e8e is no significant
difference between the three models. This phenomenon can be explained by the fact that none
of the models includes a mixing vane in the inner region. The VANE1 model shows slightly
lower temperatures at the end of the assembly, because in this case the MVGs also drive a cold
medium from the assembly edge subchannels into the inner regions.
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Figure 6.33: Rod cladding outer surface temperature distribution along a monitor line in the
inner rods

Table6.6 summarizes the maximum temperature values for the different models. As we can see
the lowest temperatures can be found in the VANE2 model. In thislrtiedmaximum helium
temperature, the clad maximum temperature, and the fuel maximum temperateereaded
by~44 AC, ~29 AC and ~27 AC respectively, col
see that for the other configuration (VANEL), the heligmt ~1 3 A C) and <c¢l ad
maximum temperatures increased, compared to the reference model. It also highlights the
importance of the adequately chosen mixing vane arrangement. An unfortunate configuration
can even raise the peak temperature of the asgembich is undesirable for any operating
condition. However, the VANE1 model can lower the temperature peak of the fuel elements.
This temperature maximum is located in the inner rods, accordmngpoevious investigations

[33].
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Temperatur e [ A|Helium Clad Gap Fuel
VANEO 1040 1135 1314 1386
VANEL1 1053 1150 1307 1374
VANE?2 996 1106 1275 1360

Table6.6: The maximum temperatures calculated by the models

6.6 .Conclusions ofChapter 6

In this Chaptey the efficiency of the mixig vanes in the ALLEGRO ga®oled fast reactor
concept was investigated in detail. After the appropriate mesh hasdbeeloped, Ihave
compared four different MVG types in order to find the most adequate for the ALLEGRO
assembly. The MVG types chosen fiois study were the split, advanced, swirl and twisted type
MVGs. These are the most common vane geometries in PWR rehtiamvecompared their

Ro by evaluating the pressure losses, the heat transfer coefficients and crossflow factors
enhanced by theanes. For easier comparisbhaveinvented a dimensionless performance

i ndicator Roal | Bas é&dV&n Rotvddues ot thel MVGd, wet cendluded

that the twisted type vane performed exceptionally well.

The chosen t wi st exdcewag goemisbt\bmdianging ehe inchnatioreangle
of the vanes from 15A to 40A. Six different
inclination. Based on the defined performanc
to be the optimalThis optimum is close to the usual inclination angle of MVGs applied in
PWRs 48AA, but there is no exgopledreactorsce wi th m

In the last part] have created three full active length ALLEGRO assembly models with
different MVG configurationsPreviousChaptes show that due to the narrow flow cross
section in the assembly corner and the lack of the coolant mixing between the subchannels, the
cooling of the corner rods is unsatisfactory. This problem can be solved by foodley c
helium through the mentioned corner subchannels with the help of mixing vanes. The CFD
simulations have shown that for this purpose the secondary flows in this corner region have to
be optimized. If the vanes drive the coolant from the corner subehamwards from one
direction and outwards from the other direction, the flushing of the entire subchannel will be
more effective. To describe this phenomenon instead of the Crossflow Fhatarused the
Transverse flow formula. The Transverse flowoatiakes into account the orientation of the
vortexes and the orientation of the coolant exchange between the different subchannels. This
realization is essential to properly design fuel assemblies for future GFR reactors.

The model calculations have shothat by using this MVG configuration the maximum helium
temperature, the clad maximum temperature and the maximum fuel temperature can be reduced
by ~44 AC, ~29 AC and ~27 #Wdindingselsosmweddihate | y .
an improperly chaan mixing vane configuration can even raise the temperature maxima of the
assembly, therefore careful analysis of the flow schema of the ALLEGRO fuel assemblies is
necessary.
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7. PIV AND CFD INVESTIGATION OF A 7 PIN ROD BUNDLE

The development of a new fuelifdle usually relies heavily on research methods based on
computer codes and numerical simulations. The reliability of these computer codes should be
compared with measurement results for validation purposes.

The international literature is currently domiad by PIV measurements of squgrel
geometry rod bundles. Triangular grid geometry has been investigated primarily only by Hassan
and ceauthorg54] [55] [56] with measurements on a fourth generation LMFR fuel model. For
gascooled pebble bead reactors, PIV studies have already been carried out on the subject of
flow fields in the bed57], but for a gas cooled fast reactor with triangld#tice assembly is

very rare Only this year an article was published which, is investigated the turbulent flow in an
84-pin rod bundle for typical and damaged spacer gtidshis paper, a triangular grid was
investigated using the MIRIIR method. Howeer, during the measurements, the 3D printed
spacer grids were deformed. Thus, the authors of this paper compared the flow distributions
after the regular and damaged spa{®e8$

A recurring issue in the field of CFD code is Malidation. The flow crossections of narrow
grid rod bundles (such as the ALLEGRO bundle) are tight, so the use ofelsiglation
measurement techniques is recommended:-iNaasive measurement techniques such as LDA
[59] [46] and PIV are used in many cases in rod bundle measurements.

The main objective of thi€hapteris to presenbf my newly developed measuring system
developed in BME NTI. The system is designed to investigate the emdémyingtructures in

GFR relevant 7 pin rod bundle geometry. The created rod bundle is a simplified and reduced
version of the ALLEGRO GFR fuel assembly (P/D=1.208). Our test facility named
PIROUETTE (PIv ROd bUndIE Test faciliTy at bmE) is capable of camy2D velocity flow

fields inside the rod bundle. The fuel rods made of transparent, special polymer (FEP), which
provides us the opportunity to investigate the effect of different spacer grids. With high
resolution 3D printing method different mixingnaspacer grid types were manufactured and
tested in the rod bundle. These mixing vanes were NOVANE (spacer grid without vane), SPLIT
and TWISTED types. An uncertainty estimation related to the PIV methodology was also
performed.

CFD models have been démeed with a domain, that includes the test section of the
PIROUETTE facility and the rod bundle inside it. Separate CFD models were made to describe
the different mixing vanes. Mesh independence study was created to provide suitable
discretisation of thenodels. Steadgtate RANS calculations were performed with different
turbulence models. The measurement results were compared with the results of the CFD
modelling. Transient calculations were created to achieve a more accurate result. All the
calculationsvere carried out using ANSYS CFX 19.2 code.
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7.1.PIROUETTE System Description
7.1.1. Introduction of the measurements

PIROUETTE (PIVROd bUndIETest faciliTy at bmE) is a test facility, which was desighgd

meto investigate the emerging flow conditions in variouslear fuel assembly rod bundles.

The measurement method is based on Particle Image Velocimetry (PIV) with Matching of
Refractory Index (MIR) method. The system can reproduce the flow conditions several VVER
and IV. Generation reactor type. The coolahthe ALLEGRO rector is helium on 70 bar
pressure and the operational temperature 1is
facility cannot operate on these conditions, therefore similarity principles was used to replicate
the desired conditian The similarity principle was based on the Reynolds numbers, therefore
the working fluid of the PIROUETTE facility can be altered to water. The Reynolds numbers
in the ALLEGRO GFR assembly is approximately 808, while in our measurements
~18120. Thetwo are considered to be the same range. The rod bundle contains 7 rods in a
triangular lattice.

7.1.2. Test section

< ]
T-Junction 4 4
Measured -
rod bundle
Heat sections ¥ i
v exchanger P i
Eéfi |
|
\ 4
Water tank Flow
straightener
section
Centrifug
al pump @
Control Temperatur Ultrasonic flow
valve e meter meter (3x)

Figure 7.1 The schematic of the PIROUETTE facility

In Figure7.1 we can see the structure and the main parts of the test facility. Théatrstal
contains a 1 meter long vertically arranged seven pin rod bundle in the test section. The water
flow is provided by the main centrifugal pump (Type: Wilo MHIL 903, Power:1,1 kWaxQ

14 m*/h [60]). Some of the power dhe centrifugal pump is dissipates into the turbulent flow,
causing the rise of the temperature in the test loop.
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To provide a constant test loop water temperature, a bypass heat exchanger loop was installed
into the facility. With the heat exchanger tater temperature was controlled and kept in 30

N1 AC during the measurements. From the pu
nomi nal diameter of I3 inch (DN 32). The bal
flow and therefore itd followed by an angled seat valve. The fine control valve is followed by

three HYDRUS ultrasonic flowmet¢61]. Multiple volumetric flow meters can increase the
accuracy of the volumetric flow measurement, which is very inaporfor setting the inlet
boundary condition for CFD calculations. The measuring channel section and the pump flow
control subsystem are connected by a KPE pipes with an inside diameter of 26 mm. From here
the water is fed through the diffuser cone tofkbv straightening section. The flow straightener
reduces disturbances caused by mechanical, measuring and pipe lining equipnienteidre

long sevenrod bundle was installed in the test channel section. A removable roof has been
designed on the testahnel section for ease afces. This is necessary, to allow the change

of the rod geometry, for example different type of spacer grids and mixing vanes. After the test
section a Jjunction was placed, and the medium discharges to the water tank trbegpipe

lines. The sematic of the test facility can be seen on the Figuaad the 3D model in Figure

7.2 On Figurer.2the 7pin rod bundle is also presented with the TWISTED type MVG.

Ultrasonic flow meters (3X)
T-junction

Angle valve

Heat
exchanger

Test gction

Main centrifugal

pump Flow

straightener

Figure 7.2 The structure of the PIROUETTE facility (a) ahe rod bundle within with
TWISTED type MVG (b)

An engineering drawing of the test section can be found in the aihextest section is
designed to easily interchange the measurement channel and the associated confuser and
diffuser connectorsThe flow graightener includes two straightener grids and a deflector cone
to restrict the flow from the effects of the pipe elbows upstream of thedetsdon. A confuser
adapter part is located above the straightener part. At the exit of the confuser, Hseatioss

of the channel is the same as the csEsgion of the measuring channel section. This avoids
problems caused by sudden cresstion changes. The cressction of the measuring channel
exactly matches the hydraulic parameters of the reactor tyger testsOur I-meterlong

bundle of rods is made of FEP (Fluorinated Ethylene Propylene) to meet the MIR crhteria.

FEP polymer has a refractive index of 1.33 which is nearly the same as the refractive index of
the working medium (water). The outerdamner diameter of the rod are 10/6 mm, and the
inside of the rods was filled with ultrafiltrated water.
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The rods are connected with pins into the first and fourth spacer grids, and the spacer grids are

connected to the wall of the channel with groovenfy. The distance between the spacers is

296 mm. The spacers were designed according to the ALLEGRO GFR assembly spacers, with
slight modifications to fit the measurement requirements. The wall thickness of the spacers is

0.8 mm. The grids wemade by digh-resolution3D printing method (SLA) with special rigid

composite resin. Thanks to 3D printing, spacer geometries can be easily varied and extended

with different types of mixing vané&reventing deformation of MVGs is a complex task. It is

necessary o keep the

wor ki fl

ng

ui d

temperature

from coming into chemical interaction with the working medium. If these are not met, the

results of the measurements are difficult to use for CFD validation. Nevertheless, the
investigation of the flow in damaged rod bundles is an important guideline which is highlighted

in the following publicatior{58]. The ALLEGRO spacer has been equipped with TWISTED
and SPLIT type vanes in the herewith presergstst

The spacer with wainscontains 6 vanes in the regions of the edge of the rod bundle. The base

of one vane is 2 mm long, the total heighthed vanes are ~3 mm in the SPLIT and ~ 4mm in

the TWISTED

spacer .

The

i n>dal directeon.Tiheospacevsfaret h e
mounted to the channel wall with groove fitting. The rods are pulled into the spacer grids tightly.
Therefore, the rods are fixed firmly, thus no vibration of the rods was experienced during the

measurements. An importantterion in the design is that the vanes do not touch the rods,

which is why there is a curved eotit at the end of each vane.

My preliminary research has shown that TWISTED vanes are more effective than SPLIT vanes

under ALLEGRO relevant conditiorjd9]. My measurement® this Chapteraim to test this

claim more accurately.

ALLEGRO GFR fuel ALLEGRO PIV rod
assembly bundle

Number of rods [-] 91 7
Diameter of rods [mm] 9.1 10
Pin pitch [mm] 11 12.09
P/D ratio [-] 1.209 1.209
Working fluid helium water
Dh [mm] 5.346 9.021
Average coolant flow velocity [m/s]| 32.9 2.0112
Coolant dynamic viscosity [Pas] | 4.2882E05 79.7345E05
Coolant density [kg/n¥] 3.82 995.6
Re-number at nominal ~16800 ~22 500
Average fluid temperat ur e [ 600 30

Table 1: Comparison of the propertiesthe ALLEGRO GFR fuel assembhd the

ALLEGRO PIV rod bundle

The first table (Table 1) summarizes the main parameters of the tested fuel assembly and the

PIV rod bundle. It can be seen that faameters are the same under isothermal conditions,
the Renumbers indicate the same flow characteristics.
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7.1.3. PIV system
The PIV measurement system includes the following components:
- tracer particles: polyamide spheres with an average diameter of G [82)],

- light source subsystem: Litron Nano L PIV dual Nd:YAG laser (maximum pulse energy:
135 mJ, wavelength: 532 nm, pulse length: ~6 ns, maximum flash frequency: [B3}z)

- beam guide arm and bedorming opticd64],

- image capture subsystem (camera): SpeedSense Lab 11Spbgh digital camera,
resolution: 1 megapixel (1280x800), frame rate9QLtps, buffer: 12GB65],

- Synchronizer: Dante€imer Box (80N77)66],

- Synchronisation, image capture and processing software: Dantec DynamicStudio, latest
stabile version 6.657],

- camera and beaptics positioning systems.
7.1.4. Measurement procedire

The *#rod rod bundle measurements were Y=0mm  ¥=-11 mm
performed in the vertical measurement channel.
Figure 6 shows the schematic layout of th
experiment. The plane of illumination intersect
the two outer rods. The illuminated volume is ~1,
mm wide. We get the farmation about the flow
processes during the measurements from t
volume. This feature of the measurement sho
also be taken into account during the CFD mod
result comparison. As was mentioned above, in t
case of our current measurements, thm’_lhation Plane of illumination
plane intersects the outer two or the inner three
rods. The camera sees perpendicular to this pla
Before starting the measurements, acalted
target sheet was placed in the appropriate posit

in the channel.

Figure 7.3: The schematic layout o
the investigated planes

The target sheet is a specighynted dotted sheeknowing the diameters of the dots and their
positions helps to recover the real physical dimensions from the images. Using points of
different diameters on the target, we can identify the coordinate axes. After a sufficient number
of points have been detected, the conversion from pixel to millimetre distance is done
automatically by a softwai@7].

In the rod bundle measurements, we recorded 2000 image pairs in the vicinity of the spacer
grids. The downseam region after thé'®and 3 spacers was captured. Our aim was to observe
the effect of the different spacer types. The quality of the images at the beginning of the
acquisition is not sufficient, because of the lasers have a "wpfntime requiremen
Therefore, the first 100 image pair were discarded, from the 2000 images captured.

To get a sufficiently detailed picture of the flow field, ppsbcessing of the raw images is
necessary. Figure.Zshows the steps of image processing. The first @rsgpws the raw

image (Figure 4/1). In the first step, an average image of 1900 image\wassreated (Figure

7.4/2). This average image was extracted from each image to reduce the effect of the elements
that are present in each image (shadows, ghtelmel static elements). The result is shown in

the Figure 7/3.
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Laser light is not uniform in intensity along the length of the illuminated plane. The Figure
7.4/4 image shows an image processed by "image balancing" to correct for this unevenness of
illumination. Since not all static elements can be eliminated from the images in this way, the
static parts and regions not included in the flow field have to be masked out with digital masks.
The Figure 74/5 row shows the masked image, where only the polyapaditicles that move

with fluid is visible.

After these steps, the individual image pairs were used to create the instantaneous vector fields
separately. These vector fields show the chaotic velocity distribution typical of turbulent flow
(Figure 74/6). The Dantech DynamicStudio software allows us to use adaptive PIV method.
The Adaptive PIV method is an automatic and adaptive method for calculating velocity vectors
based on particle image pairs. The method can iteratively adjust the size, shape immdabcat

the individual interrogation areas (IA) in order to adapt to local seeding densities and flow
velocities and gradien{§7].

From these 1,900 vector diagrams, we created theauemged vector field describing the
regon after the spacer (Figuredf7). With this method, not only the tirsveraged velocities

can be obtained, but also an estimate of the temporal fluctuations of the velocity vectors. In this
way, we will not only be able to assign a vector value to egpixel, but we will also be able

to know its vector statistics.

v'v
3 |

Figure 7.4 The steps of the image pgwbcessing

66



7.2 Estimation of uncertainty in PIV measurements

In PIV measurement, instead of measuring the velocity of the flowing thednethodology
measures the velocity of the particles flowing with the fluid. The density of the particles is
approximately equal to the density of the liquid. The diameter of the particles in this case is 50
micrometres. Two digital images of the padidistribution are taken, from which the two
dimensional vector field can be calculated. The time interval between the two images can vary
from a few microseconds to several milliseconds, depending on the velocity of the main flow.

In the interrogation &as, the velocity is assumed to be uniform during the image pair recording
period. Knowing the delay between the recorded images and the displacement of the particles,
the velocity vectors can be correlated to the interrogation regions using correlatimdsne

[31].

Using calibration, the displacement (measured in pixels) can be converted to a metric value
using the following formul68]:

6 | — 16 (7.1)
Where: u is the physical velogit [ m/ s], U [ m/ pixel] is the con
X [ pixel] i's the displacement of the recor
the two i mages being recorded. The magni fi ca
target UGUu is difficult to detect systematicall

rather than a measurement parameter.
In general, the measurement setup can be broken down into four subsystems:

- Calibration subsystem: converts the displacemeptxels into displacement in
metric,

- Visualization: trace particles, illumination,
- Image recording: digital camera,
- Image processing: cros®rrelation method, vector field calculation, etc.

The uncertainty in the target variables (flow velocities) istraffected by errors from the
four subsystems.

To achieve sufficiently accurate measurements, the estimates of random and systematic errors
should be determined at the 95% confidence level and the resulting quadratic error function
should be generated. Bhiallows us to estimate the measurement uncertainty with 95%
confidence.

Each element in equation (1) is subject to systematic error and random error, which introduce
bias into the result and give the uncertainty of the measured \ddireg the appropria
literature, a detailed uncertainty analysis was carried out which included the following sources
[69] [68] [70] [71] [72] [73]:

- Error sources and sensitivity factors for magnification
A Reference length identification
A Error caused by the image recording system
A Error due to davarping was neglected
- Error sources and sensitivity facdor of @X | mage di spl acement
A Error due to illumination

A Error caused by the image recording system
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Image processing, calculation of displacement

sources and sensitivity factors of

Error sources of the delay generator (timer) timing

A Error urces of the laser pulse timing

sources and sensitivi
A Flow following ability of the particles (trajectory)
A Threedimensional effects

A Uncertainty due to volume flow adjustment

- The effect of sampling

ty

factor s

At most pointsin the flow field, the error of our measurement is ~ 0.23 m/s (~7.8%) This

relative error is naturally larger in the lower velocity sections (along walls), since most of the

sources of error in the uncertainty analysis are constant, and few depencotuahgelocity

vector of the measured flow.

Main parameters

Calibration

Area investigated 105 x 40 mr Calibration length on
target Lei

Average flow velocity w 2.0112 m/s

Flow cross section A 828.7 mmM Calibration length on
the visualisatia plane
Lsel

Flow rate Q 1.66667 I/s Magnification|

31.5 mm

365 pixel

0.08630137 mm/pixel

Flow visualisation

Image recording

1280 x 800 pixel
1690 Hz

Nikon 60mm /2.8
Micro-NIKKOR AF-D

260 mm

11.41 A

Trace particle Polyamide spheres Kamera
Average diameterd 0,05 mm Resolution
Average density 1.02 g/cd Frame ate
Light source Litron Nano L|Objective
Nd:YAG laser
Laser power 138 mJ Distance from the
plane of illuminationi
Laser plane width 1.5 mm Angle of perspective
Pulse frequency 15 Hz
Time interval 50 Os

Data processing

Pixel value analysis

Cross correlation method
Interrogation area 16 x16 pixel
Search area 8 x 8 pixel

Subpixel analysis threepoint Gaussian fit

Table7.1: Some basic data for the measuremertesy®rror calculation
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7.2.1Interpreting the flow structures behind the spacer grids

Figures7.5 and 7.6 show the results of our measurements at the heights of the spacers. The
position of the plane of the vector fields can be seen on Fig8r&he flow fieldpresented
below captured on plane positioned -Y& mm. The plane passt#soughthe side channels
of the test channel, the two outer rods, and the subchannel between the two outer rod. On the
pictures we can see the very top of the spacer grids asdibeette of the outer mixing vane
(marked with whitedashed rectangle

Velocity w | I

40

Figure 7.6. Velocity distributions in the region after the third spacer grid
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The NOVANE grid type uses the vaneless grid type as its name suggests. In the flow cross
sections along the wall, two larger jets are observed and the velocity values in the gap between
the rods are much lower.

The reason behind this phenomenon is that the wamoer subchannel has a higher flow
resistance than the channels in the corners. As a result, more and mote eegeted to the

channel of the corners and less and less remains in the subchannels between the rods. It can be
observed that the velocitf the medium is similar after the second and third spacer. After the

third spacer, the velocity is slightly lower due to the pressure loss caused by the wall friction.

The SPLIT grid type also has maximum flow velocities in the corner regions. In @heeih
between the two rods (marked by tteshedectanglg, the effect of the mixing ears is clearly
visible. Immediately after the mixing vanes, a region of higher velocity is visible, indicating the
presence of a medium swirled and accelerated by thesvdn this region, the axial velocity
peak is shifted close to the grid. A relatively uniform velocity distribution is created downwards
theaforementionedegion.

The flow structure created by the mixing vanes can also be observed after the TWISEE&D sp
grid. The shape of the jets in the channel corners of the TWISTED vanes is similar to that
observed for the NOVANE grid. In the subchannel between the two rods, a relatively even
velocity distribution is created.

For all the velocity distributions afdach vane type, it is observed that the vector field is not
symmetric. In the case of vaned grids, the reason for this, is that the diverse flow created by the
vanes drives the medium in a circle along the channel #adl.in the NOVANE case, the

causeis he 120A symmetry of the gripping jaws .l
to the plane (see in Figuve3).

7.2.2. Interpretation of centreline velocity distributions

In the next section, we investigate the axial and transverse velocities in tharmgidietween

the two outer rods. The position of the monitor line is shown in Figiirdn the first figures
(Figures7.7 to 7.14), the velocity distributions after grid§®and 3® are comparedor the
respective grid types. This gives an insight ihtov the consecutive spacers interddie

velocity distributions are displayed in absolute values. The measurements were performed with
identical boundary conditions (same pump power, same valve positions, same temperature), so
the effect of successive M35 of the same type and different MVG types can be compared
directly on the figures with physical dimensions. The reference distribution is given by the
(vaneless) NOVANE spacer type.
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Figure 7.7: Axial velocity distributions in the gap between the tads as a function of
height for NOVANE grid type aftef®and 39 spacers (monitor line in Figure.5)

Figure7.7 shows the axial velocities change as a function of height after the second and third
spacers. After the spacers, a maximum is observechvidicreated by the constriction caused

by the spacer and the accelerating medium in it. It can be seen that, the velocity distributions
are selfidentical after the spacemxcept the very close region of the spacer ends.
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Figure 7.8 Transversal viecity distributions in the gap between the two rods as a function
of height for NOVANE grid type aftefand 3¢ spacers (monitor line in Figuré.5)

In Figure7.8, the axial run of the transverse velocity components is observed. For most of the
invesigated region, the value is around Dhe values are different from 0 for the first 15 mm
sectionwhere a transverse transversal mixing is visible. The distribution after grid 2 (blue line)
shows a large fluctuation of the velocities. This may be dtieetanstable nature of the flow

or to the uncertainty of the measurement in the region of interest. The transversal velocity values
measured after the NOVANE grid are generally close to 0 with an error of ~0.18 m/s. The error
bars are not presented hatag for better observation of the results.
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Figure 7.9 Axial velocity distributions in the gap between the two rods as a function of
height for SPLIT grid type afte’®and 3¢ spacers (monitor line iffigure 7.5

In Figure7.9, the axial velocity alues for the SPLIT type case are shown. Also, in this case a
peak in the velocity values is observed immediately after the spacer, which is more pronounced
after the third grid. Furthermore, after the third grid, the axial velocity of the medium seems to
settle to a higher average value. This clearly points to the beneficial effect of the mixing vane,
since the medium velocity in the region with a narrower flow esession does not only
decrease but even increases in the case of the SPLIT vane. Thideealdo an improvement

in heat transfer in a fuel assembly.
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Figure 7.1Q Transversal velocity distributions in the gap between the two rods as a function
of height for SPLIT grid type aftef®and 39 spacers (monitor line iffigure 7.5

Figure7.10shows the transversal velocity runs generated by the SPLIT mixing vanes after the
2nd and 3rd. After the second spacer the initial peak value is slightly larger (max=0.22 m/s)
than for the third grid (max=0.12 m/s). About 30 mm after the grid, the #eseswvelocity

values return to around 0. However, these values are much higher than the transverse velocity
values of the NOVANE grid.
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Figure7.11 Axial velocity distributions in the gap between the two rods as a function of
height for TWISTED grid typafter 29 and 3¢ spacers (monitor line iffigure 7.9

The axial velocity distribution of the TWISTED vane grid also shows a higher velocity
maximum after the second grid, but the average axial velocities are higher after the third grid.
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Figure7.12 Transversal velocity distributions in the gap between the two rods as a function
of height for TWISTED grid type afte?*2nd 39 spacers (monitor line iffigure 7.9

Figure7.12shows the transverse velocity decay after TWISTED vanes. It can be rbated
the values runoff is almost identical in the region after two consecutive grids.
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Figure7.13 Axial velocity distributions in the gap between the two rods as a function of
height in the case of the different grid type aftérspacer (monitor tie inFigure 7.9

On figure7.13the axial velocity component distributions can be seen, created by the different
mixing vane compositions. In cases of the spacers with vanes, the axial velocity pike is notably
higher, than the reference NOVANE type. Thghest velocity peak comes with the TWISTED

type of spacer (accurate values in TabR). The velocities along the monitor line also differ
away from the grids, but at 0D (96100 mm) distance, the differences are levelling out. At
the distance of 188D, the NOVANE spacer produce the highest values, which can be explained
by the fact that the NOVANE grid has the lowest flow resistance.
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Figure 7.14 Transversal velocity distributions in the gap between the two rods as a function
of height in thecase of the different grid type aftel®2pacer (monitor line iffigure 7.9

In Figure7.14 the transversal velocity values have been displayed. It is clear and obvious, that
the TWISTED type of spacer can produce the highest velocity values and thiev@Rklalso
creates higher values than the NOVANE spacer. The effect of the spacer is observable 3D
distance in the case of the TWISTED VANE, while the case of the SPLIT vane, the effect
disappears at 1D. The NOVANE grid produces values close to zeg almost the entire
length tested.
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NOVANE SPLIT TWISTED
Maximum axial velocity [m/s] 1.61 1.80 1.4
Line along average axial velocity [m/s] 1.2 0.66 0.72
Maximum transversal velocity [m/s] 0.0035 0.15 0.29
Line along average transversal velocitym/s] | 0.00L77 0.0136 0.0205

Table7.2: Average and maximum velocity values for different grid types

The maximum and average axial and transverse velocities after the second grid are collected in
Table7.2. In terms of axial velocities, TWISTED gives th@lest maximum, although the
average axial velocities are much higher in the NOVANE type. This can be explained by the
fact that the spacer with vanes has a higher resistance than the NOVANE spacer. In terms of
maximum transverse velocities, the TWISTED @yplso stands out. TWISTED along this
monitor line has an average transverse velocity value &ftirtes that measured for SPLIT

vanes

This observation agrees with our previous studies, that TWISTED vane type is the most
favourablemixing vane type tamprove the flow environment in the ALLEGRO GFR assembly

[49].

75



7.3CFD model calculations of the PROUETTE system and comparison to
the PIV measurements

7.3.1. CFD model description

In this Chaptey the 3D model of the PIROUETTE syst&wpresented. CFD models have been
created in parallel with the design and development. In addition, CFD models were used to
develop the flow straightener, create the spacer mounts, and develop the-jipyion.

. ANRYS

Outlet

7 pin rod bundle

T-junction

and & spacer
Anchoring spacers

Flow straightener section

Figure 7.15 CFD modelled sectioof the PIROUETTE system

Figure7.15shows the structure of the 3D CFD models. The Inlet boundary condition is located
at the bottom of the system and includes the inlet pipe elbow. This was necessary in order to
take into account possible disturbancessediby the pipe elbow. Despite the fact that the flow
straightener was deliberately designed so that the elbow no longer had any effect on emerging
flow conditions in the tod bundle test section.

After the pipe elbow comes the flow straightener sectiafding the deflector and the double
straightener grid. The straightener is 300 mm long, and the flow conditions of the part was
examined in detail during an international benchmark exefgjsdhe test channel section is

115 mm long and rectangular in cressction (35mm x 40mm). The spacers are 28 mm high
and the distance between them is 296 mm. The rods have a diameter of 10 mm. The bundle of
rods section is connected to the other channel sections from the bottom agdatopdapter

with variable cross section.
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The crosssection of the channel in thejiinction is 50 mm x 50 mm. The medium flows out
of the T-junction in two opposite directions. The-pgssing pipe sections are not of equal length
due to the way the chaehis fixed. This may have some effect on the velocity distribution in
the T-junction, and this section has been modelled.

7.3.2. Definition of boundary conditions

The inlet boundary condition is given as a mass flow rate o¥i6 (h.6594 kg/s). The relative
pressure at the outlet is defined as 0. The channel walls, spacers, rods, and straightening
elements were assumed to be smooth walls (Smooth Wall). The velocity along the wall is zero
(No Slip Wall). Flow is adiabatic and water properties were determing@itat AC and
atmospheric pressure (Tal&). The different mesh regions are connected via 13 interfaces.
This was necessary due to the complexity of the model structure. The primary turbulence model
to be chosen was the SSbiega turbulence model.

Properties Value
Temperature[ A C] 30

Density [kg/m?] 995.652
Pressure [atm] 1

Dynamic viscosity [kg/m*s] 0.00079773

Table7.3: Properties of water during the experiment
7.3.3. Used turbulence models

The CFD model simulations were run with different turbulemoelels. These models are the
most widely used in the nuclear industry and are recommended in Best Practice Guidelines
[30].

The model of RNGKJ) model i s blkoneveldd otnwot heeq uvaetlilon t ur b
This model is based on the renormalization group analysis of the Nwiezs equations (Re
Normalisation Group (RNG)). The transport equations for turbulence gemerahd

di ssipation are the same as those for the st
and one of them is replaced by a functidhis function attempts to take into account the

different scales of motion by changing the production tg3].

SSTky model i -equatidn ediviscosity wmodel which has become very popular.
The shear stress transport (SST) formula combines two theoretical approaches. The use of a k
¥ formul ati on i n bdumdary layer makes the anodelsdirectly usable &

describe the viscous layers. On the other hand, the SST model switch8stdko r mu | at i or
the inner free stream regions. The two approaches are linked by a weight function, which has
been finetuned though empirical test87].

The BSL Reynold stress model is the latest approach we have used. Unlikguatmn
turbulence models, the full Reynold stress tensor and the dissipation rate is calculated during
the simulation. Th exact production term and the inherent modelling of stress anisotropies
theoretically make Reynolds Stress models more suited to complex flows. However, practice
shows that they are often not superior to-eguation modelg37].
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A proper mesh independence test was created with 4 models of different mesh densities. The
mesh densities were varied only at the rod bundle section of the models. An average mesh
resolution was created before and after the rod bundle section drasen experience. The
details of the mesh independency tastpresented in detailed in my artigi&d].

7.4 Comparison of NOVANE CFD model and measurement results

In this Chapterthe comparison between the measurement agg
CFD gmulation results are presented. It is very important {
note that the comparison of measurements and calculatig
should take into account the size of the volume being measu
This was also mentioned @hapter2.4. In CFD post processing
the evaluatia plane size has a thickness of 0, which does
correspond to the real measurement conditions. The line alg
velocity distributions of the simulations were extracted from t
result files with the help of a short evaluation script. The scri
extractedhe volumetric averaged velocity values with 0.01 m
step intervals from the surroundings of the centrum
measurement plane. In this way, we could take into account §
actual thickness of the measurement plane. This comp
evaluation method was necegsalhe monitor lines positions
can be seen in Figuiel6 The comparisons have been made &

0.5,-1,-2,-3,-5, and 10D distance from the top of the spacers:. -
Figure 7.16: Positions of

Figure 7.17 shows the velocity field after the 2nd NOVANE monitor lines

type spacer grid. The CFD simulatiogsult given by the SST

k¥ and BSL Reynol-tIststbessnaedmBNEI k. The di
to the measurements. The measurensdrawthat the wake after the grid disappears relatively

soon, while in the simulations it is obsernfeda much downwards. The velocities in the inner
subchannel are much lower than in the outer ones. This can be seen in the measurements and
simulations.
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Figure 7.18 Comparison of transversal velocity fields after the 2nd grid (NOVANE)

In the Figure 7.18 the results are compared on the basis of the transversal velocities. The
transversal distributions plotted on the plane show some regions of good agreement. For
exampe, in the region marked by the rddshedectanglewe can see a transversal pattern due

to the spacer, which is well observed in both measurements and calculations. In the subchannel
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on the right, a blaclashedectanglendicates the positive velocitggion, which is also present
in both the measured and calculated results.

Based on this quantitative comparison, the turbulence models correctly describe the transverse
velocities in the section close to the grid. The simulations of the NOVANE spacertisiio

the effect of the spacer grid is significant at much greater distances, while the measured results
show that it disappears at shorter distances.
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Figure 7.19 Axial velocity distributions behind the 2nd NOVANE spacer from 0.5 to 10D
distances

In Figure7.19the line along axial velocity distributions presented in different distances from
the NOVANE spacer. The error bars are not presented in this figures, due for better observation
of the results. The axial velocities are the highest in the closastor line due to the cross
section constriction. A progressive reduction in the effect of the grid can be observed. Moving
away from the spacer, the velocity profiles become more and more parabolic as in the inner, as
in the outer subchannels.
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Figure 7.20 Transversal velocity distributions behind tH¥ ROVANE spacer from 0.5 to
10D distances

80



In Figure7.20the transversal velocities are observable. Despite the surrounding of the walls of
the flow channels, the vales are close to 0. The transvelseities directly along the walls
indicate that the medium is flowing towards the inner regions of the channels. The axial velocity
values are more than one order higher than the transversal velocities.
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Figure 7.21 Line along axial velocity componedistribution 0.5D (5 mm) behind th&%2
NOVANE spacer
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Figure 7.22 Line along transversal velocity component distribution 0.5D (5 mm) behind the
2"YNOVANE spacer

At a distance of 0.5D, the axial velocity components show good agreement in the outer
channels. Except for the region along the outer walls. In the inner subchannel the profile shape
is already slightly different and CFD calculations predict a higher maximum. The transversal
velocity profiles are of the same order of magnitude, but theiresisagifferent. Nevertheless,

the calculation results are within the measurement error range for almost the entire length of
the monitor line. At this distance, different turbulence models give similar results and it is
difficult to determine which one gés the correct measurement results.
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Figure 7.23 Line along axial velocity component distribution 1D (10 mm) behindhe 2
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Figure 7.24 Line along transversal velocity component distribution 1D (10 mm) behind the
2"Y NOVANE spacer

At distance 1D the axial values again show good agreement, except for the outer region of the
left channel. The axial velocity maximum measured in the inner channel at this distance are
already in agreement with the calculations. With respect to the trapsxaocities, the nature

of the velocity profile in the left subchannel is the same, although more significant differences
are observed in the right subchannel. Apart from this, the measurements and calculations are
within the error range.
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Figure 7.25 Line along axial velocity component distribution 10D (100 mm) behind"the 2
NOVANE spacer

At 10D distance, CFD calculations clearly overestimate the absolute value of the axial velocity
components in the outer subchannel. In the inner subchannel (heéhee®ds), the values are

the same. The three turbulence models also give different velocity profiles, hence the need, to
find the correct model settings. The deviation between the maximum value of the NG k
model output and the measurement is 15.62 %.

As a result, the axial velocity profiles for the NOVANE spacer grid in the-gredregions
showed good agreement with the measurements. The transverse velocity profiles were also in
the same order of magnitude as the measurements, although it islmaintbat, the relative

error of the measurements is much larger.

7.4.1. Comparison of SPLIT CFD model and measurement results

The axial velocity distributions after the SPLIT grid are shown in FigL#@ In the poswvane

region, there are minor differencestlvyeen measurements and calculations. The measurements
suggest that the higher velocity region of the two side subchannels dissipates quickly, while in
the calculations remain pronounced for much longer

Figure 7.Z shows the 2D distribution of the transse velocity components in the region after

the second spacer. The blatdshed rectangld@ghlighted in the inner subchannel show a well
traced pattern, which is also reflected in the calculations. The vortex created by one of the
external mixing vanes oabe seen in this region. Figure 7.28 shows the <estonal
secondary flow regime calculated by CFD. It can be observed that the laser plane intersects one
of the vortices, and the corresponding velocity component of this vortex can be seen in the
region marked by the blaakashed rectangle Figure 7.27. Also, good agreement is found for

the positive velocity region in the simulation in the left outer subchareatbd@shedine).
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Figure 7.27 Comparison of transversal velocity fields after thégtid (SPLIT)
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Figure7.28 Crossflow pattern behind the"2SPLIT type spacer at 0.5 and 1D distance
(CFD calculation)

Figures7.29to 7.35show the results in nmitor lines for the SPLIT type gridsAs we can see

in Figure7.29 the velocity profiles of the two channel edge regions are not symmetrical to each
other, which is because the SPLIT (and TWISTED) vanes are set to create a circular flow
around the chanhevall. Since the crossection of the channel is not square but rectangular
and the positioning of the rods are not rotationally symmetric in the channel, a different flow
pattern is observed in the two outer subchannel corners. The asymmetry is odisemied in

the neafgrid region but also persists in the-fard regions. It can be seen that at distanees 5
10D the velocity profile is tilted towards the channel wall in the left channel and towards the
rods in the right channel. This profile tiltagso presented in the inner subchannel between the
rods. This trend is readily noticeable after the second grid, and less pronounced after the third
grid.
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