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The aim of this thesis is to perform Computational Fluid Dynamics (CFD) analysis of the 

core of the Modular Test Loop (MOTEL) facility designed and built in LappeenrantaïLahti 

University of Technology LUT using the simulation software ANSYS Fluent. Even though 

the power distribution in the core of the 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 five-stepped cosine power distribution. Two 

meshes were created for demonstrating the effect of mesh density. Two vertical planes are 

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 lines. Better heat transfer is observed for 

cosine power distribution as the difference between the average and highest temperature is 

the least. The line adjacent to the instrumentation rod 1, which is near the centre of the core, 

shows least fluctuation in temperature, velocity, and turbulence kinetic energy profiles. 

When simulating the case for 990kW power and five-stepped cosine power distribution with 

both Shear Stress Transport (SST) and standard Ὧ ‭ model, there were some differences 

between the result. This is due to the limitation of standard Ὧ ‭ model in simulating near-

wall boundary and capturing the transitions in natural circulations flows. 
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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 increase in energy 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 emissions. Therefore, safe, reliable, economic and environment 

friendly alternative of the fossil fuel power plants is nuclear energy, which is a low carbon-

emitting source of energy production (World Nuclear Association, 2022).  

Nuclear energy, currently, is providing almost 10% of world electricity. To reach net zero 

emission by 2050, the contribution of nuclear energy should double between 2020 to 2050 

(World Nuclear Association, 2022). However, constructing a nuclear reactor is limited by 

high capital costs, manufacturing, and site selection. These limitations can be overcome to a 

great extent by the Small Modular Reactors (SMRs). SMRs are advanced reactors with 

power capacity of up to 300 MWe and fraction of the size of that of a conventional nuclear 

power plant (IAEA, 2023).  

1.1  Small Modular Reactor (SMR) 

Small modular reactors have powers ranging from 10 MWe to 300 MWe which results in 

varying sizes. Studies have been carried out to find the suitable coolant for SMR and the 

possible coolants are found to be light water, liquid metal, or molten salts. Different 

technologies and safety features including passive safety systems have been incorporated in 

designing SMRs over the last few years. Although SMR is a universal term, advanced 

modular reactors (AMRs) are often the specific name given to the SMR technology that 

employs a non-light water coolant (Small modular reactors, 2023). 
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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 follows (Small modular nuclear reactors, 2021; 

IAEA, 2023): 

¶ Low capital cost is required for the construction of SMR. 

¶ Low construction risk and less construction and installation times can be associated 

with SMR. 

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

power plants. 

¶ SMRs can be built in locations where the large nuclear reactors cannot be 

constructed. 

¶ Components of SMR can be prefabricated, manufactured, and then shipped and 

installed in the site. 

¶ SMRs have less fuel requirements and maintenance cost, may require refuelling 

every 3 to 7 years. 

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

efficiency in a hybrid energy system. 

1.1.2  Integral Pressurized Water Reactor (PWR) 

Almost one-third (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 reactors. Integral PWR can have both natural circulations 

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 includes all the primary circuit components, 

increasing safety and reliability (Integral Pressurized Water Reactor Simulator (SMR), 

2018).  
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The integral PWR design have some merits which are as follows (Zeliang et al., 2020): 

¶ Remove some potential accident initiators e.g., large LOCA and control rod ejection. 

¶ Improved features to reduce the effects of an accident. 

1.1.3  NuScale SMR 

NuScale Power Module (NPM) is a water-cooled, integral PWR type SMR which employs 

natural circulation of the primary coolant. The NPM can be varied depending on the energy 

demand and currently, for the licensing process, a twelve-module configuration is taken to 

be reference. Since 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 a multi-module configuration 

of NuScale plant, each module operates independently (Subki, 2020).  

Some other advanced design and safety features of the NuScale includes (NuScale Small 

Modular Reactor, 2022): 

¶ Containment vessel is compact and immersed in pool of water. 

¶ Emergency core cooling system is fail-safe. 

¶ The modules can be fabricated entirely in the factory. 

¶ In the event of a station blackout, the NPM shuts down and cools itself indefinitely 

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

¶ 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 Natural Circulation 

Fuel Type UO2 
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Fuel Assemble Array 17×17 

Number of Fuel Assemblies in the Core 37 

Fuel Enrichment (%) < 4.95 

Refuelling Cycle (months) 24 

Design Life (years) 60 

Reactor Pressure Vessel Height (m) 17.7 

Reactor Pressure Vessel Diameter (m) 2.7 

 

1.2  Motivation for This Study 

Numerous advantages can be associated with the SMRs, and 70 commercial designs have 

been developed. Despite that, the major drawback at present is the lack of development. As 

a result, there is no SMR for power generation (Small modular nuclear reactors, 2021). A 

barrier to the advancement of SMR is the scarcity of highly skilled professionals with 

familiarity with the licensing process for an SMR. The existing licensing process is 

developed for large nuclear reactors. Developing a new licensing process for the SMR is a 

lengthy and costly process (Advantages and disadvantages of small modular reactors, 

2022). Also, the licensing process requires lots of test results and for this reason, several test 

facilities have been constructed to conduct experiments including the Modular Test Loop 

(MOTEL) facility in LUT University (Finland), which resembles the NuScale type SMR. 

Fluid flow is governed by complex higher-order partial differential equations (PDEs), which 

are difficult to solve analytically and require computational fluid dynamics (CFD) for 

numerical solutions. CFD is widely used in the nuclear industry across various sectors, 

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 evaluation of phenomena 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 an integral PWR type SMR, with resemblance to 

the NuScale type SMR, which has a tall cylindrical reactor pressure vessel (RPV) that 

contains the following parts (Hyvärinen, Telkkä and Tielinen, 2022): 

¶ Straight cylindrical electrically heated reactor core at the bottom 

¶ A riser above the core 

¶ A helical coil steam generator 

¶ A pressurizer at the top  

The exchangeability of the main components with a functionally equivalent component is 

one of the distinguishing characteristics of MOTEL facility. Another significant aspect of 

the MOTEL facility is the interchangeability of the heating components (MOTEL facility, 

no date). A general view of the MOTEL test facility is shown in Figure 1 (Hyvärinen, Telkkä 

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 patterns in the core is made 

easier by this configuration of heater rod. The MOTEL facility has a helical coil steam 

generator (Figure 5), where the primary water flows outside the tubes and the boiling takes 

place inside the tubes. 16 steam generator tubes make up this equipment, water in half 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 facility (Modular Test Loop (MOTEL), 2018). 
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Figure 1: General view of MOTEL facility, left: 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, the heated water 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 water has a higher 

density than the heated coolant, it flows downward due to gravity and is heated once more 

in the core. The heated coolant transfers heat via the steam generator tube walls, inside which 

boiling occurs. The secondary water goes into the steam generator tubes and the produced 
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steam is discharged out of the facility. A cross-section of the MOTEL facility core is shown 

in Figure 2 (Modular Test Loop (MOTEL), 2018). 

 

Figure 2: Top view of the MOTEL facility core (Modular Test Loop (MOTEL), 2018) 

The data obtained experimentally from the MOTEL facility will serve two purposes: to 

investigate and understand the integral PWR and to obtain quantitative data for code 

development. The key technical parameters and their corresponding values are given below 

in Table 2 (Hyvärinen, Telkkä 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 7.4 m 

Height of core 1.83 m 

Height of the helical coil steam generator 1.311 m 

Core outer diameter 0.602 m 

Downcomer annulus gap (riser/core) 98 mm/ 36 mm 

SG inlet/outlet 

flange 

Pressurizer heater 

Instrumentation 

feedthrough 
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Main material of the components Stainless steel 

Insulation material Mineral wool 

Insulation thickness 120 mm 

2.1  MOTEL-SMR Core Module 

The core of the MOTEL facility represents a square array nuclear fuel bundle consisting of 

293 rods among which 132 heater rods are arranged in rectangular grid, 16 are 

instrumentation rods and 145 are dummy steel rods. For obtaining thermal-hydraulic 

precision and mechanical feasibility, the rod dimensions and heating rod pitch are chosen to 

be as such. A 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, is 42 mm. A heating rod and a dummy rod 

have a distance of 29.70 mm between them when measured from the centre of one rod to the 

other. A dummy steel rod has a diameter of 18 mm (Modular Test Loop (MOTEL), 2018). It 

is desirable for an integral PWR to have a pitch to rod diameter ratio of around 1.2-1.3 which 

is 1.56 for the MOTEL facility because of having enough space for the heating rods and 

reducing the pitch to rod diameter ratio. Figures 3 and 4 display the distribution of rods in 

the core and the dimensions of the rods (Hyvärinen, Telkkä and Tielinen, 2022). 

 
Figure 3: Rods distribution in MOTEL facility core module (Hyvärinen, Telkkä and 

Tielinen, 2022) 
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Figure 4: Rod dimensions and pitch of MOTEL core (Hyvärinen, Telkkä and Tielinen, 

2022) 

As compared to 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 filling. The height of the MOTEL core is exactly half of a PWR core and 

equal to the NuScale core (Hyvärinen, Telkkä and Tielinen, 2022). The axial power 

distribution of the MOTEL core is a five-stepped cosine function, replicating the distribution 

observed in an actual nuclear reactor core (Modular Test Loop (MOTEL), 2018). The 

dimensions and key parameters of the core module of the MOTEL facility is given in Table 

3 (Hyvärinen, Telkkä and Tielinen, 2022). 

Table 3: Dimensions and key parameters of the MOTEL core 

Parameters Values 

Height of core 1.83 m 

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 

Dummy rods 

Heating rods 

Instrumentation rod 
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Maximum achievable average heat flux 63 kW/m2 

Maximum achievable average heat flux 

(compared to NuScale design) 

17% 

 

2.2  MOTEL-SMR Steam Generator 

The steam generator of the MOTEL facility has 16 helical heat exchanging tubes, each with 

a diameter of 15 mm and wall thickness of 1 mm, in four bundles which makes four radial 

layers. Among 16 tubes, water in eight circulates in clockwise direction and in the remaining 

in the counterclockwise direction. Four inlets, each with an adjustable valve that can be 

completely closed to partially isolate the steam generator, guide the secondary circuit water 

toward the steam generator tubes. The primary water goes downward outside the tubes 

through the four outlets at the top of the steam generator, and the produced steam is removed 

from the facility (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, which is the steam generator vertical midplane, is about 3.2 m. 

The steam generator of the MOTEL facility is presented in Figure 5 (Hyvärinen, Telkkä and 

Tielinen, 2022). 

 

Figure 5: Helical coil steam generator of MOTEL facility (Hyvärinen, Telkkä 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 facility (Hyvärinen, Telkkä and 

Tielinen, 2022) 

2.4  MOTEL-SMR Instrumentation 

In the MOTEL facility, advanced instrumentation techniques are used, when feasible, to 

measure the flowrate, pressure, temperature, and power. Traditional thermocouples, mostly 

K-type mineral insulated, are used to measure temperature. Each heating rod in the core 

region has a thermocouple and three temperature readings are obtained within the steam 

generator at different points on each steam generator tube: the inlet, the exit, and the middle. 

The positions of the thermocouples in the core are at the positions 570 mm, 952.5 mm, 1435 

mm, 1892.5 mm, and 2300 mm. 

There are four 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 the pressure of the 

pumps. Eight differential pressure measurements are also made, including four that 

determine the pressure drop between the bottom of the downcomer and the upper 
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downcomer space, two that estimate the pressure drop between the bottom of the core and 

the top of the riser, one that measures the secondary side pressure drop and one that measures 

the water level in volume control tank. 

Two ultrasonic flow meters, an advanced measurement technology, are employed at the 

facility to monitor the primary water flow rate at the bottom of the downcomer. Two 

auxiliary flow rate meters are also included; one monitors the feedwater flowrate, and the 

other determines the incoming and outgoing flowrates of the primary system (Hyvärinen, 

Telkkä 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 significant importance in 

different sectors including nuclear industries due to its ability of simulating complex fluid 

behaviour and optimizing designs in a cost-effective way. In the nuclear industry, it is 

utilized for safety analysis, reactor cooling systems, and 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 

(Höhne, Krepper and Rohde, 2010). Moreover, it facilitates the design and improvement of 

the reactor cooling systems and comprehension of thermal-hydraulic 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 when heat transfer is 

involved. Additional transport equations are solved for turbulent flow (ANSYS FLUENT 

Theory Guide, 2021). 

The mass conservation principle dictates that the mass of fluid within 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 written as follows 

(ANSYS FLUENT Theory Guide, 2021): 

ẗɳ”ὺᴆ Ὓ       (1) 

Here, ” is fluid density, ὺᴆ is fluid velocity vector and Ὓ  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 acceleration which is as follows (ANSYS FLUENT Theory Guide, 

2021): 

”ὺᴆ ẗɳ”ὺᴆὺᴆ Ðɳ ẗɳ†֞ ”Ὣᴆ Ὂᴆ    (2) 

Here, ὴ is the static pressure, †֞ is the stress tensor, ”Ὣᴆ is gravitational force body and Ὂᴆ is 

the external body forces. 

The stress tensor †֞ is given by the following equation: 

†֞ ‘ Öɳᴆ Öɳᴆ ẗɳÖᴆὍ     (3) 

Here, ‘ is molecular viscosity, Ὅ is the unit tensor. The effect of volume dilated is represented 

by the second term on the right-hand side. 

The energy equation is as follows (ANSYS FLUENT Theory Guide, 2021): 

”Ὁ ẗɳÖᴆ”Ὁ ὴ ẗɳВὬὮ Ὓ    (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., 

Ὗ Ὗ ό      (5) 

Two reasons for this decomposition of variables are as follows (Davidson, 2022): 

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

measuring flow quantities. 

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

resolution are needed to solve the Navier-Stokes equation numerically. 

The continuity and Navier-Stokes equations are as follows: 

”Ὗ ȟ π      (6) 
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 ”ὟὟ
ȟ

ὖȟ ‘Ὗȟ Ὗȟ Ὗȟ‏
ȟ
  (χ) 

where Ȣȟ indicates derivation with respect to ὼ. 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 follows (Davidson, 2022): 

”ὟὟ
ȟ

ὖȟ ‘Ὗȟ Ὗȟ ȟ
    (8) 

After time averaging, the time-averaged continuity and Navier-Stokes equations are obtained 

which are as follows (Davidson, 2022): 

”Ὗ ȟ π      (9) 

”ὟὟ
ȟ

ὖȟ ‘Ὗȟ Ὗȟ ”όό
ȟ
    (10) 

The term ”όό on the right-hand side of Equation (10) is called Reynolds stress tensor and 

the tensor is symmetric, i.e., όό όό. 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 for όό 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 in time-averaged Navier-Stokes equation is 

replaced by the product of the turbulent viscosity and the velocity gradients (Davidson, 

2022). 

3.2.1  Ὧ ‭ Turbulence Model 

Ὧ ‭ is a semi-empirical, 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 energy, Ὧ and its dissipation rate, ‭. The turbulence kinetic energy is 

defined as the variance of the fluctuations in velocity and the turbulence eddy dissipation is 

defined as the rate at which the velocity fluctuations dissipate. In the Ὧ ‭ model, the 

modelled transport equations for k and ‭ are solved. This model is widely used in industrial 

flow and heat transfer simulations because of its robustness, economy, and fair precision. 
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There are three Ὧ ‭ models ï standard, RNG and realizable Ὧ ‭ model. All three have 

similar forms of transport equations for k and ‭. The main differences between the models 

are as follows (ANSYS FLUENT Theory Guide, 2021): 

¶ the method of calculating the turbulent viscosity 

¶ the turbulent Prandtl numbers governing the turbulent diffusion of k and ‭ 

¶ the generation and destruction terms in the ‭ equation 

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

scale is obtained as follows: 

ὰ        (11) 

The turbulence kinetic energy, Ὧ and its rate of dissipation, ‭ are obtained from the following 

transport equations: 

”Ὧ ”Ὧό ‘ Ὃ Ὃ ”‭ὣ Ὓ (12) 

”‭ ”‭ό ‘ ὅ Ὃ ὅ Ὃ ὅ ” Ὓ  (13) 

Here, Ὃ  is the turbulence kinetic energy generation due to mean velocity gradients, Ὃ  is 

turbulence kinetic energy generation due to buoyancy, ὣ  is the contribution to the 

fluctuating dilatation in compressible turbulence to overall dissipation rate, ὅ , ὅ and ὅ  

are constants, „ and „ are turbulent Prandtl numbers for Ὧ and ‭ respectively, Ὓ and Ὓ 

are user-defined source terms.  

The standard Ὧ ‭ model is only applicable for fully turbulent flows since this model has 

been derived with the assumption that the flow is fully turbulent, and the effects of molecular 

viscosity are negligible (ANSYS FLUENT Theory Guide, 2021). There are, however, certain 

limitations of the Ὧ ‭ model which are given below: 

¶ No-slip walls. 

¶ Adverse pressure gradients 

¶ Strong curvatures 
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¶ Jet flows 

¶ Difficulty solving for ‭  

3.2.2  Shear Stress Transport (SST) Turbulence Model 

Shear Stress Transport (SST) was developed to combine the Ὧ model's robust and ‫ 

accurate formulation in the near-wall region with the Ὧ ‭ model's free-stream 

independence in the distant field. The Ὧ ‭ model is turned into a Ὧ formulation to ‫ 

achieve this. The Ὧ 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 model is like the k-ɤ model. However, it includes the 

following modifications (ANSYS FLUENT Theory Guide, 2021): 

¶ A blending function is multiplied to both the standard k-ɤ model and the transformed 

k-Ů model and then both the models are added together. The blending function is 

designed in such a way that it is one in the near-wall region activating the standard 

k-ɤ model and it is zero away from the surface resulting in activation of the 

transformed k-Ů model. 

¶ This model includes a damped cross-diffusion derivative term in the ɤ equation. 

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

stress into account. 

¶ The modelling constants are different. 

The transport equation of SST Ὧ ,model are as follows (ANSYS FLUENT Theory Guide ‫ 

2021): 

”Ὧ ”Ὧό ɜ Ὃ ὣ Ὓ    (14) 

”‫ ”‫ό ɜ Ὃ ὣ Ὀ Ὓ    (15) 

Here, Ὃ  is the turbulence kinetic energy generation due to mean velocity gradients, Ὃ  is 

the generation of ɜ and ɜ are effective ,‫ ὣ and ὣ are the effective diffusivity of Ὧ and ,‫ 
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diffusivity, Ὀ  is the cross-diffusion term, Ὓ and Ὓ  are user-defined source terms. The SST 

model accounts for the transport of the turbulence shear stress in the definition of the 

turbulence viscosity which makes it more accurate and reliable for a wider class of flows 

compared to standard Ὧ and Baseline Ὧ ‫ ,models (ANSYS FLUENT Theory Guide ‫ 

2021). 

The SST model, being more developed than the Ὧ ‭ model, has few advantages compared 

to other two-equation models. This model is applicable to viscous-affected region without 

further modification for which it is popular in aerospace applications (Wasserman, 2016). 

3.3  Finite Volume Method 

The conservative equation for a general scalar ‰ can be written as follows (Chen): 

”‰ ẗɳʍÖᴆ‰ ẗɳɜ ɳה 1     (16) 

Here, ɜ is the diffusive coefficient. In this equation, the terms on the left-hand side are 

transient and convective terms respectively and the terms on the right-hand side of (16) are 

diffusive and source terms. At this point, the assumptions that are considered are:  

¶ The equation is steady state which results in the transient term to be zero. 

¶ This applies to a single control volume C. 

Then, equation (16) becomes as follows (Chen): 

᷿ ὨὠɳẗʍÖᴆ‰
Ȣ

᷿ Ὠὠɳẗɜ ɳה
Ȣ

᷿ Ὠὠ1
Ȣ

    (17) 

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

control volume by surface integrals over control surface (Chen): 

Ḃ ὨὛᴆẗɳ ẗʍÖᴆ‰
Ȣ

Ḃ ὨὛᴆẗɜ ɳה
Ȣ

᷿ Ὠὠ1
Ȣ

    (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 pre-processing, processing, and postprocessing steps, which 

collectively contribute to accurate simulations and informed decision-making. These steps 

are explained briefly below. 

1. Pre-processing: This initial step of the CFD process involves defining the problem, 

geometry, properties of the materials involved and boundary conditions. CAD 

models are often used to create the geometry, while mesh generation discretizes the 

geometry into smaller segments (Team, 2020). 

2. Processing: In this step, the mathematical equations governing fluid behaviour are 

solved using numerical solution methods. These equations include the Navier-Stokes 

equations for fluid flow and additional equations for heat transfer or chemical 

reactions (Team, 2020). 

3. Post-processing: In the last step of the process, the results obtained from the solver 

are analysed using different available methods like contour plots, streamlines, vector 

plots and so on (Patel, 2015).  

There are several CFD simulation software among which ANSYS, OpenFOAM, COMSOL 

Multiphysics etc are noteworthy. For this work, different modules of ANSYS have been 

used for defining the geometry, creating the mesh, carrying out the simulations and analysing 

the data. These modules are briefly explained below. 

4.1.1  ANSYS DesignModeler 

ANSYS DesignModeler is a powerful parametric 3D modelling tool that enables to create, 

modify, and manipulate complex geometries for simulation. Some of the main characteristics 

of it are as follows (ANSYS DesignModeler, 2010): 

¶ Intuitive sketching tools for creating 2D sketches. 
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¶ Advanced parametric utilities for design optimization. 

¶ 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 no 

restrictions regarding the element shapes or patterns while mapped mesh has regular patterns 

(ANSYS Modeling and Meshing Guide, 2004). Some of the noteworthy functions of the 

ANSYS meshing are as follows (ANSYS Modeling and Meshing Guide, 2004; Department 

of KMiP, GdaŒsk University of Technology, 2012): 

¶ Automated mesh generation for quick setup. 

¶ Manual meshing for fine control over mesh quality. 

¶ Mesh element size control. 

¶ Meshing element shape specification (tetrahedral, hexagonal, triangular etc.). 

¶ Meshing type specification (free or mapped). 

¶ Surface meshing for accurate representation of complex geometry. 

¶ Mesh refinement e.g., boundary layer meshing for capturing boundary effects near 

walls. 

4.1.3  ANSYS Fluent 

ANSYS fluent is well-known and widely used CFD software which allows to model and 

simulate complex geometries and analyse fluid flow, heat transfer, fluid-structure 

interaction, multiphase flows, and other fluid flow phenomena such as turbulences etc. For 

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, such as velocity, temperature 
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etc., are done at the centroid of the small control volume. The governing equations are solved 

by ANSYS Fluent using the iterative algorithm and then it arrives at a converged solution 

(Kiarash.Kr, 2022). 

4.1.3.1  Flow Boundary Conditions in ANSYS Fluent 

There are 10 types of flow inlet and outlet boundary conditions in ANSYS Fluent. Among 

them, two boundary conditions are briefly described below which are used for simulation 

(ANSYS FLUENT 12.0 Userôs Guide, 2009): 

¶ Mass Flow Inlet Boundary Condition: This 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.  

¶ Pressure Outlet 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, viscosity, thermal 

conductivity, specific heat capacity etc. Moreover, user-defined functions can be used to 

define the temperature-dependent or non-linear properties of the new material. ANSYS 

Fluent solver also provides several options for adding a function in the physical property of 

a new material, (e.g., piecewise-polynomial, boussinesq, piecewise-linear etc.) (ANSYS 

FLUENT 12.0 Userôs Guide, 2009).  
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4.1.4  ANSYS CFD-Post 

The post-processing for the fast, robust, and sophisticated ANSYS Fluent findings are done 

by ANSYS CFD-Post. CFD-Post 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. Not only the graphical post-processing but also the 

quantitative analysis is also carried out by CFD-Post using the built-in functions. 

Calculations can be done to determine the weighted average, mass flows, minimum or 

maximum values etc. using the functions in ANSYS CFD-Post (Post-Processing - 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 454.5 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 cosine, cosine, and flat profiles 

Turbulence Model SST Ὧ and Ὧ ‫ ‭ 

Since the temperature of coolant is not constant in the core, the water property is defined to 

be temperature dependent. Figure 7 shows the temperature-dependent physical properties of 

water, e.g., density, thermal conductivity, viscosity, and specific heat, which has been 

defined in ANSYS Fluent using polynomial functions (Holmgren, 2007).  
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(a) Temperature-dependent specific heat of water 

 
(b) Temperature-dependent thermal conductivity of 

water 

 
(c) Temperature-dependent density of water 

 
(d) Temperature-dependent viscosity of water 

Figure 7: Temperature-dependent physical properties of water (Holmgren, 2007). 

In the core of the MOTEL facility, the heat flux is a five-stepped cosine function designed 

to resemble the heat flux profile of an actual nuclear reactor core. In the case of these 

simulations, three different heat flux profiles are given to analyze their effect on different 

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. 

 

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

Figure 8: Power distribution 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 been modelled using DesignModeler 

integrated in ANSYS 2022 software as the core is symmetric. The fluid region is only taken 

to be the geometry developed for the simulation. Due to computational limitations, one-

fourth of the entire core has been simulated without compromising any design criteria. 

Figures 9 and 10 show the geometry of the simulated part of the core. 

 

Figure 9: Modelled geometry of the core of MOTEL facility 

Outlet 

Dummy 

Rod 

Symmetry 
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Figure 10: Modelled geometry of one-fourth of the MOTEL core 

 

Figure 11: Mesh generated using ANSYS Meshing 

No slip wall 

Outlet 

Inlet 

Heating Rod 

Instrumentation 

Rod 
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Figure 12: Mesh generated including face meshing for illustrating effect of mesh density. 

The meshing of the modelled geometry of the MOTEL core has been done by ANSYS 

Meshing. Figure 11 shows the cross-section of the mesh that has been used for the 

simulations. Element size for this geometry has been set to 5 mm. This means that the 

dimension of each element in any direction (length, width, 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 tracked. For 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 tetrahedral cells (Determining 

mesh quality and accuracy parameters, no date). However, another mesh has been generated 

in the same way including face meshing with a higher number of elements. This has been 

done to demonstrate the effect of mesh density of simulation results. The second mesh is 

shown in Figure 12. The second mesh has an element size of 5 mm including 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 elements have 

dimensions of no more than 5 mm in length, width, or height. The mesh statistics for the 

meshes generated are given below in Table 5. 

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 

Average 

Standard Deviation 

 

0.34689 

0.95341 

5.3e-2 

 

0.25086 

0.94658 

8.0694e-2 

Skewness: 

Maximum 

Average 

Standard Deviation 

 

0.65311 

0.21597 

0.1033 

 

0.76967 

0.21778 

0.12054 

Aspect Ratio: 

Minimum 

Maximum 

Average 

 

1,0492 

6,1396 

1,5225 

 

1.0534 

13.036 

1.6135 

Element Quality: 

Minimum 

Maximum 

Average 

 

0,48854 

0,99562 

0,89651 

 

0.50894 

0.99637 

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 the 

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 on 

which the whole core is 

divided to one-fourth 

 

4.5  Assumptions for Simulations 

For the purpose of this study, certain assumptions have been made to simplify the 

simulations which are as follows: 

1. One-fourth of the MOTEL core has been modelled assuming that the core is 

symmetric. 

2. Single phase water has been considered using the temperature dependent physical 

properties of water. 

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  Results and Discussions 

5.1  Effect of Mesh Density 

In this study, a mesh with 3.8 million elements has been used. However, another mesh with 

5.9 million elements has been developed for the purpose of demonstrating the effect of mesh 

density. So, some results of the simulations for 990kW power with flat power distribution 

has been discussed for both the meshes. Five planes have been constructed at the five 

positions at which there are thermocouples in the core. Average temperature, density, and 

velocity have been taken in those planes as well as inlet and outlet. The plots of average 

temperature, density, and velocity for both the meshes have been presented in Figures 13, 

14 and 15. 

 

Figure 13: Area-averaged density for 990kW power with both meshes. 
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Figure 14: Area-averaged temperature for 990kW power with both meshes. 

 

Figure 15: Area-averaged velocity for 990kW power with both meshes. 

Figure 13 shows the area-averaged 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 area-averaged density values for both meshes are very similar. The 

difference in the area-averaged density values between two meshes in each plane has been 

calculated which is lower than 0.04%. In case of area-averaged temperature, the plots for 

both the meshes show similar trend with a little variation near the outlet. The difference in 
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the area-averaged temperature values between two meshes in each plane has been calculated 

which is lower than 0.06%. Lastly, for the area-averaged 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 area-averaged values between the two meshes in each plane is not large, 

the largest difference is calculated to be 0.001 m/s which corresponds to 0.8%. This might 

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

flow properties. Since all the area-averaged 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 power distributions: five-

stepped cosine, flat, and cosine power distributions. For 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 installed. At those planes as well as inlet and outlet, the area-averaged 

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 study, a power of 990kW has been taken as the MOTEL core power. The 

power distribution on the core of the MOTEL facility is a five-stepped cosine to replicate 

the cosine power distribution of that of an actual nuclear reactor. However, for this study, 

flat and cosine power distribution has also been used along with five-stepped cosine power 

distribution. 

At first, five different planes have been created in ANSYS Fluent at the positions 570 mm, 

952.5 mm., 1435 mm, 1892.5 mm, and 2300 mm. These area-averaged values of 

temperature, velocity, and density for three power distributions have been plotted and are 

given below in Figures 16, 17 and 18. In Figure 16, the area-averaged temperature of the 

water is found to be increasing while flowing from inlet to outlet. The area-averaged 

temperature for all three power distributions ranges from 454.5 K to around 462 K. For all 
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three power distributions, the trend of increasing temperature is almost similar. The 

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 

area-averaged temperature is similar for all three power distributions. Between the planes at 

1435 mm and 1892.5 mm, the temperature gradient is higher for cosine power distribution 

compared to the other power distributions. After that till outlet, the temperature gradient 

decreases slightly for the five-stepped cosine and cosine power distributions, but for flat 

power distribution, it remains almost constant. 

 

Figure 16: Area-averaged temperature for three different power distributions at 990kW 

power 

In Figure 17, the area-averaged density shows a similar pattern for all power distributions. 

Since 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. After that, the 

rate of decrease in density is higher at the next plane for cosine power distribution than the 

other power distributions as the temperature gradient for this distribution is the highest at 

this region. Near the outlet, the rate of decrease in density changes slightly for five-stepped 

cosine and cosine power distribution while it remains almost constant for flat power 

distribution. 
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Figure 17: Area-averaged temperature for three different power distributions at 990kW 

power 

 

Figure 18: Area-averaged velocity for three different power distributions at 990kW power 

Figure 18 presents the area-averaged velocity. The 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 gradient 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 mm. The increment 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 distributions. After this plane till the outlet, the velocity decreases 

sharply for five-stepped cosine and cosine power distributions while for flat power 

distribution, the area-averaged velocity shows slight decrement. This is because the 

temperature gradient decreases for cosine and five-stepped cosine power distributions but 

for flat power distribution, it remains almost constant. 

The temperature contours for five-stepped cosine power distribution are given in Figure 19. 

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 contour of the first plane is observed 

which is 570 mm from the inlet, the heating rod has started to heat up as there is power in 

this part and onwards. The temperature of the water adjacent to the heating rod has 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 the heat is being dissipated through the water 

and temperature is increasing which can be seen in Figures 19(c), (d) and (e). In Figure 19(f), 

the temperature of water is around 462 K which higher than it was before in Figure 19(e) 

and the highest temperature is 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 

instrumentation rods, the water around those rods has the least temperature. However, that 

minimum temperature is almost 3 K above the inlet water temperature. The upper limit of 

temperature for this power distribution is found to be increasing while going from inlet till 

the fourth plane then it decreases and reaches around 476.5 K at the outlet near the heating 

tube walls. This is because of the five-stepped cosine power distribution (Figure 8(a)) as the 

power increases and at around two-third of the core from the inlet, it reaches the maximum 

and then decreases following a stepped-cosine shape. The 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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(a) Temperature contour at the inlet 

 
(b) Temperature contour at the first plane (570 mm from 

inlet) 

 
(c) Temperature contour at the second plane (952.5 mm 

from inlet) 

 
(d) Temperature contour at the third plane (1435 mm 

from inlet) 

 
(e) Temperature contour at the fourth plane (1892.5 mm 

from inlet) 

 
(f) Temperature contour at the fifth plane (2300 mm 

from inlet) 

 
(g) Temperature contour at the outlet 

Figure 19: Temperature contours at different planes for 990kW power and five-stepped 

cosine power distribution 
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(a) Temperature contour at the inlet 

 
(b) Temperature contour at the first plane (570 mm from 

inlet) 

 
(c) Temperature contour at the second plane (952.5 mm 

from inlet) 

 
(d) Temperature contour at the third plane (1435 mm 

from inlet) 

 
(e) Temperature contour at the fourth plane (1892.5 mm 

from inlet) 

 
(f) Temperature contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Temperature contour at the outlet 

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 five-stepped 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 are shown in Figure 20. 

Similar pattern as the five-stepped 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 temperature. This water near the heating rod 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 rods. Even though these temperature contours 

look quite like the contours for five-stepped 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 at the fourth 

plane which is at 1892.5 mm distance from the inlet. However, the highest temperature in 

this case is lower compared to the five-stepped cosine power distribution. Later the 

temperature decreases and at the outlet the maximum temperature is found to be around 480 

K which is higher than the five-stepped 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 power distribution, the power is decreasing at the end of the pipe for 

which the temperature also decreases at a lower value. 

The temperature contours for cosine power distribution are presented in Figure 21. The 

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 1892.5 mm distance 

from the inlet. This temperature is higher than that for flat power distribution but lower than 

that for five-stepped cosine power distribution. The temperature then decreases gradually 

and at the outlet, the highest temperature is observed to be slightly below 467 K which is 

lower than both five-stepped cosine and flat power distributions. This might be because for 

cosine power distribution, the power decreases to zero 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 reaches around 467 K.  
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(a) Temperature contour at the inlet 

 
(b) Temperature contour at the first plane (570 mm from 

inlet) 

 
(c) Temperature contour at the second plane (952.5 mm 

from inlet) 

 
(d) Temperature contour at the third plane (1435 mm 

from inlet) 

 
(e) Temperature contour at the fourth plane (1892.5 mm 

from inlet) 

 
(f) Temperature contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Temperature contour at the outlet 

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

distribution 
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(a) Density contour at the inlet 

 
(b) Density contour at the first plane (570 mm from 

inlet) 

 
(c) Density contour at the second plane (952.5 mm from 

inlet) 

 
(d) Density contour at the third plane (1435 mm from 

inlet) 

 
(e) Density contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Density contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Density contour at the outlet 

Figure 22: Density contours at different planes for 990kW power and five-stepped 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 temperature. Previously, 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 patterns as the 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 shown in Figure 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 the outward 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 due to the five-stepped cosine power distribution as the power is the 

highest at this position. However, the highest density at the outlet is roughly 883 kg/m3 which 

is around 4 kg/m3 higher 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 temperature contours for flat 

power distribution as density decreases with increasing temperature. Moreover, for this 

power distribution, the physical properties of water have been 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 be seen in Figure 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 flowing through 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 the density contour taken at the outlet of the core as presented in 

Figure 23(g). 
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(a) Density contour at the inlet 

 
(b) Density contour at the first plane (570 mm from inlet) 

 
(c) Density contour at the second plane (952.5 mm from 

inlet) 

 
(d) Density contour at the third plane (1435 mm from 

inlet) 

 
(e) Density contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Density contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Density contour at the outlet 

Figure 23: Density contours at different planes for 990kW power and flat power distribution 
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(a) Density contour at the inlet 

 
(b) Density contour at the first plane (570 mm from inlet) 

 
(c) Density contour at the second plane (952.5 mm from 

inlet) 

 
(d) Density contour at the third plane (1435 mm from 

inlet) 

 
(e) Density contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Density contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Density contour at the outlet 

Figure 24: Density contours at different planes for 990kW power and cosine power 

distribution 
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The density contours for the cosine power distribution are presented in Figure 24. The 

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 rod wall starts to increase 

from 520 mm onwards from the inlet and so the density at those places decreases and the 

other cold water has higher density which can be seen in Figure 24(b). The 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 density as shown in Figure 24(d). Later due to 

dissipation of more heat, the circular area near the heating rod walls has the least density, a 

concentric circular area around the previous circular area has comparatively higher density 

and the water around the instrumentation rods has the highest density. The lowest 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 for different power distributions are presented in this part of the study. 

Figure 25 shows the velocity contours for the five-stepped 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 no-slip boundary condition at the walls, the velocity at the 

walls is zero. At the third plane, which is at 1435 mm from inlet, two small dome-shaped 

area are found at the peripheral wall of the core 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 power. The 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 the core is higher 

as shown in Figure 25(e). Later, 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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(a) Velocity contour at the inlet 

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

 
(c) Velocity contour at the second plane (952.5 mm from 

inlet) 

 
(d) Velocity contour at the third plane (1435 mm from 

inlet) 

 
(e) Velocity contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Velocity contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Velocity contour at the outlet 

Figure 25: Velocity contours at different planes for 990kW power and five-stepped cosine 

power distribution 
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(a) Velocity contour at the inlet 

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

inlet) 

 
(c) Velocity contour at the second plane (952.5 mm from 

inlet) 

 
(d) Velocity contour at the third plane (1435 mm from 

inlet) 

 
(e) Velocity contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Velocity contour at the fifth plane (2300 mm from 

inlet) 

 
(g) 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 five-stepped cosine power distribution. At the inlet, the velocity 

is same throughout the plane except for the walls of the rod wall and the peripheral wall of 

the core. In Figure 26(c), the water adjacent to the instrumentation rods has lower velocities 

while the water around the heating rods has higher velocity. In Figure 26(d), at the peripheral 

wall of the core, two small dome-shaped area is observed to have very low velocities. The 

upper dome-shaped area in case of five-stepped cosine power distribution had the dummy 

rod in the middle of the area while the dummy rod is slightly on one side in this case. In 

Figure 26(e), the velocity at the periphery of the core is low which might be because of wall 

friction. In the fourth plane, the highest value is slightly lower for this power distribution 

than five-stepped cosine power distribution. However, 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 five-stepped 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 have no-slip wall boundary condition 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 the heating 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 area is more well-formed for cosine and flat power distributions 

but not for five-stepped 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 starts 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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(a) Velocity contour at the inlet 

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

inlet) 

 
(c) Velocity contour at the second plane (952.5 mm from 

inlet) 

 
(d) Velocity contour at the third plane (1435 mm from 

inlet) 

 
(e) Velocity contour at the fourth plane (1892.5 mm from 

inlet) 

 
(f) Velocity contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Velocity contour at 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 outlet. Using ANSYS CFD Post software, the 

temperature, velocity, and turbulence kinetic energy throughout those lines have been taken 

for all power distributions. The lines drawn near the instrumentation rods are shown below 

in Figure 28. 

 

(a) Modelled core showing the instrumentation rods, inlet, and outlet 

 

(b) Partial view of the core showing the lines drawn on the instrumentation rods (yellow lines) 

Figure 28: Lines drawn near the instrumentation rods. 
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(a) Five-stepped cosine power distribution  

 

(b) Flat power distribution 

 

(c) Cosine power distribution 

Figure 29: Temperature distribution along the lines near the instrumentation rods for all 

three power distributions 

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 four lines are observed 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 flat power distribution, 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 approximately 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 4 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 gradient is high, then the velocity is high and vice versa. For this 

reason, for instrumentation rod 4, the velocity is observed to be decreasing gradually till the 

middle of the core, then it shows a peak and starts to decrease at a faster rate and at the outlet, 

it reaches to the lowest value. The turbulence kinetic energy along this line near the outlet is 

found to be the lowest which results in less turbulence and mixing of water. This leads to 

low heat transfer and higher temperature. However, the temperature gradient is lower near 

the outlet which leads to low velocity at the outlet. Since the instrumentation rod 1 is closer 

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

in temperature is uniform. 

 

(a) Five-stepped cosine power distribution  

 

(b) Flat power distribution 

 

(c) Cosine power 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 Figure 31. If the turbulence kinetic energy is high, then the turbulence is also 

high. Turbulence kinetic energy reaches to a peak near the outlet (Figure 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 the highest. 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.  

 

(a) Five-stepped cosine power distribution 

 

(b) Flat power distribution 

 

(c) Cosine power distribution 

Figure 31: Turbulence kinetic energy distribution along the lines near the instrumentation 

rods for all three power distributions 

However, for better understanding of flow, two vertical and inclined planes have been 

created at the centre of the model geometry which are shown in Figure 32. In these planes, 

the temperature and velocity contours are observed for all power distribution.  



60 

 

 

Figure 32: Two vertical and 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 vertical inclined plane 1 for different power distributions 

The temperature contours at the vertical inclined plane 1 for different power distributions 

are presented in Figure 33. The highest temperature for all power distributions is found to 
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be approximately 463.5 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 

temperature. Near the outlet, the highest temperature is observed at the periphery of the core. 

For the five-stepped cosine and cosine power distributions, the highest temperature at the 

periphery of the core near the outlet is more prominent than flat power distribution. Higher 

temperature is also observed at the middle of the plane near the outlet. 

 
 (a) Five-stepped cosine power distribution 

 
(b) Flat power distribution 

 
(c) Cosine power distribution 

Figure 34: Temperature contour on vertical inclined plane 2 for different power distributions 

For different power distributions, the temperature contour on vertical inclined plane 2 is 

presented in Figure 34. Almost till half of the core length, the temperature 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 distance. Near the outlet, the temperature is observed to be 

the highest which is about 463 K. However, in this case, the highest temperature is prominent 

both at the periphery and centre of the core.  
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(a) Five-stepped cosine power distribution 

 
(b) Flat power distribution 

 
(c) Cosine power distribution 

Figure 35: Velocity contour on vertical inclined plane 1 for different power distributions 

For different power distributions, 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 no-slip wall boundary conditions. Till almost half of the core, the 

velocity is about 0.18 m/s. After that, the velocity starts to increase. At about three-quarters 

of the core, a small region with the lowest velocity is observed at the periphery of the core. 

This is due to the increasing effect of viscosity. The farther the water flows from the inlet, 

the higher is the effect of viscosity resulting in a near-zero 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 and at around 1900 mm, this 

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 plane at this position. The flow penetrates the 

near-zero velocity region and a decrease in the width can be seen. The highest velocity is 

observed near the outlet at the centre of the core and 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 regions. Higher 

temperature results in reduced viscosity and density and as a result, the velocity increases. 

 
(a) Five-stepped cosine power distribution 

 
(b) Flat power distribution 

 
(c) Cosine power distribution 

Figure 36: Velocity contour on vertical inclined plane 2 for different power distributions 

The velocity contours on the inclined plane 2 for different power distributions are given in 

Figure 36. Due to no-slip wall boundary condition, the lowest velocity is at the peripheral 

wall of the core. For almost first half of the core, the velocity is about 0.18 m/s. After that, 

the velocity starts to increase. The lowest velocity is observed at about three-quarters of the 

core at the periphery of the core due to the increasing effect of viscosity as observed in Figure 

35 as well. The highest velocity of 0.24 m/s is prominent at the centre of the core for one-

third the core length near the outlet. This is due to the higher temperature at the centre of the 

core as higher temperature leads to lower viscosity and density. 

Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 



64 

 

5.2.2  Comparison for Different Power Distributions at 750kW 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 five-stepped cosine power 

distribution, flat and cosine power distributions are also used for this work.  

As was done in case of 990kW, for 750kW area-averaged values of temperature, density and 

velocity have been calculated in ANSYS Fluent for each of the three power distributions. 

The area-averaged values of temperature, density, and velocity for three power distributions 

have been plotted as well, which are presented in Figures 37, 38 and 39. In Figure 37, the 

area-averaged temperature is found to be increasing for all three power distributions. The 

temperature ranges from 454.5K to around 460K for 750kW core power which is slightly 

lower than that for 990kW core power. The 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 area-averaged temperature is similar for all three power 

distributions. Between the planes at 1435 mm and 1892.5 mm, the temperature gradient is 

higher for five-stepped cosine and cosine power distribution compared to the flat power 

distributions. Near the outlet, temperature gradient increases slightly for five-stepped cosine 

power distribution and flat power distribution and it slightly decreases for cosine power 

distribution. 

 

Figure 37: Area-averaged temperature for three different power distributions at 750kW 

power 
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Figure 38 shows the area-averaged density for all three power distributions for 750kW core 

power. The plot shows similar and inverse trend as the area-averaged temperature. When 

water flows from inlet to the outlet, the temperature of the water increases and as a result, 

the density decreases. Since 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 power distribution because it 

had the least temperature at the outlet. 

 

Figure 38: Area-averaged density for three different power distributions at 750kW power 

The area-averaged 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 outlet being approximately 

0.1755 m/s for five-stepped cosine and flat power distributions and around 0.1750 m/s for 

cosine power distribution. The area-averaged velocity for flat and cosine power distribution 

shows almost the same trend, but there is a sudden rise in the velocity observed for five-

stepped cosine power distribution. This sudden peak is observed for five-stepped cosine 

power distribution due to high temperature gradient from the plane at 1435 mm to the outlet. 
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Figure 39: Area-averaged velocity for three different power distributions at 750kW power 

The temperature contours for the five-stepped cosine power distribution are presented in 

Figure 40. The temperature contours for five-stepped 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 almost 469K. This water 

in the circular area near the heating rod 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 rods. From Figure 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 temperature is found in the fourth plane (1892.5 mm from 

inlet) which is about 497K, and this value was almost 10K higher for the core power of 

990kW.  
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(a) Temperature contour at the inlet 

 
(b) Temperature contour at the first plane (570 mm from 

inlet) 

 
(c) Temperature contour at the second plane (952.5 mm 

from inlet) 

 
(d) Temperature contour at the third plane (1435 mm 

from inlet) 

 
(e) Temperature contour at the fourth plane (1892.5 mm 

from inlet) 

 
(f) Temperature contour at the fifth plane (2300 mm from 

inlet) 

 
(g) Temperature contour at the outlet 

Figure 40: Temperature contours at different planes for 750kW power and five-stepped 

cosine power distribution 
























































