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The aim of this thesis is to perform Computational Fluid Dynarf@é=D) analysis of the

core of the Modular Test LogiMOTEL) facility designed and built ihappeenranta_ahti
University of Technology LUTusing the simulation software ANSYS FluelBtien though

the power distribution in the corethie MOTEL facility is five-stepped cosine, for this study

flat and cosine power distributions are also simulated to compare different parameters e.g.,
temperature, density, velocity with the existing fstepped cosine power distributidiwo
meshes werereatedfor demonstratinghe effect ofmeshdensity Two vertical planesre
created in the middle of the modelled geometry to take temperature and velocity contours
and analyse the way they change while flowing from inlet to outlet. Four lines are created
adjacent to the four instrumentation rod walls and velocity, temperature and turbulence
kinetic energy profiles are analysed along those liBetter heat transfer is observed for
cosine power distribution as the difference between the average and highest temperature is
the leastThe line adjacent to the instrumentation rod 1, which is near the centre of the core,
shows least fluctuation in temperatuxelocity, and turbulence kinetic energy proéle

When simulating the case for 990kW power and-8tepped cosine power distribution with

both Shear Stress Transpo8%T) andstandardQ | model, there were some differences
between the result. This is due to the limitatiostahdardQ | model in simulating near

wall boundaryand capturing the transitions in natural circulations flows.
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Abbreviations
CFD Computational Fluid Dynamics

MOTEL Modular Test Loop

PWR Pressurized Water Reactor
AMR Advanced Modular Reactor
SMR Small Modular Reactor
BWR Boiling Water Reactor
LOCA Loss Of Coolant Accident
NPM NuScale Power Module
RPV Reactor Pressure Vessel
SST Shear Stress Transport

FVM Finite Volume Method
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1 Introduction

As the world population grows and the global economy expands, urbanization is happening
at a rapid pace, leading to an increasernergy demand. However, meeting this demand
while reducing greenhouse gas emissions will be a significant challenge. Using existing
traditional power plants like coal and gas to meet this growing demand will only result in a
further increase in CO2 emisa® Therefore,safe, reliable, economic and environment
friendly alternative of the fossil fuel power plants is nuclear enesgpychis a low carbon

emitting source of energy producti@ivorld Nuclear Associatigr2022)

Nuclear energycurrently,is providing almost 10% of worldlectricity. To reach net zero
emission by 205ahe contributiorof nuclear energghould double between 2020 to 2050
(World Nuclear Associatign2022) However, constructing a nuclear reactor is limited by
high capital costananufacturingand site selectiamhese limitations can be overcomoea
great extent by the Small Modular Reactors (SME)IRs are advanced reactors with
power capacity of up to 300 We andfraction of the size ofhatof a conventional nuclear
power plan{lAEA, 2023).

1.1 Small Modular Reactor (SMR)

Small modular reactors have powers ranging from 10 MWe to 300 MWe which results in
varying size. Studies have been carried out to find the suitable coolant for SMR and the
possible coolants are found to be light water, ligmdtal, or molten salts Different
technologiesand safety featuraacluding passive safety systetmsvebeen incorporated in
designing SMRs over the last few yeatdthough SMR is a universal ternadvanced
modular reactors (AMRS) araften the specific name given to the SMR technology that

employs a noitight water coolan{(Small modular reactor2023.
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1.1.1 Advantages of Small Modular Reactors

Several benefits can be associated with the SMR designs in comparison to the conventional
large nuclear power plants which are as folld®mall modular nuclear reactor2021
IAEA, 20B):

1 Low capital costs required for the construction of SMR.

9 Low construction risk and less construction and installation times can be associated
with SMR.

1 SMRs can be easily decommissioned compared to the conventional large nuclear

power plants.

1 SMRs can be built in locations where the large nuclesctors cannot be

constructed.

1 Components of SMR can be prefabricatednufacturedand then shipped and

installed in the site.

1 SMRs have less fuel requiremersisd maintenance costnay require refuelling

every 31to 7 years.

1 SMRs can be coupled with renewable sources which, as a result, can increase the

efficiency in a hybrid energy system.

1.1.2 Integral Pressuzed Water Reactor (PWR)

Almost onethird (25) of 70 commercially developed designs of the SMR uses water as
coolant which includes integral PWRs, compact PWRs, loop PWRs, Boiling Water Reactors
(BWRs), CANDU type, pool type reactotistegral PWR can have both natureitulations

as in CAREM (Argentina) or NuScale (USA) and forced circulation as in ACP100 (China)
(Subki, 2020)The primary circuit pipework is not required in the integrated PWR design of
the SMR since the reactor pressure vessel inclatlebe primary circuit components,
increasing safety anceliability (Integral Pressurized Water Reactor Simulator (SMR)
20138.
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The integral PWR design have some merits which are as follows (Zeliahg2020):
1 Remove some potential accident initiaterg., large LOCA and control rod ejection.

1 Improved features to reduce the effects of an accident.

1.1.3 NuScale SMR

NuScale Power Module (NPM) is a wataoled, integral PWR type SMihich employs
natural circulation of the primary coolaithe NPM can be varied depending onghergy
demand andurrently, for the licensing process, a twelk@dule configuration is taken to

be referenceSince the plant is scalable, multiple modules can be installed at the same time
and can be controlled from the same control room. Even if it is amattule configuration

of NuScale plant, each module operates independently (Ski).2

Some other advanced design and safety features of the NuScale irf{blu8esle Small
Modular Reactor2022)

1 Containment vessel is compact and immersed in pool of water.
1 Emergency core cooling system is fadfe.
1 The modules can be fabricated entirely in the factory.

1 Inthe evenbf a station blackout, the NPM shuts down and cools itself indefinitely

in absence of any operator action or AC/DC power.

1 The necessity for the primary piping and reactor coolant pumps are terminated by the

natural circulation.
The major technical parameters of the NuScale are given in Table 1.

Table 1: Technical parameters of NPM (Subki, 2020)

Parameters Values
Reactor Type Integral PWR
Coolant and Moderator Light Water
Primary Circulation NaturalCirculation
Fuel Type V]@7)
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Fuel Assemble Array 17x17
Number of Fuel Assemblies in the Corg 37
Fuel Enrichment (%) <4.95
Refuelling Cycle (months) 24
Design Life (years) 60
Reactor Pressure Vessel Height (m) 17.7
Reactor Pressure Vesgabhmeter (m) 2.7

1.2 Motivation for This Study

Numerousadvantages can be associated withSMRs,and70 commercial designs have
been developedespite thatthe major drawback at present is the lack of development

a result, there is no SMR for power generati®mall modular nuclear reactor2021) A
barrier to the advancement of SMR is the scarcity of highly skilled professionals with
familiarity with the licersing processfor an SMR The existing licensing process is
developed for large nuclear reactors. Developing a new licensing procéiss 8VIR is a
lengthy and costly proces®\dvantages and disadvantages of small modular reactors
2022). Also, the licensing process requires lots of test results and for this seasoal test
facilities hare been constructed to conduct experimenttuding theModular Test Loop
(MOTEL) facility in LUT University (Finland)which resembles the NuScale type SMR

Fluid flow is governed by complex higherder partial differential equations (PDESs), which

are difficult to solve analytically and require computational fluid dynamics (CFD) for
numerical solutions. CFD is widely used in the nuclear industry across ya&miors,
including fluid engineering, reactor safety, thermal and hydraulic design, boiling and heat
transfer, steam generation, drop fuel test, and spent fuel processing. CFD offers a key
advantage in the nuclear industry by allowing the evaluatiohefigmena that are difficult

to reproduce or costly to analyse experimentally, at a lower cost and with reasonable

accuracy (Dalvi, 2012).
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2 Overview of MOTEL Facility

The modular test loop (MOTEL) facility is amegral PWR typ&MR, with resemblance to
the NuScale type SR, which has a tall cylindrical reactor pressure vessel (RPV) that

contains the following pari@lyvarinen, Telkka and Tielinen, 2022)

1 Straight cylindrical electrically heated reactor core at the bottom

9 A-riser above the core

1 A helical coil steam generator

1 A pressurizer at the top

The exchangability of the main components with a functionally equivalent component is
one of the distinguishing characteristalSMOTEL facility. Anothersignificant aspecof

the MOTEL facility is theinterchangeabilityof the heating componenfMOTEL facility,

no date)A general view of the MOTEL test facility is shown in Figur@/varinen, Telkka
and Tielinen, 2022)

To explore the axial as well as radial flow phenomena within the core, the MOTEL core has
been purposefully made wider and shorter. The MOTEL core represents the fuel rod bundle
with a grid of rectangular heater rods. The inspection of the flow pattetims @ore is made
easier by this configuratioaf heater rod The MOTEL facility has a helical coil steam
generatoFigure 5) where the primary water flows outside the tubes and the boiling takes
place inside the tubes. 16 steam generator tubes makésuggtiipmentwater inhalf of

which circulate in a clockwise direction and the other half counterclockwise. The pressurizer
(Figure 6) which has two heating elements and a relief valve to maintain the pressure inside
the test facility, is located at the top of the faciliyodular Test Loop (MOTEL.R018).
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Figure 1. General view of MOTEL facilityleft: external section, right: internal structure
(Modular Test Loop (MOTEL.2018)

The entire primary circuit is contained within the SMR vessel as the MOTEL facility is an
integrated PWR. The natural circulation of the principal coolant renders the need of pumps
unnecessary. In the centre of the vessel, where the water is heated@tédukeweger rises.

When the heated water reaches the top of the riser, it goes through the steam generator in the
downcomer at the edge of the vessel and flows down. Since the cooler watdidizesr a
density than the heated coolant, it flows downwardtdugravity and is heated once more

in the core. The heated coolant transfers heat via the steam generator tybheswdallwhich

boiling occurs The secondary water goes into the steam generator tubes and thegroduce
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steam iglischarged out ahe facility. A crosssection of the MOTEL facility core is shown

in Figure 2 Modular Test Loop (MOTEL.R018).

SG inlet/outlet
flange

Pressurizer heatel

Instrumentation
feedthrough

SECTION D-D

Figure 2: Top view of the MOTEL facility coréModular Test Loop (MOTEL.R018)

The data obtained experimentally from the MOTEL facility will serve two pugpdse
investigate and understarile integral PWR and to obtain quantitative data dode
developmentThe key technical parameters and their corresponding values are given below
in Table 2(Hyvarinen, Telkka and Tielinen, 2022)

Table 2: Major characteristics of the MOTEL facility

Parameters Values

Height scale 1:2

Maximum pressure in reactor vessel 4 MPa
Maximum heating power 990 kw
Maximum temperature in reactor vessel | 523 K (250°C)
Height of the vessel 7.4m

Height of core 1.83m

Height of the helical coil steam generato| 1.311 m

Core outer diameter 0.602 m

Downcomer annulus gap (riser/core) 98 mm/ 36 mm
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Main material of the components Stainless steel
Insulation material Mineral wool
Insulation thickness 120 mm

2.1 MOTEL-SMR CoreModule

The core of the MOTEL facility represents@uare arraypuclear fuel bundle consisting of

293 rods among whichHl32 heater rodsare arranged in rectangular grid, lére
instrumentation rods and 14&e dummy steel rodsFor obtaining thermahydraulic
precision and mechanical feasibility, the rod dimensions and heating rod pitch are chosen to
be as suchA single heating rod measures 1830 mm in height and 19.05 mm in diameter.
The MOTEL core can produce a maximum power of 990 kW since the maximum heating
power of a single heating rod is 7.5 kW. The shortest distance between two heater rods,
measured from the centre of one rod to the other, isM2Arheating rod and a dummy rod
have a distance @9.70 mm between them when measured from the centre of one rod to the
other. A dummy steel rod has a diameter of 18 (Mimdular Test Loop (MOTEL.R018) It

is desirable for an integral PWR to have a pitch to rod diameter ratio of arouh@ WBich

is 1.56 for the MOTEL facility because of having enough spac¢htoheating rods and
reducing the pitch to rod diameter ratiigures 3 and 4displaythe distribution of rods in

thecoreand the dimensions of the rodsyvarinen, Telkk& and Tielinen, 2022)

Heating segments, measurement rod and thermocouple locations in core

Figure 3: Rodsdistribution in MOTEL facility core moduléHyvarinen, Telkkd and
Tielinen, 2022)



17

Flow area

?» Heating rods
i i7_> Dummy rods
3@

M 4

Figure 4: Rod dimensions and pitch of MOTEL cdigyvarinen, Telkka and Tielinen,
2022)

D18

»|nstrumentatiomod

As comparedo thin heater rods, thicker heater rods diffuse heat more slowly. In the MOTEL
facility, standard thickness heating rods are employed with a 0.7 mm stainless steel and a
magnesium oxide fillingThe height of the MOTEL core is exactly half of a PWR core and
equal tothe NuScale coréHyvarinen, Telkka and Tielinen, 202Z2fhe axial power
distribution of the MOTEL core is a fivetepped cosine function, replicating the distribution
observed in an actual nuclear reactor cvimdular Test Loop (MOTEL.)2018) The
dimensions and key parameters of the core module of the MOTEL facility is given in Table
3 (Hyvérinen, Telkka and Tielinen, 2022)

Table 3: Dimensions and key parameterglod MOTEL core

Parameters Values
Height of core 1.83m
Diametre of core 0.6 m
Number of heating rods 132
Diametre of heating rod 19.05 mm
Rod pitch 29.7 mm
Heating rod individual power 7.5 kW
Heating rod total power 990 kW
Number of dummy rods 145
Diametre of dummy rod 18 mm
Number of instrumentation rod 16
Diametre of instrumentation rod 18 mm
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Maximum achievable average heat flux 63 kw/nv

Maximum achievable average heat fl 17%

(compared to NuScale design)

2.2 MOTEL-SMR Steam Generator

The steam generator of the MOTEL facility has 16 helical heat exchanging ealobswith

a diameter of 15 mrand wall thickness of 1 mnm four bundles which makes four radial
layers. Among 16 tubesyater ineight circulates in clockwise direction aimthe remaining

in the counterclockwise directiofrour inlets, each with an adjustable valve that can be
completely closed tpartially isolate the steam generator, guide the secondary circuit water
toward the steam generator tub&ke primary water goes downward outside the tubes
through the fououtletsat the top of the steam generator, andotioelued steanis removed

from thefacility (Modular Test Loop (MOTEL.2018) In the MOTEL facility, the primary
water is circulated by natural circulation which is driven by the density difference between
the riser and downcomer. The vertical distance between the heat source, which is the core
midplane, and the heat sink, whiclthe steam generator vertical midplane, is about 3.2 m.
The steam generator of the MOTEL facility is presented in Figlrygarinen, Telkka and
Tielinen, 2022)

Hot collector

Coiled heat exchanger
tubes

Cold collector

}g‘ LUT
«® University

Figure 5: Helical coil steam generator of MOTEL facilifilyvarinen, Telkka and Tielinen,
2022)
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2.3 MOTEL-SMR Pressurizer

The pressurizer of the MOTEL facility is shown in Figure 6. The pressurizer, which is at the
top of the facility, has two heaters, each with a 30kW heating power, and a 4 MPa safety

valve with a rupture disc.

Figure 6: Top view of the pressurizer heater of MOTEL faciliyyvarinen, Telkka and
Tielinen, 2022)

2.4 MOTEL-SMR Instrumentation

In the MOTEL facility, advanced instrumentation techniques are used, when feasible, to
measure the flowrate, pressumperatureand powerTraditional thermocouplesnostly
K-type mineral insulatedare used to measure temperature. Each heating rod in the core
region has a thermocoupéand hree temperature readings are obtained within the steam
generator at different points on each steam generator tubelaty¢he exit, and theiddle.

The positions of the thermocouples in the core are at thegoessi70 mm, 952.5 mm, 1435
mm, 1892.5nm, and 2300 mm.

There are dur distinct locations where measurements of pressure are obtained. The top
plenum is where the primary side pressure is monitored, the steam collector is where the
secondary side pressure is measured, and the remaining readings are for thegiréssure
pumps Eight differential pressure measurements are also made, including four that

determine the pressure drop between bmtom of the downcomer and the upper
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downcomer spacewo that estimate the pressure drop betweehdttem of thecore and
the top of the risengne that measures the secondary side pressuramame that measures

the water levein volume control tank

Two utrasonic flow meters, an advanced measurement technology, are employed at the
facility to monitor the primary water flow rataet the bottom of the downcomefwo
auxiliary flow rate meters are also included; one monitors the feedwater flowrate, and the
other determines th@comingand outgoingflowratesof the primary systen{Hyvérinen,

Telkka and Tielinen, 2022)
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3 Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is a numerical solution method used to analyse fluid
flow, heat transfer, and related phenomena, enabling the analysis of complex problems
involving the interaction of fluid, solid, or gas with fluid. It gained signiftaamportance in
different sectors including nuclear industries due to its ability of simulating complex fluid
behaviour and optimizing designs in a eeBective way. In the nuclear industry, it is
utilized for safety analysis, reactor cooling systemsl, waste management processes. It
helps to identify potential hazards and optimize safety measures by enabling to simulate fluid
behaviour in nuclear reactor during normal and accident conditions in a very detailed way
(Ho6hne, Krepper and Rohde, 2010). Mwxrer, it facilitates the design and improvement of

the reactor cooling systems and comprehension of thdmaaaulic mechanism, providing

with insights regarding the fluid flow patterns and heat transfer, maintaining effective

cooling (Wang et al., 2021).

3.1 Fluid Governing Equations

Depending on the nature of the flow, there are conservative equations that are solved in
ANSYS Fluent code. For all flows, mass and momentum conservation equations are solved
to describe fluid motion. The energy conservation equation is solved whenameséeitis
involved. Additional transport equations are solved for turbulent f[BMSYS FLUENT
Theory Guide2021)

The mass conservation principliectates thathe mass of fluidvithin a control volume
remains constant with time. This fundamental principle is expressed mathematically in the
form of continuity equation for continuous media, such as fluids. The equation for mass
conservation or continuity equation for incompressible flows can be wrigeollaws
(ANSYS FLUENT Theory Guid&021)

— nfre Y (1)

Here,” is fluid densitywis fluid velocity vectorand™Y is the source term for mass within
the fluid.
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The conservation of momentum describes the balance between the forces acting on the fluid
particles and the resulting acceleratwanich is as followgANSYS FLUENT Theory Guide
2021)

® Nt ”eb nb ntf "R D 2

Here,n is the static pressuréis the stress tensdr;Qis gravitational force body ari®is

the external body forces.

The stress tensdtis given by the following equation:

f e 16 -nteO 3)

Here," is molecular viscosity(s the unit tensor. The effect of volume dilated is represented
by the second term on thight-handside.

The energy equation is as follo¢ SNSYS FLUENT Theory Guid2021)

— "0 nf ” 0§ nf B OQ Y 4)

3.2 Turbulence Modelling

When the flow is turbulent, it is desirable to decompose the instantaneous variables into a

mean and a fluctuating value, i.e.,
Y Y O (5)
Two reasons for thidecomposition of variables are as follofi2avidson, 2022)

1 The mean values are typically more significant than the time histories when

measuring flow quantities.

1 An extremely fine grid that can resolve all turbulent scales and a fine temporal

resolution are needed solve the NavieStokes equation numerically.

The continuity and NavieBtokes equations are as follows:

— Y oom (6)



23

—  "YYL YR YR A1 TG (X)

where 8, indicates derivation with respect éo. For the incompressible flow (low Mach

number), the dilation term on the right side of the Equation (7) is neglected. So, the equation
becomes as followdavidson, 2022)

— YY. &G YR YR (8)

After time averaging, the timaveraged continuity and Navi§tokes equations are obtained

which are as followg¢Davidson, 2022)

— Yo ©

~ ~

—_— ” TY'?‘Y F] Gﬁ 1 !Yﬁ !Yﬁ ” é c’) ~ (10)

The term” 6 6 on the righthand side of Equation (10) is called Reynolds stress tensor and
the tensor is symmetric, i.éh,6 0 0 . This term represents the correlation between the
fluctuating velocities and this unknown additional stress term is due to turbulence

(fluctuating velocities). A model is needed b to close the equation system in (10).

In eddy viscosity turbulence models, the Reynolds stresses and the velocity gradients are
related through the turbulent viscosity and this assumption is called the Boussinesq
assumption where the Reynolds stress tensor indiweeaged NavieBStokes equatn is
replaced by the product of the turbulent viscosity and the velocity grad@atsdson,

2022)

3.2.1°Q § Turbulence Model

Q 7 is asemiemgrical, two-equation model which enables the independent determination
of the turbulence velocity and length scale by solving two separate transport equations for
the turbulence kinetic energfand its dissipation rate, Theturbulence kinetic energy is
defined as the variance of the fluctuations in veloaitgithe turbulence eddy dissipatia i
defined asthe rate at which the velocity fluctuations dissipatethe Q | model, the
modelled transport equations foand] are solvedThis model is widsf used in industrial

flow and heat transfer simulations because of its robustaesepmy,and fair precision.
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There are thre® 7 modelsi standard, RNG and realizabf® | model. All three have
similar formsof transport equations fdrandj . The main differences between the models
are as followgANSYS FLUENT Theory Guid&®1):

1 the method of calculatingpeturbulent viscosity
1 the turbulent Prandtl numbers governing the turbulent diffusidraati
1 the generation and destruction terms irf tleguation

The model that will be explained here is the standard model.The turbulence length

scale is obtained as follows:

a — (12)
The turbulence kinetic energand its rate of dissipatidnare obtained from the following

transport equations:

~

o 'rQ — " ® e —_ O 0O " A Y (12)

—"f —"% —  —— &6-0 860 86 "— Y (13

Here "O is the turbulence kinetic energy generation due to mean velocity grad@rnss,
turbulence kinetic energy generation due to buoyaugy,s the contribution to the
fluctuating dilatatiorin compressible turbulence to overall dissipation rate,0 ando
are constants, and, are turbulent Prandtl numbers f@and] respectively"Y and"Y

are useidefined source terms.

The standard | model is only applicable for fully turbulent flows since this model has
been derived with the assumption that the flow is fuihpulent,and the effects of molecular
viscosity are negligibléANSYS FLUENT Theory Guid&®1). There are, however, certain

limitations ofthe™@ | modelwhich are given below
1 No-slipwalls.
1 Adversepressure gradients

91 Strong curvatures
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M1 Jetflows

1 Difficulty solving forj

3.2.2 Shear Stress Transport (SST) Turbulence Model

Shear Stress Transport (SST) was developed to combin® the model's robust and
accurate formulation in the newamll region with the Q § model's freestream
independence in the distant field. TEe | model is turned into & 1 formulation to

achieve thisTheQ 1 based SST model accounts for the transport of the turbulent shear
stress and gives highly accurate predictions of the onset and the amount of flow separation
under adverse pressure gradients. SST motleéithe ky mo de | . iHotudesthee r , |
following modifications ANSYS FLUENT Theory Guid&®1):

1 Ablending function is multiplied to both the standasdk model and t he t
k-U model and then both the models are
designed in such a way that it is one in the fveat region activating the standard
k-¥ odel and it is zero away from the surface resulting in activation of the

transformed KJ mo d e |
1 This model includes adampedcrass f f usi on derivative ter

1 The definition of the turbulent viscosity is modified for taking the transport of shear

stress into account.
1 The modelling constants are different.

The transport equation of ST 1 model are as followANSYS FLUENT Theory Guide
2021)

~ ~

-—"0 —"® —3— 0O & Y (14)

_7 —"16 —s— 0 & O Y (19

Here, O is the turbulence kinetic energy generation due to mean velocity grad@rits,

the generation of , & andd are the effective diffusivity oand ,3 ands are effective
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diffusivity, O is the crosgiffusion term,;Y and’Y are useidefined source term$he SST

model accounts for the transport of the turbulence shear stress in the definition of the
turbulence viscosityvhich makes it more accurate and reliable for a wider class of flows
compared to standaf® 1 and Baseliné) 1 models(ANSYS FLUENT Theory Guide
2021)

The SST model, being more developed thari®hé model, has fevadvantagesompared
to other tweequation models. This model is applicable to viseaftescted region without
further modification for which it is popular in aerospace applicativsscerman2016)

3.3 Finite Volume Method

The conservative equation for a general s@alean be written as follow&hen)
— 7 % Nt M¥ Nt 3 nn 1 (16)

Here, 3 is the diffusive coefficientin this equation, the terms on theft-handside are
transient and convective terms respectively and the terms on théagihside of (16) are

diffusive and source termAt this point, the assumptions that are considered are:
1 The equation is steady state which results in the transient term to be zero.
1 This applies to a single control volume C.

Then, equation (16) becomes as follq@sen)
Qdt MM . Qdt 3 1N Qa a7

Finally applying the Gaussian divergence theorem to replace the volume integrals over

control volume by surface integrals over control sur{&teen)
B OMnt M B OBt 3 nn _ Qa (18)

This is the final conservative form and FVM focuses on efficiently solving this equation.
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4 Materials and Methodology

4.1 Simulation Software

The CFD process comprises fecessing, processing, and postprocessing steps, which
collectively contribute to accurate simulations and informed deeisi@king. These steps

are explained briefly below.

1. PreprocessingThis initial stepof the CFD procesmvolves defining the problem,
geometry, properties of the materials involveahd boundary conditions. CAD
models are often used to create the geometry, while mesh generation discretizes the

geometry into smallesegmentgTeam,2020.

2. Processingln this step, the mathematical equations governing fluid behaviour are
solved using numericablution methodsThese equations include the Navi&tokes
equations for fluid flow and additional equations for heat transfer or chemical
reactiongTeam,2020.

3. Postprocessing: In the last step of the process, the results obtained from the solver
are analysed usimdjfferent available methods like contour plots, streamlines, vector
plots and so ofPatel, 2015)

There areseveralCFD simulation software among which ANSYS, OpenFOAM, COMSOL
Multiphysics etc are noteworthy. For this wodkfferent modules oANSYS havebeen
used fordefining the geometry, creating the measdryying out the simulations and analysing

the dataThese modules are briefly explained below.
4.1.1 ANSYS DesignModeler

ANSYS DesignModeler is a powerful parametric 3D modelling tool ¢énabledo create,
modify, and manipulate complex geometries for simulatsmme of the main characteristics
of it are as followgANSYS DesignModele2010:

1 Intuitive sketching tools for creating 2D sketches
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1 Advanced parametrigtilities for design optimization.

1 CAD models in various formats can be imported and modified.

4.1.2 ANSYS Meshing

ANSYS Meshing is a tool which provides both automated and manual mesh for precise
simulations. It offers various meshing methods, two of the very common mesh are free and
mapped mesh, suitable for different types of geometries and physics. A free mesh has
restrictions regarding the element shapes or patterns while mapped mesh has regular patterns
(ANSYS Modeling and Meshing Gui@&904) Some of thenotevorthy functiors of the

ANSYS meshing are as folloWANSYS Modelingnd Meshing Guide2004 Department

of KMi P, Gda@&sk Un20t2rsity of Technol ogy

1 Automated mesh generation for quick setup.

1 Manual meshing for fine control over mesh quality.

1 Mesh element size control.

1 Meshing element shape specification (tetrahedral, hexagonal, triangular etc.).
1 Meshing type specification (free or mapped).

1 Surface meshing for accurate representation of complex geometry

1 Mesh refinement e.ghoundary layer meshing for capturing boundary effects near

walls.

4.1.3 ANSYS Fluent

ANSYS fluent is welknown and widely used CFD software which allowsrtodel and
simulate complex geometriesand analyse fluid flow, heat transfefluid-structure
interaction, multiphas#@iows, and other fluid flow phenomena such as turbulenced-etc.
solving the governing fluid flow and heat transfer equations, it utilizes the finite volume
method which includes dividing the simulation domain into small, interconnected cells.

After discretizing the geometry, calculation of the variables, suchlasitye temperature
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etc., are done at the centroid of the small control volTime governing equations are solved
by ANSYS Fluent using the iterative algorithm and then it arrives at a converged solution
(Kiarash.Kr, 2022)

41.3.1 Flow Boundary Conditions in ANSYS Fluent

There are 10 types of flomlet and outleboundary conditions in ANSYS FluerAmong
them, two boundary conditiorege briefly describedoelow which are used for simulation
(ANSYS FLUENT 122009 User 6s Guide

1 Mass Flow Inlet Boundary Conditiofhis condition is applied to compressible flow
to define a mass flow rate and other scalar properties at the inlet boundary. In case
of incompressible flow, the velocity inlet boundary condition defines the mass flow

if the density is constant.

1 Pressuréutlet Boundary Condition: It defines the static pressure and other scalar
variables at the flow outlet. This boundary condition is preferred to outflow boundary
conditions in case of occurrence of back flow during iteration to achieve a better rate

of convergence.

4.1.3.2 Adding New Material in ANSYS Fluent

ANSYS Fluent provides with a wide range of solid and fluid materials in its library.
However, if in any case, if the required material is not included in the library, a new material
can be added by specifying its physical properties such as density,ityistiosrmal
conductivity, specific heat capacity etc. Moreover, wefmed functions can be used to
define the temperatw@ependent or nehinear properties of the new material. ANSYS
Fluent solverlsoprovides several options for adding a functiothi@ physical property of

a new material, (e.g., piecewipelynomial boussinesq, piecewidi@ear etc.)(ANSYS
FLUENT 12.0 ,200%r 6s Gui de
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4.1.4 ANSYS CFDPost

The postprocessing for the fagstpbust,and sophisticated ANSYS Fluent findings are done

by ANSYS CFDPost. CFDPost can produce 3D images as well as insightful visualizations
by creating vector plots, contours, flow animations etc. making the comprehension of
complex flow phenomena easier. Nomly the graphical pogirocessing but also the
guantitative analysis is also carried out by CGF@st using the buiin functions.
Calculations can be done to determine the weighted average, mass flows, minimum or
maximum values etc. using the functions in ANSYS eF@t(PostProcessing MR CFD,

2022)

4.2 Input Parameters

Table 4 provides the physical parameters used to simulate the MOTEL facility core, in

addition to the design parameters listed in Table 3

Table 4: Input parameters for simulations

Physical Parameters Values

Inlet Temperature 4545 K

Inlet Mass Flow 7.9 kg/s

Operating Pressure 3.5 MPa

Total Power 990 kW and 750 kW

Power in a Single Heating Rod 7.5 kW and 5.68 kW

Heat Flux Functions Five-stepped cosineosine,and flat profiles
Turbulence Model SSTQ 1 andQ |

Since the temperature of coolant is not constant in the core, the water property is defined to
be temperature dependent. Figure 7 shows the tempedapeadent physical properties of
water, e.g., density, thermal conductivityiscosity, and specific heat, which has been
defined in ANSYS Fluent using polynomial functgfiHolmgren, 2007)
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Figure 7: Temperaturalependent physical properties of watdolmgren, 2007)

In the core of the MOTEL facility, the heat flux is a fiseepped cosine function designed

to resemble the heat flux profile of an actual nuclear reactor torihe caseof these
simulations, three different heat flux profiles are giteranalyze their effect odifferent
parameters, such as, temperature, velocity, density etc. The heat flux profiles for the MOTEL

core for 990 kW and 750 kW are as shown in Figure 8.

Power distribution in heating rods, 990 kW total
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(a) Power distribution in heating rods of the MOTEL core at 990 kW
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Power distribution in heating rods, 750 kW total
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(b) Power distribution in heating rods of the MOTEL core at 750 kW

Figure 8: Powerdistribution in the core at 990 kW and 750 kW

4.3 Geometry and Mesh

The core of the MOTEL facility consists of 132 heating, 145 dummy and 16 instrumentation
rods. In this work, the core of MOTEL facility has bemaondelled using DesignModeler
integrated in ANSY2022software as the core is symmetiite fluid region is only taken
to be the geometry developed for the simulatiboe to computational limitations, one
fourth of the entire core has been simulated without compromising any design criteria.

Figures9 and10 show the geometry of the simulated part of the core.

0,00 ,200
0,100 0300

Figure 9: Modelled geometry of the core of MOTEL facility
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Figure 10: Modelled geometry ofre-fourth of the MOTEL coe
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Figure 11: Mesh generated using ANSYS Meshing
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Figure 12 Mesh generated including face meshing for illustragifigct ofmeshdensity

The meshing of the modelled geometry of the MOTEL core has been done by ANSYS
Meshing. Figurell shows thecrosssection of the meshhat has been used for the
simulations Element size for this geometry has been set to 5 fims. means that the
dimension of each element in any direction (lengtidth, or height) should not exceed 5

mm. For checking the quality of the mesh, the orthogonality and the skewness of the
generated mesh has been trackeat. a better quality of mesh, the minimum value of the
orthogonality should not be less than 0.1 while the value of skewness should not exceed 0.89
for hexahedron, quadrilateral and triangular cell and 0.90 for tetrahedrg|Detiésmining

mesh quality and accuracy parameters date)However, another mesh has been generated

in the same wajncluding face meshing with a higher number of elements. This has been
done to demonstrate tledfect of mesh densitgf simulation resultsThe second mesh is
shown in Figure 1ZThe second mesh has an element size of Smolnding face meshing

of 2 mm. This means that the elements on the face of the geometry have a dimension of no
more than 2 mm in any direction (length, width, or height). The other elerharés
dimensionsof no more than 5 mrm length, width, or heightfThe mesh statistic$or the
meslesgeneratedire given below in Tablg.

Table 5: Statistics of the generated mesh for simulation

Number of Elements 3886172 5893896

Elements Size 5 mm Face meshing, 2 mm
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Element Shape Hexahedron Hexahedron
Orthogonality Quality:

Minimum 0.34689 0.25086
Average 0.95341 0.94658
Standard Deviation 5.3e2 8.0694e2
Skewness:

Maximum 0.65311 0.76967
Average 0.21597 0.21778
Standard Deviation 0.1033 0.12054
Aspect Ratio:

Minimum 1,0492 1.0534
Maximum 6,1396 13.036
Average 1,5225 1.6135
Element Quality:

Minimum 0,48854 0.50894
Maximum 0,99562 0.99&37
Average 0,89651 0.89269

4.4 Boundary Conditions

The boundary conditions used in this study are briefly presented in Table 6.

Table 6: Boundary conditions for simulations

Boundary Type Description

Inlet Mass flow inlet Constant temperature,
Gauge pressure = 0 Pa

Outlet Pressure outlet Gauge pressure = 0 Pa

Heating rod walls No slip wall Variable heat flux along th
height of the rod

Instrumental rod walls No slip wall Heat flux =0

Dummy rod walls No slip wall Heat flux =0
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Symmetry On two interior
perpendicular surfaces ¢
which the whole core i
divided to onefourth

4.5 Assumptions for Simulations

For the purpose of this study, certain assumptibage been madéo simplify the

simulationswhich are as follows:

1. Onefourth of the MOTEL core has been modelled assuming that the core is

symmetric.

2. Single phase water has been considergdg the temperature dependghysical

properties ofvater.

3. Only steady state simulations have been carried out, so the temporal effect of power

change is out of scope.
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5 Resuls and Discussios

5.1 Effect of Mesh Density

In this study, a mesh with 3.8 million elements has been used. However, anotheritmesh
5.9 million elementsas been developed for the purposdeshorstratingthe effect oimesh
density So, some results of the simulations for 990kW power with flat power distribution
has been discussed for both the meskese planes have been constructed at the five
positions at which there are thermocouples in the core. Average temperature, dedsity
velocity have been taken in those planes as well as inlet dled. dine plots of average
temperaturedensity,and velocity for both the meshes have been presented in Figures 13,
14 and 15.
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Figure 13: Areaaveraged density for 990kW power with batleshes.
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Figure 15: Areaaveraged velocity for 990kW power with batieshes.

Figure 13 shows the areaeraged density at each plane, from the inlet to the outlet, for
meshes with 3.8 million and 5.9 million elements for a core power of 990kW. The results
indicate that the areaveraged density values for both meshes are veryasiniihe
difference in the areaveraged density values between two meshes in each plane has been
calculatedwhich is lower than 0.04%n case of areaveraged temperature, the plots for

both the meshes show similar trend with a little variation neardtietoThe difference in
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the aresaveraged temperature values between two meshes in each plane has been calculated
which is lower than 0.06%.astly, for the aresaveraged velocity, the plots for both the
meshes show a constant difference in values except for the part near the outlet. However, the
difference in the areaveraged values between the two meshes in each plane is not large,
the largest diffeence is calculated to be 0.001 m/s which corresponds to. Tl&%might

be due to the mesh density. The higher the mesh detiwtyhigher the resolution of the

flow properties.Since all the areaveraged temperature, density and velocity are almost
alike for meshes with 3.8 million elements and 5.9 million elements, the mesh with 3.8

million elements is used for all the simulations in this study due to time constraints.

5.2 Variation in Power Distribution in MOTEL core

In this study, simulations were carried out using three different pdis&ibutions: five
stepped cosine, flat, and cosine power distributiéits. the same power, temperature,
density, and velocity for three different power distributions have been analysed.
Furthermore, five planes have been drawn at the positions in the core where the
thermocouples are installedt those planes as well as inlet and outlet, the-aveaaged

values and contours of temperature, velocity and density have been taken.

5.2.1 Comparison for Different Power Distributions at 990kW Power

For this part of the stugya power of 990kW has been taken as the MOTEL core power. The
power distribution on the core of the MOTEL facility is a fistepped cosine to replicate

the cosine power distribution of that of an actual nuclear reactor. However, for this study,
flat andcosine power distribution has also been used along witksfefgped cosine power

distribution.

At first, five different planes have been created in ANSYS Fluent at the positions 570 mm,
952.5 mm., 1435 mm, 1892.5hm, and 2300 mm.These areaveraged values of
temperature, velocity, and densfty three power distributions have been plotéed are

given below in Figures 16, 17 and 18.Figure 16, the areaveraged temperaturé the

water is found to be increasing while flowing from inlet to outlete aresaveraged
temperature for all three power distributions ranges from>#40 around 46X. For all



40

three power distributionsthe trend of increasing temperature is almost similde
temperature at the planes at0O5mm and 952.5 mm are slightly higher for flat power
distribution than the other two power distributions. At the plane at 1435 mm, the value of
areaaveraged temperature is similar for all three power distributietsveen the planes at
1435 mm and 1892.5 mm, the temperature gradient is higher for cosine power distribution
compared to the other power distributioddter that till outlet, tie temperature gradient
decreases slightly for the fixatepped cosine and cosine power distributions, but for flat

power distribution, it remains almost constant.
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Figure 16: Area-averagedemperaturdor three different power distributiorag 990kW

power

In Figure 17, the areaveraged density showssanilar pattern for all power distributions
Since the temperature is slightly higher for flat power distribution at the plan&8 airb

and 952.5 mm, the density at these planes are lower for that power distribbgatensity

has the same value for all the power distributions at the plane at 143Bftanthat, the

rate of decrease in density is higléthe next plan&r cosine power distribution than the
other power distributions as the temperature gradient for this distribution is the highest at
thisregion Near the outlet, the rate ofcfease in density changes slightly for fstepped
cosine and cosine power distribution while it remains almost constant for flat power

distribution.
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Figure 18: Areaaveraged velocity for three different power distributiah890kW power

Figure 18 presents the araeeraged velocityThe velocity remains the same for all three
power distributions till the plane at 570 mm. After that, at the plane at 952.5 mm, the area
averaged velocity is higher for flat power distribution than the other two because at this
plane, the temperature gradt is higher for this power distribution. The higher the
temperature gradient, the higher the velocity. So, after this plane, the velocity increases for
all power distributions till the plane at 1892.5 mmeTihcrement is the highest for cosine
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power distribution because it has the highest temperature gradient within this region
compared to other power distributioddter this plane till the outlet, the velocity decreases
sharply for fivestepped cosine and cosine power distributions while for flat power
distribution, the areaveraged velocity shows slight decrement. This is because the
temperature gradient decresder cosine and fivstepped cosine power distributiobst

for flat power distribution, it remains almost constant.

Thetemperatureontoursfor five-stepped cosine power distributiare given in Figuré9.

The first 520 mm of the heating rod from the inlet does not have any power so there is no
heat generated. For this reason, the inlet has a uniform temperature of 454.5 K throughout
the surface as shown in Figure 19(a). If the temperature contowr fastiplane is observed
which is 570 mm from the inlethe heating rod has started to heat up as there is power

this part andbnwards. The temperature of the water adjacent to the heatirftas started

to rise. As a result, the temperature of the water just next to the heating rod wall has higher
temperature compared to the water further from the heating rod wall as in Figure 19(b). The
further is the plane from the inlet, the more tleathis being dissipated through the water
and temperature is increasiwwbich can be seen in Figures 19(c), (d) and (e). In Figure 19(f),
thetemperature of water is around 462 K which higher than it was before in Figure 19(e)
and the highest temperatue at the wall of the heating rods. Finally, at the outlet, the
temperature of the water is almost uniform except for the water adjacent to the heating rod
wall and the water surrounding the four instrumentation rods. As there are no power in the
instrumenation rods, the water around those rods has the least temperature. However, that
minimum temperature is almost 3 K above the inlet water temperatueeupper limit of
temperature for this power distribution is found to be increasing while going frottilinle

the fourth plane then it decreases and reaches around 4@6thdoutlet near the heating

tube walls.This is because of the fixgtepped cosine power distribution (Figure 8(a)) as the
power increases and at around {thod of the core from the inlet, it reaches the maximum
and then decreases following a steppesine shapd&.he highest temperature is found to at

the fourth plane which is 1892.5 mm from the inlet and the value is about 508 K.
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(c) Temperature contour at tkecondplane (952.5 mm (d) Temperature contour at thigird plane (1435 mm
from inlet from inlet

(e) Temperature contour at the fourth plane (1892.5

from inlet from inlet)
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(g) Temperature contouﬂr at the outlet
Figure 19: Temperature contours at different planes for 990kW power andtiepped

cosine power distribution
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(b) Temperature contour at the first plane (570 mm frc
inlet
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(c) Temperature contour at the second plane (952.51  (d) Temperature contour at the third plane (1435 mr
from inlet from inlet)

0100 m

D 0025 oors

(e) Temperature contour at the fourth plane (1892.5 (f) Temperature contour at the fifth plane (2300 mm frt
from inlet) inlet)
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(g) Temperature ucontour at tbetlet
Figure 20: Temperature contours at different planes for 990kW power and flat power

distribution
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Even though the core of MOTEL facility has figeepped cosine shaped power distribution,

flat power distribution has also been considered to compare the variation in the parameters
in both cases. The temperature contours for flat power distribution @se sh Figure 20.

Similar pattern as the fivetepped cosine power distribution can be observed in case of flat
power distribution. In Figure 20(b), the water adjacent to the heating rod wall are just at an
elevated temperatur&his water near the heatimgd wall dissipates heat to nearby water,
gradually bringing it to the same temperature as the surrounding water, except for the water
near the heating rod wall and instrumentation r&sen though these temperature contours
look quite like the contours for fivestepped cosine power distribution, there are some
differences that can be observed. The change in temperature of water shows almost the same
pattern as the previous power distribution, i.e., the highest temperature is found attthe fo
plane whch is at 1892.5 mm distance from the inlet. However, the highest temperature in
this case is lower compared to the fatepped cosine power distribution. Later the
temperature decreases and atahiet the maximum temperature is found to be around 480

K which is higher than the fivetepped cosine power distribution as the power in flat
distribution is same throughout the whole heating rod except for first 520 mm while for the
five-stepped cosine paw distribution, the power is decreasing at the enthefpipe for

which the temperature also decreases at a lower value.

The temperature contours foosinepower distribution are presented in Figure Zhe
temperature contours for cosine power distribution looks like the other two power
distributions. The temperature at the inlet is 454.5 K which is shown in Figure 21(a). The
highest temperature of 507.5 K is found at the fourth plane which is at 1882 distance

from the inlet. This temperature is higher than that for flat power distribution but lower than
that for fivestepped cosine power distribution. The temperatuea decreases gradually

and at the outlet, the highest temperature is observed to be slightly below 467 K which is
lower than both fivestepped cosine and flat power distributions. This might be because for
cosine power distribution, the power decreasegdro like a cosine curve the more it
approaches the outlet unlike the other two power distributions. As the power decreases more
compared to the other power distributions, the temperature also decreases more and the
highest temperature at the outlet teesxaround 467 K.
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(g) Temperature contour at the outlet

Figure 21: Temperature contours at different planes for 990kW power and cosine power

distribution
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(9) Densitycontour at the outlet
Figure 22 Density contours at different planes for 990kW power anddstepped cosine

power distribution
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The density contours are given in Figure 22. It is to be mentioned that the physical properties
of water have been considered variable and temperature dependent. Since the density of
water is temperature dependent, it changes with the change in tempdtedureusly, the

change in temperature of the water while flowing from the inlet to the outlet has been
illustrated. When the temperature of the water increases, the density decreases. Therefore,

the density contours show the similar and inverse patéerttse temperature contours.

In the inlet, the water has uniform density as there is no temperature difference. For the first
520 mm from the inlet, the power of the heating rod is zero so difference in density is
noticeable in the first plane which is at 570 mm from the inlet as showigure 22(b).

Since the temperature of the water adjacent to the heating rods is higher, the density is lower
at those places. As the water surrounding the heating rods dissipate heat to the nearby water,
the density starts to decrease slowly in thévard direction from the heating rods and
finally at the outlet the water has almost uniform density except for the water adjacent to the
heating rods and the water surrounding the instrumentation rods. The lowest density is found
at the fourth plane du the fivestepped cosine power distribution as the power is the
highest at this position. However, the highest density at the outlet is roughly 8§3ddin

is around 4 kg/rhhigher than that of the inlet.

Similar analysis has been done for the flat power distribution and the density contours have
been taken in this case as well. The density contours are presented in Figure 23. In this case
also, the density contours will be similar and inverse to the terysercontours for flat

power distribution as density decreases with increasing temperature. Moreover, for this
power distribution, the physical properties of wdtavebeen taken as variables.

The density contours for the flat power distribution shows similar pattern as that of the five
stepped cosine power distribution. At the inlet, the density of the water is uniform as there
is no power for the first 520 mm of the heat pipe which can bes&ggure 23(a). However,

the density starts to decrease around the heating rod pipe which can be seen in Figure 23(b).
The density except for the water extremely close to the heating rod wall seems to have a
higher density. As the water continues flowithgough the heating rod, the heat is being
dissipated to the surrounding water from the heating rod wall and gradually it reaches a
constant density apart from the water surrounding the heating rods and instrumentation rods.
This can be observed at thendity contour taken at the outlet of the core as presented in
Figure 23(g).
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Figure 23: Density contours at different planes for 990kW powerfitgower distribution
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(c) Density contour at the second plane (952.5 mm fr  (d) Density contour at the third plane (1435 mm fromr
inlet inlet
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(e) Density contour at the fourth plane (1892.5 mm frc  (f) Densitycontour at the fifth plane (2300 mm from
inlet) inlet)

(g) Densitycontour at the outlet

Figure 24: Density contours at different planes for 990kW power@gine power
distribution
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The density contours for the cosine power distribuaoapresented in Figure 24lhe

density contours show similar characteristics as the contours of other two power
distributions. The density is uniform at the inlet as there is no temperature change as shown
in Figure 24(a). The temperature of water surrounding the heating rodavtsltstincrease

from 520 mm onwards from the inlet and so the density at those places decreases and the
other cold water has higher densityich can be seen in Figure 24(Bhe heat is being
dissipated to surrounding water while the temperature of the water adjacent to the heating
rod wall continues to increase. As a result, the water just near the heating rod walls have the
lowest density, a concentric circular area outside that region has a slightly higher density and
the rest of the other parts have higher denagyshown in Figure 24(d).ater due to
dissipation of more heat, the circular area near the heating rod walls has the least density, a
concentric circular arearound the previous circular area has comparatively higher density
and the water around the instrumentation rods has the highest déhsitgwest density at

the outlet for cosine power distribution is slightly higher than the other two power
distributions because the temperature around the heating rod walls are lower than the other

two power distributions as discussed for Figure 21.

The velocity contours fatifferent power distributions are presented in this pittie study.
Figure 25 shows the velocity contours for the fstepped cosine power distribution. At the
inlet, there is no temperature difference for which there is uniform velocity in the inlet except
for the walls. Since there is a+sbp boundary condition at ¢hwalls, the velocity at the
walls is zero. At the third plane, which is at 1435 mm from inlet, two small éiraped

area are found at the peripheral wall ln¢ ttore with extremely low velocity as in Figure
25(d). This plane is at the centre of the power distribution considering that the first 520 mm
has no poweiThe velocity at the periphery of the core decreases due to the increasing effect
of viscosity.This phenomenon is clearly visible in the vertical plane contours of Figure 35
and 36.Slowly the velocity at the periphery of the core decreases which might be due to the
wall friction and the velocity near the heating rod wall towards the centre of this bayber

as shown in Figure 25(e)ater, the water around the heating rod walls has the highest
velocity towards the centre and around the instrumentation rods has low velocity. The two

areas with low velocity from Figure 25(d) are no longer found at the outlet.
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(c) Velocity contour at the second plane (952.5 mm fr (d) Velocity contour at the third plane (1435 mm fron
inlet inlet

(e) Velocity contour at théourth plane (B92.5mm from (f) Velocity contour at the fifth plane (2300 mm from
inlet) inlet)

(9) Velocity contour at the outlet
Figure 25: Velocity contours at different planes for 990kW power and-$itepped cosine

power distribution
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(b) Velocity contour at the first plane (570 mm from
inlet

3 3

(c) Velocity contour at the second plane (952.5 mm frc  (d) Velocity contour at the third plane (1435 mm fron
inlet inlet

(e) Velocity contour at the fourth plane (1892.5 ifiram (f) Velocity contour at the fifth plane (2300 mm from
inlet) inlet)

(9) Velocity contour at the outlet
Figure 26: Velocity contours at different planes for 990kW power and flat power

distribution
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For flat power distribution the velocity contours are given in Figure 26 which has quite
similar characteristics as the frgtepped cosine power distribution. At the inlet, the velocity

is same throughout the plane except forviladls of the rod wall and the peripheral wall of

the coreln Figure 26¢), thewater adjacent to the instrumentation rods has lower velocities
while the water around the heating rods has higher veldeifigure 26(d), at the peripheral

wall of the core, two small dorrghaped area is observed to haeey low velocities.The

upper domeshaped area in case of fisgeepped cosine power distribution had the dummy
rod in the middle of the area while the dummy rod is slightly on one side in thislitase.
Figure 26(e), the velocity at the periphery of the core isitweh might be because of wall
friction. In the fourth plane, the highest value is slightly lofzerthis power distribution

than fivestepped asine power distributior-lowever, at the outlet, the highest velocity in

this case is higher than the previous power distribution because at the outlet the power is
higher for flat power distribution than fiveepped cosine distribution.

The velocity contours for cosine power distribution for 990kW core power is presented in
Figure 27. Like the other two power distributions, the velocity at the inlet is uniform
throughout the plane except for the walls as they havdipavall boundary codition as

shown in Figure 27(a). The velocity starts to increase as the water temperature starts to rise.
In Figure 27(d) at the third plane, for the cosine power distribution, the power reaches a peak
at this plane for which the temperature around ttaimg rods increases rapidly so does the
velocity towards the centre of the core compared to other parts of the plane. Two small dome
shaped area of low velocity are found in this plane which are slightly smaller than the
previous distributions. This areamore wellformed for cosine and flat power distributions

but not for fivestepped cosine power distribution. Near the periphery, the velocity decreases
which might be due to the wall friction. Gradually the water temperature around the heating
rod starg to increase and the velocity also increases. Finally at the outlet, the velocity is
higher around the heating rods, relatively low around the instrumentation rods and zero at

the walls.
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(c) Velocity contour at the second plane (952.5 mm frc  (d) Velocity contour at_thle ;hifd plane (1435 mm fron
inlet inlet

(e) Velocity contour at the fourth plane (1892.5 mm frc (f) Velocity contour at _thle tf)ifth plane (2300 mm from
inlet) inle

(9) Velocity cor;tour ;\t the outlet
Figure 27: Velocity contours at different planes for 990kW power and cosine power

distribution
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For this part of the analysis, four lines have been drawn a bit further from the wall of each
instrumentation rod starting from inlet to the outlésing ANSYS CFD Post software, the
temperatureyelocity, and turbulence kinetic energy throughout those lines have been taken
for all power distributionsThe lines drawn near the instrumentation rods are shown below

in Figure 28.

+ Instrumentation Rod 2

Instrumentation Rod 1
+ Instrumentation Rod 3
Instr ion Rod 4

0600 (m) z)\‘ X
)

0.450

Instrumentation Rod 4

Instrumentation Rod 3

Instrumentation Rod 1
I

P

(b) Partial view of the core showing the lines drawn on the instrumentation rods (yellow |
Figure 28: Lines drawn near the instrumentatiauls.
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(c) Cosine power distribution
Figure 29: Temperature distribution along the lines near the instrumentation rods for all

three power distribution

The lines are named according to the instrumentation rods as shown in Figure 28. The
temperature distribution along those lines for all three distributions are presented in Figure
29. For all three power distributions, the temperatures along the fouralaetserved to

be same till the half of the core. At around 1.3 m distance from the inlet of the core, the
temperature starts to vary. For all three power distributions, the temperature distributions
tend to show the same pattern even though for flaepdstribution, the outlet temperature

is found to be slightly lower than the other two power distributions. Roughly from 1.3 m to
1.6 m distance from the core inlet, the temperature along the line near the instrumentation
rod 4 is the highest and from @pximately 1.6 m to 2.1 m distance from the inlet, the
temperature along the line near the instrumentation rod 3 is observed to be the highest.
However, the temperature near the outlet is found to be the highest for the line near the
instrumentation rod which might be due to its position. The instrumentation rod 4 is near
the periphery of the core and the turbulence kinetic energy and velocity of water is the lowest
around this rod. Lower turbulence kinetic energy means lower turbulence. If turbulence is
less, the mixing of water is also low, and the heat transfer is also low which results in the

highest temperature near the outlet as shown in Figure 29. For the instrumentation rod 1, the
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temperature is the lowest throughout the core which might be since this rod is closer to the

centre of the core where the velocity is decreasing very slowly.

The velocity distribution along those lines for all three distributions are presented in Figure
30. If the temperature gradien$ high, then thevelocity is highand vice versaFor this
reason, for instrumentation rodthe velocity is observed to be decreasing gradually till the
middle of the corgthen itshows a peak arglarts to decrease a faster rate and at the outlet,

it reaches to the lowest valuEhe turbulence kinetic energy along this line near the outlet is
found to be the lowest whichgelts in less turbulence and mixing of water. This leads to
low heat transfer and higher temperature. However, the temperature gradient isdawer
the outletwhich leads to low velocity at the outl&ince the instrumentation rod 1 is closer

to the centre of the core, the decrease in velocity is slower and gradual and thecatasd

in temperaturés uniform.

0.10 0.10
0.09 0.09
0.08 \ 0.08
0.07 0.07
z S =z S
£ 0.06 F 006
Z 005 =
g = g 0.05
E 0.04 < 0.04 N
003 > 003 S
0.02 0.02
0.01 0.01
0.00 0.00
0.0 0.5 1.0 15 2.0 2.5 0.0 05 1.0 15 20 25
Distance from Inlet [m] Distance from Inlet [m]
Instrumentation Rod 1 Instrumentation Rod 2 Instrumentation Rod 1 Instrumentation Rod 2
Instrumentation Rod 3 Instrumentation Rod 4 Instrumentation Rod 3 Instrumentation Rod 4
(a) Five-stepped cosine power distribution (b) Flat power distribution

010

0.09

0.08 R
_. 007 =
T 006 \—’\
Z o005 TR
3
i 0.04

0.03

0.02

0.01

0.00
0.0 0.5 10 15 20 25

Distance from Inlet [m]

Instrumentation Rod 1 Instrumentation Rod 2
Instrumentation Rod 3 Instrumentation Rod 4

(c) Cosinepower distribution
Figure 30: Velocity distribution along the lines near the instrumentation rods for all three

power distributions

The turbulence kinetic energy distribution along those lines for all three distributions are
presented in Figurel3If the turbulence kinetic energy is high, then the turbulence is also

high. Turbulence kinetic energy reaches to a peak near the (tigete 31) Due to higher
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turbulence energy along the line near instrumentation rod 3, the velocity near the outlet along
this line was found to be theghest.Towards the centre of the core, there is less turbulence
due to which the turbulence kinetic energy is not fluctuating much along the line near
instrumentation rod 1. This results in very slow but gradual decrease in velocity along this

line and uniform rate of increase of temperature.
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(c) Cosinepower distribution
Figure 31 Turbulence kinetic energyistribution along the lines near the instrumentation

rods for all three power distributions

However, for better understandirf flow, two verticaland inclinedplanes have been
createdat the centre of the model geometrlrich are shown in Figure 3t these planes,

the temperature and velocity contours are obséieall power distribution.
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Figure 32 Two verticaland inclined planes in the modelled geometry

(a) Five-stepped cosine power distribution ——
(b) Flat power distribution

(c) Cosine power distribution

Figure 33: Temperature contour on verti¢atlinedplanel for differentpower distributios

The temperature contours at thertical inclinedplanel for different power distributios

are presented in Figure 3Bhe highest temperatufer all power distributionss found to
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be approximately 468 K. Almost till the half length of the core, the temperature is the
lowest i.e., 454.5 K. After that, it starts to increase, but some of the regions still have low
temperatureNear the outlet, the highest temperature is observed at the periphery of the core.
For the fivestepped cosine and cosine power distributions, the highest temperature at the
periphery of the core near the outletmisreprominentthan flat power distributiorHigher

temperature is also observed at the middidefplane near the outlet.

Inlet

0225

0900 (m)

(a) Five-stepped cosine power distribution (b) Flat power distribution

Inlet

0450 0900 (m)
]

0225

(c) Cosine power distribution

Figure 34: Temperature contour on vertigatlinedplane2 for differentpower distributiois

For different power distributios, the temperature contoon vertical inclined plane &
presented in Figure 34. Almost till half of the core lengthi¢heperature is the lowest i.e.,
454.5 K.After that, the temperature continues to increase except some parts which still retain
low temperature for a little more distand&ear the outlet, the temperature is observed to be
the highest which is about 463 K. However, in this case, the highest temperature is prominent

bothat the peripherand centre of theore
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Figure 35: Velocity contour on verticahclined plane Xor differentpower distributios

For differentpower distributios, the velocity contours on the inclined plane 1 are given in
Figure 35.For the velocity contour, the lowest velocity is at the peripheral wall of the core
which is because of the stip wall boundary conditiondTill almost half of the core, the
velocity is about 0.18 m/s. After that, the velocity starts to incrédsabout threequarters

of the corea small region with theowest velocity is observed at the periphery of the.core
This is due to the increasing effect of viscositiie farther the water flows from the inlet,

the higher is the effect of viscosity resultimga neaizero velocity region near the outer
wall that continues to grow along the flow path. As a result, the space in between the near
zero velocity region and the dummy rods becomes narrower arduatd 1900 mithis

region has the widest range. Also, at this point, it acts as a neck or nozzle and as a result, the
highest velocity is observed at the horizontal plarthiaposition. The flow penetrates the
nearzero velocity region and a decrease in the widihbe seen.The highest velocity is
obseved near the outleat the centre of the coand in the middle of the plane which is
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about 0.24 m/s. This might be due to the higher temperature at those régjoimes.
temperature results in reduced viscosity and density and as a result, the velocity increases.
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Figure 36: Velocity contour on vertical inclineglane 2 for different power distributions

The velocity contours on the inclined plane 2 for different power distributions are given in
Figure 36. Due to nslip wall boundary condition, the lowest velocity is at the peripheral
wall of the core. For almost first half of the core, the velocity mual.18 m/s. After that,

the velocity starts to increase. The lowest velocity is observed at abouttianders of the

core at the periphery of the cahee to the increasing effect of viscosity as observed in Figure
35 as well The highest velocitpf 0.24 m/sis prominentat the centre of the cofer one

third the core length near the outl€hisis due to the higher temperatwatthe centre of the

coreas higher temperature leads to lower viscosity and density.
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5.2.2 Comparison for Different Power Distributions70kW Power

For this part of the study, a constant power of 750kW has been considered for the MOTEL
core. Even though the power distribution in MOTEL core is-ftepped cosine power

distribution,flat and cosine power distributions are alsedfor this work.

As was done in case of 990k¥r 750kWareaaveraged values of temperature, density and
velocity have been calculated in ANSYS Fluent for each of the three power distributions.
The areaaveraged values of temperatutensity,and velocity for three power distributions
have been plotted as welvhich are presented in Figurdg, 38 and ®. In Figure37, the
areaaveraged temperature is found to be increasing for all three power distributions. The
temperature ranges from 454.5K to around 460K for 750kW power which is slightly

lower than that for 990kW core powdihe temperature at the planes at 570 mm and 952.5
mm are slightly higher for flat power distribution than the other two power distributions. At
the plane at 1435 mm, the value of as@araged temperature is similar for all three power
distributions.Between the planes at 1435 mm and 1892.5 mm, the temperature gradient is
higher forfive-stepped cosine antbsine power distribution compared to tieg power
distributions.Near theoutlet,temperaturegradient increases slightly for fivstepped cosine
power distribution and flat power distribution and it slightly decreases for cosine power

distribution.

Area Averaged Temperature [K]

0 500 1000 1500 2000 2500

Distance from Inlet [mm)]
—— Step power distribution Flat power distribution —&— Cosine power distribution
Figure 37: Areaaveraged temperature for three different power distributions at 750kW

power
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Figure 38 shows the areaeraged density for all three power distributions for 750kW core
power. The ploshows similar and inverse trend as the -@earaged temperature. When
water flows from inlet to the outlet, the temperature of the water increases and as a result,
the density decreaseSince the temperature is slightly higher for flat power distribution at

the planes at 570 mm and 952.5 mm, the density at these planes are lower for that power
distribution. The density has the same value for all the power distributions at the plane at
1435 mm.At the outlet, the density is the highest for cosine poweriloligion because it

had the least temperature at the outlet.
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Figure 38 Areaaveraged density for three different power distributior&@kW power

The areaaveraged velocity is presented in Figure 39 for all three power distributions. The
difference of the velocities among the inlet and the outlet is about 0.0015 m/s, the velocity
at inlet being slightly below 0.1740 m/s and the velocity at the toogliag approximately
0.1755 m/s for fivestepped cosine and flat power distributions and around 0.1750 m/s for
cosine power distribution. The araseraged velocity for flat and cosine power distribution
shows almost the same trend, but there is a sudskein the velocity observed for five
stepped cosine power distribution. This sudden peak is observed fatdpsed cosine

power distribution due to high temperature gradient from the plane at 1435 mm to the outlet.
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Figure 39 Areaaveraged velocity for three different power distributiong5@kW power

The temperature contours for the fiseepped cosine power distributiamne presented in
Figure40. The temperature contours for frgtepped cosine power distribution for 750kW
shows similar characteristics as for 990kW. The temperature is 454.5K at the inlet. In Figure
40(b),the water in the circular area surrounding the heating rods has higher temperature than
the water and the highest temperature in this plane is found to be almostl4@®kater

in the circular areaear the heating rod wall dissipates heat to nearby water, gradually
bringing it to the same temperature as the surrounding wataptefor the water near the
heating rod wall and instrumentation roésomFigure 40(g), the water in the concentric
circular region around the heating rods has the highest temperature (roughly 473.5K) and it
decreases the further the water is from the heating rod wall. Moreover, like the temperature
contours for 990kW, the highest temperatis found in the fourth plane (1892.5 mm from
inlet) which is aboul97K, and this value was almost 10K higher for the core power of
990kW.
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) (b) Temperature contour at the first plane (570 mm frc
(a) Temperature contour at the inlet inlet)

(c) Temperature contour at the second plane (952.5  (d) Temperature contour at the third plane (1435 mr
from inlet) from inlet)

(e) Temperature contour at the fourth plane (1892.5 I (f) Temperature contour at the fifth plane (2300 mm fr
from inlet) inlet)

(g) Temperature contour at the outlet
Figure 40: Temperature contours at different planes/As®kW power and fivstepped

cosine power distribution




















































































