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SafeG EU founded research project for Safety of GFR through innovative 

materials, technologies, and processes 

SAS-SST  Shear Stress Transport based Scale-Adaptive Simulation model 

SMR Small Modular Reactor 

SST k-ɤ Shear Stress Transport k-ɤ turbulence model 

V4G4 Visegr§d Group countries form G4 Centre of Excellence for joint R&D in 

Generation-4 nuclear reactors 

VVER vodo-vodyanoi energetichesky reaktor ï water cooled water moderated 

power reactor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Variables 

A 
The fraction of area of the vanes to the flow cross section, 

viewing from upstream 
[-] 

CFF Crossflow factor [-] 

CFFô Relative crossflow factor [-] 

CFFÐ Crossflow factor at the undisturbed flow region [-] 

CFFz Local crossflow factor  [-] 

Cp(Pu-U)C Specific heat capacity of (Pu-U)C [cal/K/mol] 

CpHelium Specific heat capacity of helium [J/kgK] 

CpSiC Specific heat capacity of SiC [J/g/K] 

D Diameter of the rod [mm] 

Dh Hydraulic diameter of flow channel [m] 

HTC Heat transfer coefficient [W/m2K] 

HTCô Relative heat transfer coefficient [-] 

HTCz Local heat transfer coefficient  [W/m2K] 

Nu0 Local Nusselt Number at the wall without the spacer installed [-]  

Nuz Local Nusselt Number at the wall with the spacer installed  [-]  

qôô Average wall heat flux  [W/m2] 

qôôôVol Volumetric specific heat source of the fuel  [W/m3] 

s Gap size between the subchannels [m] 

Tbulk_z Bulk temperature of the coolant at the given altitude [K]  

Tk Temperature in K [K]  

Twall Wall temperature [K]  

Twall_z Wall temperature at the given altitude [K]  

vcross Transversal velocity component [m/s] 

w Axial or Z directional velocity component  [m/s] 

wbulk Bulk velocity of the coolant [m/s] 

y+ Non-dimensional wall distance [-] 

z The axial distance from the downstream end of spacer [m] 

ȹP Pressure drops of the model [Pa] 

ȹPô Relative pressure drops of the model [-] 

Ů 
The blockage ratio of spacer to flow channel when viewing 

from upstream 
[-]  

ɚ(Pu-U)C Thermal conductivity of (Pu-U)C [W/m K] 

ɚHelium Thermal conductivity of helium [W/m K] 

ɚSiC Thermal conductivity of SiC [W/m K] 

ɛHelium Dynamic viscosity of helium [Pa s] 

ɟ(U,Pu)C Density of (Pu-U)C [kg/m3] 

ɟHe10bar Density of helium in the gas gap at 10 bar [kg/m3] 

ɟHelium Density of helium [kg/m3] 

ū The angle of swirling vane with respect to axial direction  [rad] 
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1. INTRODUCTION  

The aim of the development of fast reactors is to achieve a more sustainable nuclear energy 

production on the long term. The deployment of fast reactors would help the transition towards 

a closed nuclear fuel cycle, thus enabling a more efficient utilization of uranium resources as 

well as the reduction of nuclear waste. In fast neutron spectrum plutonium could be burnt more 

efficiently and the long-lived minor actinides (Am, Np, and Cm) accumulated in light water 

reactorsô spent fuel could be eliminated by transmutation. This in turn leads to reduced radio-

toxicity levels and the lower expected storage time of nuclear waste, thus making its disposal 

more feasible [1]. 

Gas cooled Fast Reactor (GFR) is one of the generation IV nuclear reactor concepts selected by 

the Generation IV International Forum (GIF) for further analysis and implementation [2]. The 

helium coolantôs core outlet temperature is up to 850 ÁC. With this high temperature condition, 

the GFR power plant can reach thermal efficiency up to 43-48%  [3]. The GFR reactor design 

has several advantages and disadvantages compared to the other generation IV reactors. For 

example, the Sodium cooled Fast Reactor (SFR) has larger thermal inertia due to the sodium 

(Na) coolant density and heat capacity, but the fast neutron spectrum is much harder (the 

average neutron energy in the core is much higher) in the case of GFR reactor. The helium 

coolant is chemically inert, transparent and the single-phase gas coolant eliminates the problem 

of boiling, but in the case of the SFR the liquid metal is chemically reactive, not transparent 

and it has a boiling temperature of 883 ÁC. In contrast, the helium coolant has some drawbacks, 

such as the high gas pumping power need, the relatively high pressure in the primary circuit 

and the difficulty of decay heat removal within loss of coolant accident (LOCA) conditions  [4]. 

Currently, the main challenge is to develop a high temperature and radiation-resistant fuel 

assembly for the GFR core design. 

GFR core has approximately one order of magnitude higher power density (~100 MW/m3) than 

the historical gas cooled thermal reactors (5-10 MW/m3) [1]. Because of the big power density 

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

GFR design. 

Before the construction of a larger scale GFR of 2400 MWth, a reactor must be built that will 

prove the viability of the concept [5] [6]. In order to achieve the above goals, construction of 

an experimental gas cooled fast reactor of 75 MWth is planned. The design thermal power of 

the ALLEGRO test reactor is 75MWth, but the power density of the core is 92 MW/m3, which 

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

The development is currently underway within the framework of some national and 

international projects. The ALLEGRO reactor will demonstrate the viability of the concept and 

help to develop the required technologies. The main technical challenges include the fuel 

handling machine, decay heat removal heat exchangers, refractory fuel assemblies, helium 

purification technologies, etc. 

The aim of this PhD dissertation is to give as accurate description as possible of the thermal 

processes, that take place in the rector's fuel assembly. I have used two different methodologies 

for this, a 3D Computational Fluid Dynamics (CFD) code and real physical measurements 

applying Particle Image Velocimetry (PIV). Both methodologies can provide relevant results 

separately, but together we can also confirm their validity. 
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1.1. The concept of the gas cooled fast reactor 

 

Figure 1.1 Scheme of gas cooled fast reactors [7] 

The GFR reactor merges the favourable properties of fast neutron spectrum systems for long-

term sustainability of uranium resources and waste minimalization, with high thermal cycle 

efficiency and with the possibility of using the produced heat in industrial processes (e.g. for 

hydrogen production). The outlet temperature of the coolant gas is 850 ÁC therefore the GFR 

could be suited for connecting it directly to a gas turbine, building up a highly efficient closed 

Joule-Brayton cycle. 

The GFR-2400 is a gas cooled fast reactor concept with a thermal capacity of 2400 MWth 

designed for high-performance, industrial-scale power generation. The reactor core located 

within its fabricated steel pressure vessel surrounded by the main heat exchangers and decay 

heat removal loops (see Figure 1.1). The control rod drives located beneath the reactor core to 

minimize theirs heat loads. Inside the reactor pressure vessel above the core an innovative fuel 

handling equipment is situated [8]. 

The ALLEGRO demonstration reactor is an essential step in the development of the innovative 

gas cooled fast reactor (GFR) technology. The ALLEGRO reactor is a smaller scale version of 

the GFR-2400 and the first of its kind to be built. In the ALLEGRO design (see Figure 1.1) 

there will be two main heat exchangers with water coolant on the secondary side. Additionally, 

to the two main heat exchangers there will be a prototype heat exchanger connected to the 

reactor in which the heat transfer medium will be helium in both sides. This component has the 

purpose to investigate the heat transfer performance of the future GFR-2400 heat exchanger 

design [5]. 

In this prototype reactor, the coolant is also helium. The helium coolantôs inlet and outlet 

temperatures are 400 ÁC and up to 800-850 ÁC, respectively.  

During shut down state, the remanent heat of the core will be removed by decay heat removal 

heat exchangers. These heat exchangers were placed high above the core for the reason of 

facilitating heat dissipation by natural convection. Although the heat exchangers are able to 

remove excess heat from the system even with natural circulation, they also accommodate a 

low-power electric pony motor to enhance the heat flow [4]. The ALLEGRO reactor design is 

currently being developed in an EU project called SafeG [9]. 
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In line with the plans, the initial core of ALLEGRO is set up with MOX (Mixed-OXide) fuel 

assemblies to investigate the performance of the main additional equipment (such as the heat 

exchangers and blowers). In a later stage of operation, a number of experimental ceramic fuel 

assemblies is planned to be loaded into the core in order to investigate the effects of irradiation. 

The MOX assemblies will work at lower temperature (average core outlet temperature: 530 ÁC) 

[10] [11] . These assemblies designed with stainless steel fuel cladding and wire wrapped 

helical spacers. This fuel type was investigated in details within the ESTHAIR program [12]. 

After this starting phase, temperature resistant refractory assemblies will be used in the 

demonstration core at similar coolant temperature range as in the GFR concept, which requires 

the application of innovative UC-PuC fuel and SiC composite cladding [3] [13].  

The SiC composite fuel cladding is also under the scope of recent studies as a candidate of 

Accident Tolerant Fuel (ATF) cladding material [14]. This new cladding has an engineered 

construction using silicon-carbide (SiC) composite, in which the SiC matrix material is 

reinforced with flexible SiC fibers in much the same way that steel rebar reinforces concrete. 

This creates an extremely hard and durable material that can withstand the harshest reactor 

conditions [15]. 

Some studies investigated the long-term effects of the high temperature operation of these 

claddings. SiCf-SiC cladding tube segments and sandwich tubes with inner tantalum layer in 

impure helium atmosphere prototypical for GFRs was investigated at normal pressure in the 

temperature range between 900 ÁC and 1600 ÁC. The study shows that during target operational 

temperatures of 900ï1000 ÁC the SiCf-SiC cladding material should withstand long-term 

operation with respect to oxidation and corrosion. Despite, at temperature higher than 1200 ÁC, 

i.e. under accident conditions, volatilization of components would lead to degradation of the 

SiC based cladding tubes [16]. 

In the ceramic core design of the ALLEGRO reactor, there are 87 ceramic fuel assemblies. 

According to preliminary designs the total length of the assembly is 4.2 m. It includes a 600 

mm long leg, 250 mm long head, a top and a bottom shielding plus reflector, and a 1350 mm 

long fuel bundle part. Precise geometrical data for the reflector and shielding elements are not 

available yet [5] [9]. The active length of the rods is 0.86 m, which is located in the upper part 

of the bundle. The refractory assembly consist of 91 fuel rods with a dimeter of 9.1 mm. The 

fuel rods are arranged in a triangular lattice with a pitch distance of 11 mm. The cross-sectional 

view of the assembly can be seen in Figure 1.2/a. Four honeycomb spacer-grid hold the fuel 

elements in their positions (Figure 1.2/b). The height of the spacers are 26 mm and the distance 

between them is 246 mm.   
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Figure 1.2: The cross-sectional view of the refractory fuel assembly (a) the geometry of the 

spacer-grid (b) and the side view of the assembly (c)  

The ALLEGRO reactor has been long under development with EU support in GIF [7] and 

GOFASTR [17] research programme. During this time, several projects have addressed the 

challenging thermal hydraulics of the reactor core. The reactor system development started by 

the collaboration of European research institutes, universities and companies in the 2000ôs. In 

the near past the demonstrator reactor has been developed by a consortium named V4G4 Centre 

of Excellence [18], associating several research organizations and companies from Slovakia, 

Czech Republic, France, Poland and Hungary. In the framework of the latest European project 

(SafeG [9]), the research programme was relaunched in 2020. The BME NTI is active 

participant in this SafeG programme. Some of the results presented in this PhD thesis are 

actively used by the SafeG programme. The results of my PIV measurements are being used 

for example in a benchmark exercise that is currently underway [19] within SafeG. Results of 

the applied CFD analysis have been used also in the SafeG project.  
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2. COMPARISON OF DIFFER ENT GAS COOLED REACTOR 

CONCEPTS   

In the field of gas cooled reactors, not the ALLEGRO GFR is the only candidate. There are two 

other basic concepts with Helium coolant: the ñpebble bedò and the ñprismatic blockò design. 

The ALLEGRO is designed to meet the technological criteria for the future GFR 2400 MWth 

reactor. It is worth to be mentioned that the demonstration reactor currently being developed 

has a nominal power of 75 MWth, which fits in the current trend of SMR reactors. If the 

technology proves to be mature, an improved version of the ALLEGRO reactor could be 

attractive to industrial users as an SMR. 

Small Modular Reactors (SMRs) are an emerging class of nuclear reactors that may provide a 

more competitive alternative in many potential markets. SMRs typically operate with a rated 

capacity of 300 MW or less and are designed as individual modules containing the safety-grade 

components [20]. 

2.1. Gas cooled reactor core with spherical fuels 

The first reactor concept is a so-called pebble bed design.   The demonstration High 

Temperature Gas Cooled Reactor - Pebble-bed Module (HTR-PM) at the Shidaowan site in 

Shandong province of China has been connected to the grid in 2021 [21]. The plant features 

two small reactors that drive a single 210 MWe turbine. Steam produced by the heat from the 

first reactor was used to power the turbine. The reactors use graphite as a moderator and helium 

as a coolant, with uranium fuel in the form of 5-6 cm-diameter 'pebbles' (depends on the design). 

Each pebble has an outer layer of graphite and contains some 12,000 four-layer ceramic-coated 

fuel particles dispersed in a matrix of graphite powder (see in Figure 2.1). The fuel has high 

inherent safety characteristics and has been shown to remain intact and to continue to contain 

radioactivity at temperatures up to 1620ÁC - far higher than the temperatures that would be 

encountered even in extreme accident situations, according to the China Nuclear Energy 

Association (CNEA) [21]. 

In recent studies the excellent fuel resistance has been reaffirmed. The main advantage of 

TRISO fuel particles is their good retention ability for various radioactive fission products. 

Experiments have shown that the integrity of the TRISO structure can be maintained at 

temperatures below 1600ÁC [22]. Both above mentioned reactor core with thermal neutron 

spectrum uses the TRISO fuel. 

In the HTR-PM design, the reactor core is a loose pebble bed, which contains about 420,000 

spherical fuel elements in the equilibrium state. In each fuel pebble, there is an inner zone of 

which the diameter is 5 cm, and an outer graphite shell without fuel whose thickness is 5 mm. 

In the inner zone approximately 12,000 TRISO type coated fuel particles are dispersed into the 

graphite matrix. For each fuel ball the amount of heavy metal is 7 g, with an U-235 enrichment 

of 8.5%. According to the reactor physics design, the fuel elements will pass through the reactor 

core 15 times. The average burnup of the spent fuels will achieve 90 GWd/tU [23].  

As shown in Figure 2.2, the HTR-PM reactor module mainly comprises a pebble bed reactor, a 

steam generator, a helium circulator and a hot gas duct. The reactor pressure vessel and the 

steam generator pressure vessel in side-by-side arrangement are connected by the horizontal 

hot gas duct pressure vessel, thus forming the primary pressure boundary. 

The core is enclosed by the ceramic internals, including the graphite reflectors and the carbon 

bricks. In the side reflector, 24 control rod channels and 6 absorber ball channels are drilled in 

the inner region. The cold helium plenum is located under the top reflector. 
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Carbon bricks, surrounding the graphite reflectors, play the role of thermal insulation of the 

core as well as neutron shielding of the metallic internals. All of these ceramic internals are 

housed by the reactor core vessel, which is ultimately supported on the reactor pressure vessel 

[23]. 

 

Figure 2.2: The spherical fuel element of HTGR [22]  and the main components of HTR-PM 

reactor [23] 

The main difference between ALLEGRO and HTR-PM is the core design and the power 

density. The European GFR has more than 28 times greater power density value (92 MW/m3). 

The ALLEGRO will contain rod bundle fuel assemblies without any moderator material. This 

core design goes hand in hand with the fast neutron spectrum and the possibility of a more 

efficient fuel cycle. Nevertheless, the disadvantage is the lack of thermal inertia, which appears 

in the HTR-PM reactor due to the large mass of graphite present. During a postulated Loss of 

Coolant Accident (LOCA) a rapid core pressure loss and coolant density decrease can cause the 

overheating of the core. These design basis accident situations have been studied in great detail 

by a team of scientific experts using various computer codes [24] [25] [26], in order to ensure 

the fulfilment of safety functions even in this situation. 

2.2. Gas cooled reactor core created with prismatic blocks 

The prismatic HTGR concept with hexagonal graphite block fuel elements has been used in 

prototype and commercial HTGRs in USA.  In Japan a demonstrator reactor named High 

Temperature Test Reactor (HTTR) has been proved to be viable and operational in several test 

runs during the last two decades [27].  

Fuel for the GT-MHR is in the form of TRISO-coated particles embedded in a carbonaceous 

matrix and then formed into cylindrical fuel compact. These compacts are approximately 13 

mm in diameter and 51 mm long or 26 mm in diameter and 39 mm long in different designs. 

They are then inserted, one on top of the other into fuel holes, machined in the hexagonal 

graphite fuel elements, 793 mm long in Japanese HTTR (or 580 mm on Figure 2.3) and 360 

mm across sides. An annular core is formed by stacking ten layers of blocks. [27] [28]. 
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Figure 2.3: Assembly of the HTTR Fuel Element [28]  

Similar to the development of the HTTR, JAEA collaborated with the Japanese heavy industries 

in completing the basic design of commercial GTHTR300 that combines a 600MWt HTGR and 

a direct cycle gas turbine for power generation [29]. In the technological coupling, an 

intermediate heat exchanger (IHX) is connected to the reactor to heat the gas in the secondary 

circuit. Thus, an indirect Brayton cycle is implemented. The net generating efficiency is 

predicted in the range of 45ï50% bounded by potential values of fuel and key cycle component 

performance parameters, see in Figure 2.4. The use of a gas turbine to harness the thermal 

energy produced in the reactor through an indirect heat cycle is a similarity with the European 

GFR. 

 

Figure 2.4: JAEA's Larger Commercial Cogeneration System Design: GTHTR300C  
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In Table 2.1 key parameters of the different gas cooled reactor designs are shown. We can see 

that the ALLEGRO GFR fits well into the concepts just presented, although the demonstration 

unit is not yet operational. The temperature and pressure values are also in the same order of 

magnitude, but as can be seen the power density is much higher in the GFR reactor. The next 

difference is that the TRISO fuel is typically embedded in a graphite matrix, which shifts the 

neutron spectrum into the thermal range. The fissile material breeding capability of thermal 

reactors lags behind that of fast reactors, which is a huge drawbacks of this gas cooled reactor 

concepts. 

 Fast spectrum GFR  Pebble bed GR  Prismatic GR  

Demonstrator unit  ALLEGRO (EU) HTR-PM (China) HTTR (Japan) 

Moderator  NO Graphite Graphite 

Core inlet/outlet 

temperature 

400/800 250/750 385/850 

Limiting fuel 

temperature 

1200 ÁC 1620 ÁC 1620 ÁC 

Mean He Pressure   7 MPa 7 MPa 4 MPa 

Fuel  UC-PuC UO2 UO2 

Fuel coating SiC cladding TRISO TRISO 

Power density 92 MW/m3 3.22 MW/m3 2.5 MW/m3 

Readiness Under design  In operation  In operation  

Table 2.1: Main parameters of different gas cooled reactor designs [22] [27] [23] 

This PhD thesis work deals with the ALLEGRO fast neutron spectrum GFR concept.  
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3. INVESTIGATION METHOD OLOGY  

It was presented in the previous Chapter that the ALLEGRO reactor has very special thermal 

hydraulics conditions. In the field of nuclear energy there are several possibilities to model or 

simulate thermal hydraulics process in fuel assemblies. The easiest and most commonly used 

method is computer simulation. Depending on how detailed we want to describe the chosen 

problem, we can create coarser system-code models, or if we want to examine processes in 

more details, we have to limit the investigation domain to a smaller segment of the facility and 

a high-resolution 3D CFD (Computational Fluid Dynamics) simulation model can be used. In 

my case, the goal was to describe the fuel assembly as accurately as possible, for which I have 

developed several 3D models using the ANSYS CFX code.  

CFD codes can provide fast results for fluid flow conditions that we would not be able to 

measure in reality. These codes and software packages are generally well validated, but in some 

special cases it is necessary to confirm the results. In the nuclear sector, it is particularly 

important to decide to what extent the calculated results cover the real physical processes. To 

do this, a measurement method with a resolution close to the CFD codes discretisation must be 

used. Fortunately, the LDA (Laser Doppler Anemometry) and PIV (Particle Image 

Velocimetry) measurement techniques allow extremely detailed flow measurements in a non-

intrusive manner. At the BME NTI, we have a PIV measurement system at our disposal, with 

which it was possible to perform such validation measurements. In the next two subsections, 

these two investigation methodologies will be presented. 

3.1. Computational Fluid Dynamic approach  

The Computational Fluid Dynamics (CFD) summarises all the methodologies, for the 

numerical calculation of flow and related transport processes (heat, mass). Therefore, CFD said 

to be an interdisciplinary scientific method. In this subsection I will give a very broad outline 

of how CFD calculations are done. As this discipline is very complex and diverse, any more 

insight would unnecessarily fill several long chapters.  

Practitioners of the discipline simulate flows in complex geometries with a precision that flow 

experiments would not be able to reproduce.  Another advantage over the experimental method 

is that there is no need to design expensive and time-consuming experiments. A modern office 

computer is nowadays sufficient to carry out most pre- and post-processing elements of a CFD 

study. In the case my research, a personal computer with 32Gb RAM memory and with a AMD 

Ryzen 7 2700 Eight-Core processor was sufficient to compile the CFD models. 

Nowadays, the results produced by a carefully designed CFD simulation are considered to be 

equivalent to actual physical measurements. The primary reasons for this have been the 

dramatic increase in the computational speed of computers and the development of widely 

validated universal CFD codes.  But I should mention that in the case of new a physical 

phenomenon, complex geometries, special media or topics of high safety relevance, it is 

particularly appropriate to verify and validate simulation models and methods, which require 

experimental results at a resolution comparable to that of the CFD method. 
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Most CFD codes use the Finite Volume Method (FVM). The method consists in decomposing 

the part of space (domain) under study into a finite number of cells of finite sizes. These cells 

form a so-called mesh. When creating a mesh, distinction is made between surface and volume 

elements. 

The ANSYS CFX mesh generator prefers the following discretization elements. Triangle and 

quadrilateral elements cover the surfaces, while in the inner regions tetrahedron, hexahedron, 

pyramid or prism type of elements are usually used. My most detailed CFD models (see in 

Chapter 6) consisted of more than 197 million elements, fully utilizing the capabilities of the 

aforementioned personal computer. 

For the resulting cells, the codes iteratively solve the key conservation equations of 

hydrodynamics (heat, mass, and momentum). Iterative computations are very resource-

intensive, so simulations are often performed on a high-performance cluster computer. The 

cluster computer owned by the BME NTI is able to perform the simulations on a Rock Cluster 

build up from 8 server machines (type: HP DL360 GEN 9). The servers have Intel(R) Xeon(R) 

CPU E5-2690 v4 @ 2.60GHz type processors that can run on 56 threads parallel. Each server 

has 256 GB RAM memory. Even with such resources, it can take several days or even weeks 

to complete the calculations.   

Most of the real-life applications are based on turbulent flows, for which special turbulence 

models are applied in CFD simulations. These turbulence models are simplified constitutive 

equations that predict the statistical evolution of turbulent flows. Without these models, steady-

state calculations would also be very time consuming. However, it should be noted that 

turbulence models are not universal, but rather problem-specific. Their uncertainties should be 

considered by minimum in a sensitivity study. In my research, I used several turbulence models, 

which are described in the respective chapters. The time-averaged simulations were mostly 

computed with k-Ů, k-ɤ SST and BSL Reynolds-stress models, while the time-dependent 

transient calculations used the SAS-SST model in many cases. The applications were based on 

the many years of experience of NTI and Best Practice Guidelines used in the nuclear industry 

[30].    
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3.2. Particle Image Velocimetry approach  

Particle Image Velocimetry (PIV) is an optical measurement technique for the non-invasive 

analysis of flows, which has been under development since the 1980s [31]. By the end of the 

1990s, the technique was becoming more widespread in basic research and industrial 

applications, partly due to the replacement of photographic image capture by the possibility of 

video recording and the proliferation of electronic and then digital cameras.  

At the same time, the necessary computing facilities were developing at a rapid pace, enabling 

the capture of large quantities of digital images and their increasingly rapid processing and 

analysis. An important element of optical metrology is the illuminating light source, and as the 

size of lasers has decreased and their parameters have improved, PIV systems have become 

increasingly applicable to a wider range of applications. 

The PIV measurement technique is based on recording the displacement of the tracer particles 

mixed with the flowing medium and moving with it, and inferring the velocity distribution in 

the flow. The flowing medium can be gas, water or other optically transparent materials. 

Optimally, the tracer particle should have a similar density as the flowing medium, and its size 

and shape should ensure good flow tracking and good reflectivity. Particles moving with the 

flow are illuminated at two successive time instants, the light scattered by the particles is 

recorded (i.e. photographed), and the direction and extent of movement of the identical particles 

identified in the two images is determined. Using appropriate mathematical procedures, this 

grain identification can be solved and, knowing the time elapsed between the two images, the 

flow velocity can be determined. With proper calibration, the true physical content of the image 

displacement, i.e. the pixel-to-metre conversion, can be determined, and the physical velocity 

can be calculated. Depending on the measurement setup, a distinction is made between two-

dimensional and three-dimensional stereo PIV measurements. The latter requires at least two 

image recording cameras.  

 

Figure 2.3 Experimental arrangement for planar 2D PIV in a wind tunnel [31] 

The measurement system which was used during the elaboration of this PhD thesis is 

described in the Chapter 7.1. 
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4. DETAILED THERMAL MODELLING OF  THE ALLEGRO 

CERAMIC ASSEMBLY  

In this Chapter, I will discuss my first complex CFD fuel assembly models and the results they 

achieved. The models progressively investigate the effects of more and more components and 

physical processes. At the end of this sensitivity analysis, I have defined the most relevant 

modelling criteria. The position of the assembly hotspots was also revealed. Conservative 

models show that the hot spots approach or fall within the operating limits. This problem nicely 

set the research direction for the thesis. The results presented here relate to my first and second 

thesis points and were published in the following articles [32] [33] [4].  

4.1. Geometry of the refractory ceramic fuel assembly for CFD 

modelling 

As I have described in Chapter 1, in the ceramic core design of the ALLEGRO reactor, there 

are 87 ceramic fuel assemblies. The planned cross section of the fuel assemblies is shown in 

Figure 4.1/a. The active length of the rods is 0.86 m, which is located in the upper part of the 

bundle.  Four honeycomb type spacer grids will hold the rods in their positions within the active 

length. The individual rods are clamped with three leaf springs in every spacer (Figure 4.2). 

The spacers are 26 mm high and the axial distance between them is 240 mm. The first spacer 

is located 48 mm from the beginning of the active part of the fuel (Figure 1.2/c). The assemblies 

have hexagonal shrouds made of SiC. The coolant pressure is about 7 MPa and the core inlet 

temperature is 400 ÁC [34].  

 

Figure 4.1: ALLEGRO ceramic assembly [8] and the geometry of the bare rod bundle models 
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4.2. Mesh sensitivity study for the active rod length assembly with 

spacers 

Before investigating the full-length assembly with spacer grids, I had to understand the flow 

distribution in the bare rod bundle. My first step was to create a simplified bare rod bundle 

model.  In this CFD analysis a 60Á section of the active part of the bare rod bundle was 

described, which is marked with orange in Figure 4.1/a, whereas the flow domain boundaries 

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

for the full length assembly model, a short 60Á section simplified model was applied. The axial 

length of the geometry formed was 4.55 mm, which is equal to the radius of the rod. For the 

lateral plane surfaces symmetry boundary condition is defined. No-slip smooth wall condition 

is given for the walls of the rods (Figure 2/a). In all models the upper and lower surfaces are 

connected with periodic box boundaries. With this method a fully developed turbulent flow can 

be modelled, which is independent of the Z-direction. Mass flow rate is specified according to 

the cross-sectional average mass flux of the assembly. The mass flow of the assembly is 0.415 

kg/s.  The inlet velocity profile model is adiabatic, and uses the helium material properties at 

constant temperature at 400 ÁC. The mesh sensitivity study of the investigation is not presented 

here but can be found in article [33]  and in the appendix under Chapter A1.  

4.2.1. Geometry 

In the next step model for a one-sixth segment of the fuel assembly active part has been 

developed (see Figure 4.3). Utilizing the symmetry of geometry, we have created a simplified 

assembly model. The cross-sectional geometry is identical to the bare rod bundle model. 

Modelled area can be see in Figure 4.1/a.  The model includes four honeycomb spacers with 

the distance of 246 mm between them (Figure 4.2). It is important to note here, that due to the 

pattern of the spacer spring, the lower right and left corners of the model are slightly different. 

In the right corner there is a leaf spring, while in the other it is missing. The CFD model 

geometry is longer than the 860 mm active part by 2x62 mm. This is the result of a mesh 

generation method, that avoids the use of interfaces. The first spacer is 110 mm far from the 

inlet surface. Further geometrical data can be seen in Figure 4.3.   

 

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

To investigate the temperature distributions of the assembly, detailed models have been created. 

The models have been extended step by step to examine the effect of the structural elements 

and the physical process of heat radiation. The OS2 model served as basis for these 

investigations. The detailed parameters of the models can be seen in Table 4.1. Mesh resolution 

at the outlet of the most complete model is in Figure 4.4. 

  

Figure 4.3: The structure of the active length models  

4.2.2.1. Model OS2 

The OS2 model (One-Sixth model with mesh density M2) describes only the fluid domain of 

the assembly. The mesh density has been chosen in order to reach consequent results with taking 

into account the heat radiation (see in [33] and Chapter A2 in the appendix). The number of the 

element of the fluid domains in the sensitivity study were 22, -76,- 117, and 182 million. 

At the lower surfaces of the model inlet boundary condition was given (Figure 4.3) and velocity, 

turbulent kinetic energy and turbulent kinetic energy dissipation distributions were defined. The 

velocity scale in Figure 4.3 is referring to the inlet boundary condition axial velocity 

distribution.  These distributions were determined with the bare rod bundle models (M4 in [33]). 

On the upper surfaces outlet boundary condition was defined with 0 Pa relative pressure. The 

reference pressure equals to the pressure of the nominal conditions (7 MPa). In this phase of 

the assembly development, each of the rods has the same thermal power. Rod outer surface 

(qòCO) heat flux depending on the height [3] was specified with a quadratic polynomial.  

 ή ρȢτφzρπz ὤ ρȢςσςψzρπz ὤ σȢρυωυzρπ ὡȾά  (4.1) 

The temperature of the coolant at the inlet was 400 ÁC. The specific heat capacity of helium (cp 

= 5195 [J / kgK]) is considered to be practically constant between 1 and 100 bar and from room 

temperature to 1000K. Temperature dependent material properties of Helium were specified 

with polynomials. Validity range of the polynomials are: pressures from 1 to 100 bar and 

temperatures from room Temperature to about 1800 K [35] . 

Inlet 

Outlet  

Spacers 
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′ ςȢχφφςzρπ Ὕz ρȢρωστzρπ  zὝ ρȢψωσzρπ Ὕz ρσȢρ ὯὫȾά  (4.2) 

А ψȢτυσυzρπ Ὕz υȢςωτχzρπ Ὕz ρȢυςχzρπ Ὕz υȢπφσχzρπ ᶻ
Ὕ φȢτςςχzρπ  0ÁzÓ  (4.3) 

‗ χȢςυτςzρπ Ὕz τȢυσφωzρπ Ὕz ρȢςωφχzρπ Ὕz τȢπσψφzρπ ᶻ
Ὕ υȢρυςτςρzπ 7ȾÍ+  (4.4) 

4.2.2.2. Model OS2_CA 

The model OS2_CA (One-Sixth with Clad and Assembly shroud) includes the 1.08 mm thick 

SiC rod claddings (5 radial and 860 axial layer) and 1.65 mm thick SiC assembly shroud (5 

radial and 860 axial layer) with the axial length of 0.86 m. The 1.07 mm thick SiC shroud of 

the assembly is also modelled in this case (5 radial and 860 axial layers). The shroud is 

connected to the fluid domain by an interface and the heat transfer is also considered. The outer 

surface of the shroud is adiabatic wall. The solid elements were meshed with hexahedral 

elements. The resolution is adjusted to the resolution of the fluid mesh. The BPG recommends 

that the ratio of mesh density variation along the interfaces should not be larger than 1:3 [30]. 

Using this principle, all model parts were described with hexagonal elements (clad, assembly 

shroud, gas gap and fuel). Based on experience, the resolution shown here is conservatively 

detailed and therefore no further mesh independence analysis was performed. As boundary 

condition, the surface heat flux (q"CI) is specified on the rods' inner surface. The axial 

distribution of the heat flux is described with a quadratic polynomial (4.6).  

 ή ρȢωρττzρπz ὤ ρȢφρττzρπz ὤ τȢτρχzρπ ὡȾά  (4.6) 

The physical process of thermal conduction in the clad and shroud is also considered. The 

density of the SiC was considered as constant, 2600 kg/m3. The temperature dependent material 

properties were given with polynomials. The polynomials based on measurements performed 

for temperatures varying between 20 ÁC and 800 ÁC [13]. 

 ‗ σȢυωυφχρzπȾὝ χȢςςψωzρπ Ὕz τȢυρzρπὝ ωȢωυς 7ȾÍ+ (4.7) 

 ὅὴ ςȢσπρφzρπȾὝ ρȢωρφχzρπ Ὕz ρȢωχχτzρπὝ ρȢτπρσ *ȾÇȾ+       (4.8) 

4.2.2.3. Model OS2_CMPL 

The model OS2_CMPL (One-Sixth CoMPLete) included the gas gap of the fuel rods (~5.3 

million additional elements for modelling the gap with 5 radial and 860 axial layers) and the 

(Pu-U)C fuel elements (simplified to 0.86 m long continuous cylinders ) ~4.7 million additional 

element (11 radial and 860 axial layer) for modelling the fissionable material. The fuel pellets 

and the gas gap were meshed also with hexahedral elements. The fuel pin active length is 860 

mm, fuel pellet diameter is 6.64 mm and the gap between the fuel pellets and the cladding is 

0.15 mm. This model contains 92.15 million elements.  In this model the heat generation was 

taken into consideration as volumetric heat generation within the volume of the fuel pellets 

(4.9) [3].  

 ή ρȢςπυzρπz ὤ ρȢπρχzρπz ὤ ςȢφπψzρπ ὡȾά   (4.9) 

The gas gap was considered as a solid heat conducting medium (the convection of the filling 

gas was neglected), with the temperature dependent material properties of the filling gas 

(helium at 10 bar pressure). The densities of the helium in the gap and the (U,Pu)C fuel are 

constant (ɟHe10bar=1,641 kg/m3, ɟ(U,Pu)C=10880 kg/m3) [35]. The porosity of the fuel is taken into 

account (20%). The thermal conductivity values are reliable in the temperature range of 500 ÁC 

<TK<2300 ÁC [10]. 
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 ‗ ρȢψψzρπ Ὕz ψȢχρzρπ Ὕz ρςȢχφ 7ȾÍ+ (4.10) 

 ὅὴ ςȢυτχυτᶻ ψȢρz ρπ Ὕz ρȢωςχωzρπὝ ρτȢσωυρὧὥὰȾὑȾάέὰ   

  (4.11) 

4.2.2.4. Model OS2_CMPL,DT,MC 

The model OS2_CMPL_DT,MC is the most detailed model, which takes into account the heat 

radiation in the gas gap and between the fuel rods outer surfaces.  In the active length rod bundle 

model with thermal radiation in the helium coolant flow domain Discrete Transfer Model 

(DTM) method is used with ray numbers decreased from the default 8 to 4 [36] [37]. This 

reduction was necessary to gain results of the simulations with the enormously large number of 

elements. In the theory of this method the radiation leaving the surface element in some range 

of angles can be concentrated into a single ray. The ray paths are calculated and stored during 

the calculation. Rays are fired from the surface elements at discrete values of the polar and 

azimuthal angles. Each ray is then traced to calculate the interaction with volumetric and surface 

cells. The heat radiation in the gas gap is described with the Monte Carlo (MC) method, because 

with MC method the heat radiation can be modelled also in the heat conducting solid media 

[37]. In the Monte Carlo model, the radiation intensity is calculated from the differential angular 

flux of photons. The uniformity of the distribution of thermal radiation depends strongly on the 

size of the photon library and less on the domain discretization. I varied the size of the library 

from 10^4 to 10^9 with a sensitivity gradient in four steps. I found that a library size of 10^8 

allows sufficiently detailed thermal radiation modelling. 

In this case it is necessary to define the emissivity factor (Ů) on the cladding, shroud and the 

fuel element surfaces. This emissivity factor for SiC is 0.8 and for (Pu-U)C is 0.42 [10]. Helium 

is assumed in both models as a transparent media therefore the heat radiation does not heat up 

the helium gas directly. Mesh resolutions and further conditions are identical with those 

previously described [38].  

Table 4.1: The properties of different meshes 

Number of elements  OS2 OS2_CA OS2_CMPL OS2_CMPL_DT,MC 

Coolant domain (hybrid) 

[million]  
76 76 76 76 

Cladding (hexahedral with 5 

radial and 860 axial layer) 

[million]  

- 5.3 5.3 5.3 

Assembly shroud (hexahedral 

with 5 radial and 860 axial 

layer) [million]  

- 0.85 0.85 0.85 

Gas gap (hexahedral with 5 

radial and 860 axial layer) 

[million]  

- - 5.3 5.3 

Fuel (hexahedral with 11 

radial and 860 axial layer) 

[million]  

- - 4.7 4.7 

Heat radiation  - - - + 

SUMM [million]  76 82.15 92.15 92.15 
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Figure 4.4: Mesh resolution at the outlet and the composition of the OS2_CMPL model 
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4.2.3. The results of the models 

 
Figure 4.5: Cross-sectional temperature distribution at the axial position 619 mm 

 

Figure 4.6: Temperature distributions along Line1 (left) and Line2 (right) (Line position in 

Figure 4.5) at the altitude of Tmax,fuel  
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In Figures 4.5-4.6 we can see the temperature distribution at the altitude of the maximal fuel 

temperature. The effect of the heat conduction of the structural elements is decreasing the 

temperatures of the claddings. There are lower temperature regions beside the assembly shroud 

and the central inactive rod. The lower temperature edge subchannel region is caused by the 

higher mass flow rates (Figure 4.5). Considering the heat radiation in the fuel gap it reduces the 

fuel temperature. In Figure 4.6 it can be seen that the heat radiation transports further heat from 

the corner rod cladding so the maximum temperature is lower in OS2_CMPL_DT,MC  (Table 

4.2). The assemblyôs lower temperature shroud surface behaves as a óóheat sinkò therefore in 

the models with heat radiation the shroud has a higher temperature. We compared our model 

results with our smaller CR2_CMPL_DT,MC model, which at the same time has a finer mesh. 

This model describes the right corner subchannels only. The detailed description and the results 

of this model can be find in article [34]. The CR2_CMPL_DT,MC was taking into account the 

heat conduction and heat radiation in the similar way as in this current thesis. The results 

presented in Figure 4.6 show good agreement between the models of one sixth model 

(OS2_CMPL_DT,MC) and the smaller corner model (CR2_CMPL_DT,MC). The lower fuel 

temperatures of the model CR2_CMPL_DT,MC along the Line1 is caused by the smaller 

modelled region which cannot take into account the global effects of the inner region of the 

assembly.  Ignoring heat radiation can be considered as a conservative estimation.  

Model Coolant [ÁC] Cladding [ÁC] Gas gap [ÁC] Fuel [ÁC] 

OS2 1465.2 - - - 

OS2_CA 1135.4 1281.9 - - 

OS2_CMPL 1075.7 1171.1 1350.4 1422.2 

OS2_CMPL_DT,MC 1066.6 1152.8 1323.2 1405.2 

Table 4.2: Maximum temperatures calculated by different models 

 

Figure 4.7:  Fuel pin outer surface temperature distributions in the right corner along a 

monitor line (line position marked by black star)  

In Figure 4.7 we can observe the significance of modelling the structural elements and the heat 

radiation in the conditions of a high temperature gas cooled reactor. The evaluation line is 

located in the outer surface of the right-side corner clad.  Without the detailed modelling of the 

assembly structure and heat transfer processes, the temperature values are highly overestimated 

(the exact values are indicated in Table 4.3). The OS2 model gives the highest temperature 

values, and the most sophisticated OS2_CMPL_DT,MC gives the lowest ones.  
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Maximum cladding outer 

temperature in the Right 

corner [ÁC] 

OS2 OS2_CA OS2_CMPL OS2_CMPL_DT,MC 

1271.3 1039.4 1001.9 981.8 

Table 4.3: Maximum clad outer surface temperatures in the Right corner 

The ceramic assembly has a slight asymmetric temperature distribution, caused by the 

asymmetry of the spacers. The higher temperature values are located at the right corner (Figure 

4.8).  In the right corner of the assembly, at every spacer a leaf spring (highlighted in Figure 

4.2) is blocking the flow, therefore the flow cross section is narrower than in the left corner 

subchannel. Due to the lack of the spring in the left side, the cladding surface temperatures 

nearby the spacers are lower.  

 

Figure 4.8: Temperature distribution in the Left and Right rod corner surface along a monitor 

line (line position marked by black star) 

 

Figure 4.9: Comparison of the centreline temperature distributions of fuel elements in the 

different rod positions  
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The highest fuel temperatures are located in the inner region of the assembly. The temperature 

of the uranium centreline is similar in the first half of the axial length in the different rod 

positions (See in Figure 4.9). The fuel rods in the assembly edge give the lowest values. The 

effect of the spacers is well observable in the temperature distributions.  

The fuel elements release approximately 6.1 % of their power through the radiation in the gas 

gap. The average radiative heat flux, which leave the outer surface of the rod cladding is 1.3 % 

of the total wall heat flux. In the different subchannel positions this value deviate. In the Table 

4.4 we can see the radiative and total wall heat flux values in the different subchannel types. 

The heat transport trough radiation is more significant in the edge and corner subchannels, than 

in the inner subchannels. In these subchannels high temperature fuel pin cladding faces to the 

assembly shroud. The highest radiative heat flux is in the left corner subchannel.  

 Inner  Edge  Corner 

Right 

Corner 

Left  

Average total wall heat flux [W/m2] 482 456 510 051 395 369 394 890 

Average wall radiative heat flux [W/m2] 3 447 20 789 36 970 38 374 

Ratio [%]  0.71% 4.08% 9.35% 9.72% 

Table 4.4. Average outer cladding surface heat flux in subchannels 

  

Figure 4.10: Heat transfer coefficient along the active rod bundle 
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The axial changes of the average Heat Transfer Coefficients (HTC) are calculated from the 

cross-sectional mass flow average temperature and heat flux values (Figure 4.10). Local heat 

transfer coefficients were calculated as follows: 

ὌὝὅ
ͼ

ͺ ͺ
      (4.5) 

where:  

ὌὝὅ  ï local heat transfer coefficient [W/m2K] ,  

ήͼ ï average wall heat flux [W/m2],  

Ὕ ͺ  ï  wall temperature at the given altitude [K],  

Ὕ ͺ ï bulk temperature of the coolant at the given altitude [K]. 

In the heat transfer coefficients of all models, peaks can be seen at every spacer. The peaks are 

caused by the increased flow velocity and the intensified coolant mixing. Heat transfer 

coefficient distributions in case of OS2_CA and OS2_CMPL models are nearly identical. The 

conjugate heat transfer values are the highest in the models with thermal radiation, because of 

the lower clad outer surface temperatures.  In Figure 4.10 heat transfer coefficients calculated 

from the CFD results are compared to the value calculated with Rehme heat transfer correlation 

(4.6) [39].  

The value of this empiric correlation based average HTC is 2355 W/m2K. The CFD calculated 

length averaged HTC values are significantly higher than, the ones given by the Rehme 

correlation. The biggest difference occurs in the case of the most complex 

OS2_CMPL_MC_DT model and its more than 13% (Table 4.5). Near the spacers the numerical 

values differ from the correlation result with more than 20% due to their effects presented 

above. The CFD calculated values are close to the values provided by the empiric correlation.  
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Where:  Tout  ï the average temperature at the outlet [K] 

  Tin  ï the average temperature at the inlet [K] 

  P  ï Pitch distance [mm] 

  D  ï Diameter of the rod [mm] 

 OS2 OS2_CA OS2_CMPL OS2_CMPL_MC_DT 

Average HTC from CFD 

[W/m2K]  
2 570 2 612 2 616 2 662 

Difference from Rehme 

[%]  
9.13% 10.93% 11.10% 13.04% 

Table 4.5.  The difference between the CFD and Rehme correlation calculated average heat 

transfer coefficient values 
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4.3. Conclusions of Chapter 4 

In this Chapter, my investigations were presented for the active part of the ALLEGRO ceramic 

fuel bundle. Bare rod bundle simulations were performed in order to create accurate inlet 

boundary conditions for a more detailed 60Á segment model. For the one-sixth segment of the 

rod bundle active length, a mesh sensitivity study was made but not presented in this thesis 

book. The active length models contained the spacer grids and considered the effects of the 

structural elements (heat conduction in the assembly shroud, fuel rod cladding, gas gap in the 

fuel elements) with increasing details. Using the CFD models the hot assembly of the core was 

investigated. From the results of the simulations, the flow and the thermal conditions in the 

corner region were evaluated in detail. Because of the high temperature values, the heat 

radiation was also described. Cross-sectional temperature distributions and profiles showed that 

the assembly has a slight asymmetry caused by the asymmetric location of the springs of the 

spacers. The assembly shows a strongly inhomogeneous coolant temperature distribution. The 

unbalanced temperature fields can be smoothed using mixing vanes on the spacers. 

The fuel temperature maximum can be observed in the inner rods. More detailed models gave 

smaller temperature maximums. Modelling the radiative heat transfer increased the accuracy of 

the calculations. The effect of the heat radiation is more important in the corner region, where 

high temperature rod in the corner position faces the significantly colder assembly shroud. The 

heat radiation in the fuel gap further decreases the fuel temperature maximum. Ignoring heat 

radiation can be considered as a conservative estimation in the further investigations, because 

of the high computational needs of the heat radiation. To increase the reliability of the results 

for gas cooled reactors, very accurate and detailed validation of CFD models based on 

experimental data will be presented in the next Chapter.  
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5. SIMULATIONS FOR VALIDATION ON THE L -STAR 

EXPERIMENTAL  GAS COOLED SYSTEM 

In this Chapter experimental results of the L-STAR gas cooled experimental facility with my 

CFD model calculations will be compared.  This way I had the opportunity to compare the CFD 

calculation methodology with actual measurement results. Design of the facility allows using 

various values of heating power and fluid mass flow rates depending on the chosen scenario. 

The purpose of this study of this Chapter is to create CFD models for the L-STAR facility, 

which are capable of reproducing the results of reference measurements. The other aim is to 

find an applicable turbulence model for the GFR relevant cases. The results presented here 

validate the thermal radiation modelling methodology. They are related to the first two thesis 

points and are published in the following article [38]. 

5.1. The L-STAR facility  

Within the FP7 European projects GoFastR and THINS an experimental facility named L-

STAR (Fig. 5.1-5.2) was built in  Karlsruhe Institute of Technology (KIT) to study turbulent 

flow behaviour and its heat transfer enhancement characteristics in gas cooled annular channels 

under a wide range of conditions [40] [41] [34] [42]. The L-STAR loop allows examining of 

laminar flows too. Its test section is a hexagonal channel, which contains a cylindrical heated 

rod. Particularly air was used as working fluid, but N2 and CO2 also could be an option. The 

heating power of the rod as well as the mass flux through the test section can be adjusted. 

The closed gas loop was designed to reach a maximum temperature of 200 ÁC and a maximum 

operating absolute pressure of 0.3 MPa [41]. The test runs were performed in the range of 

Reynolds numbers from 8000 to 24 000 (see Table 2). Under operational conditions the 

Reynolds numbers in the ALLEGRO ceramic fuel assemblies are around 16 000, therefore the 

tests perfectly suit to investigate the turbulent heat transfer in the ALLEGRO GFR rod bundle. 

The test facility was scaled and designed to describe a complete subchannel around a single 

GFR fuel rod. 

The test section has a flow cross-section of 2.9Ŀ10-3 m2 and its total length is 3246 mm between 

the inlet and outlet geodetic heights. The electrically heated rod has an outer diameter of Dw = 

34.55 mm. Figure 5.2 shows a 3D schematic view of the heater assembly. The innermost part 

of the heater cartridges is filled with compressed MgO powder used as insulator. It has been 

followed by a the NiCr8020 resistive material layer (coiled in a spiral). The heater coils are 

fixed to ceramic filler, used to fill up the gap between the ceramic support and the heater shell. 

The outermost layer is the cladding shell, which is made of stainless steel. 

 

Figure 5.1:  Schematic representation of the heater rod assembly in the L-STAR facility [41] 
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The internal heating cartridge has a total length of 2720 mm, of which approximately 2500 mm 

is heated. The cartridge consists of six individual heaters and has a maximal total power of 24 

kW Ñ 10%.  It contains six individual heating elements, each 407 mm long. Between the heating 

elements there are 10 mm gaps, as shown in Figure 5.2/b. 

  

Figure 5.2: a) Geometry of the L-STAR loop b) detailed structure of the test section (heaters 

marked with red) [41] 

The purpose of this part of the study is to develop a CFD model for the L-STAR facility that is 

capable of reproducing the results of reference measurements. With these model results it 

becomes possible to validate our CFD models to be applied for the calculation of the 

ALLEGRO fuel assemblies. 

a) b) 

Point Zero 
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5.2. Structural  element sensitivity study 

 

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

The model development for the simulation of L-STAR experiments can be divided into well 

distinguishable stages. The early models described only the fluid domain so heat conduction in 

the solid materials was not simulated. Three meshes with different resolutions have been created 

for the L-STAR geometry. The proper mesh resolution was chosen [38] and the mesh 

description can be find in the appendix Chapter A3.  

In order to increase the accuracy of the model results, it is necessary to describe the thermal 

conduction in solid elements and the physical process of the thermal radiation. The model with 

M2 mesh was developed in 3 further steps in order to show the effects of the structural elements 

on the simulation results (geometry information for these model developments are from [41]). 

Initially, the L-STAR model was completed with the compression shell (model II_M2), which 

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

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

in the previous Chapter. 

In the next step the model was extended with the heater shell, heating elements and filling. 

Some of the structural elements were simplified based on recommendations from L-STAR 

benchmark organisers. The geometry of the complete L-STAR CFD model can be seen in 

Figure 5.3. The heater shell is made of stainless steel. Since the material properties of this steel 

differ only slightly from the ones of the compression shell, the same material properties are 
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used for this structural element. The heating parts have a complex internal structure thus they 

are simplified to an annular tube with volumetric heat generation (5.4).  

As it is described in Chapter 5.1 the heated rod contains six individual heating elements, which 

are LHeater=407 mm long with 10 mm gaps between them. As boundary condition for this model, 

the surface heat flux corresponding to the heat output of these heaters is given on the outer 

surface of the rod (5.1).  

 ήᴂᴂ Ⱦ, $z  ʌz  (5.1) 

Where ήᴂᴂ is the surface heat flux on the outer heated surface of the cladding shell 

($   [m]) in W/m2 and  ὗ  is the heating power of the L-Star system in W. 

The heat loss to the environment is taken into account. During the test runs a heat imbalance 

have been observed (5.2). The amount of the heat loss to the environment was calculated from 

the difference between the intake of the heater power and the heat transferred by the cooling 

gas at the end of the test loop.   

 ὗ  ὗ ά ὧ Ὕ Ὕ  (5.2) 

Where ὗ   is the amount of heat transferred to the environment in W, ά  is the 

measured mass flow of the gas coolant in kg/s, ὧ   is the specific heat capacity at constant 

pressure [J/kgK], Ὕ  and Ὕ  are the measured temperature of the air in the outlet and inlet of 

the test section in ÁC. Exact values and their uncertainties can be seen in article [38]. 

As a boundary condition, a negative surface heat flux (ήᴂᴂ   [W/m2], corresponding to 

this amount of heat losses) was prescribed for the hexagonal walls (ὃ      

[m2]) of the test section (3) (Figure 5.3).  

 ήᴂᴂ ὗ  Ⱦὃ       (5.3) 

At the outlet relative pressure of 0 Pa was added as boundary condition. In the inlet boundary 

the mass flow rate, inlet temperature and a turbulence intensity of 5% was prescribed. The walls 

were considered as smooth walls with no-slip boundary condition. 

In these early calculations the SST k-ɤ turbulence model was used to calculate the steady-state 

turbulent flow. The default turbulent Prandtl number Prtr=0.9 was used in the simulations.  

The heater part was named as Heater wires spiral in the Figure 5.4. These parts consist of 

resistance spirals in ceramic-embedded material. The central part of the heaters consists of 

mainly compressed MgO ceramic. In the absence of precise temperature-dependent material 

properties, simplified properties for these three structural elements are given according to the 

basis of recommendations of L-STAR benchmark (see in Figure 5.4). 

 ή  Ⱦ    ,z “z  (5.4) 

The volumetric heat generation rate of the of one heater part (ή
 

 [W/m3]) was 

calculated as (5.4), where $    and $   are  the diameter of 

the simplified heater part in m.  
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Figure 5.4: Simplified and homogenised structure of the heater rod [41]  

All structural elements are resolved with block-structured hexahedral meshes. They are 

connected with interfaces. Thus, the third model (III_M2) considers all of the internal elements.  

The final model (III_M2_R) takes into account also the heat radiation using the DTRM 

(Discrete Transfer Radiation Model) radiation model. The main assumption of the DTRM is 

that the radiation leaving the surface element in a certain range of solid angles can be 

approximated by a single ray. The ray paths are calculated and stored prior to the fluid flow 

calculation as is described in the previous Chapter (4.2.2.4). The emissivity (Ů) of the hexagonal 

shroud is 0.25 and it is 0.6 for the slightly oxidized compression shell of the heater [41]. 

In Figure 5.5 the influence of describing the internal structural elements can be seen. In the case 

of I_M2 the fluid domain is modelled only therefore the wall temperatures are enormously 

overestimated. The more complex models give results closer to the reference measurement data. 

The III_M2_R model provides best fitting results, therefore we can state that modelling the heat 

radiation in a gas cooled system is highly important in simulation of heat transfer. The higher 

rod surface temperature values in previous simulations (Matulik et. al) [43] were the 

consequences of neglecting the structures inside the shells and heat losses of the device. The 

line named Matulik 1 is a result of a CFD simulation, where only the fluid domain was 

described. In the case of Matulik 2 the compression shell and the heat conduction in the shell 

was modelled. In these two cases the heat losses to the environment were not simulated, 

therefore the rod surface temperatures were over predicted.  For these reasons modelling of the 

interior structures the heat losses and heat radiation is recommended in order to reach accurate 

results. 
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Fig.5.5: Comparison of SH-TX-01 measurement data and calculation results with different 

model complexity for outer rod surface temperature  

5.3. Results of simulations of different  test cases 

In this section the results of simulations with III_M2_R model are presented and compared to 

temperature distributions measured on L-STAR.  Measurement results for five cases of different 

heater outputs and gas mass flows were available for model validation [41]. The key parameters 

of the reference measurements are presented in my article [38]. The total temperature 

uncertainty of the thermocouples of the heated rod is 1.57 K in each axial position. Based on 

our sensitivity studies the structural elements and heat radiation are not negligible, so they are 

taken into account in all models. In the light of the measurement results, accuracy of the 

different turbulence models could be also examined. For this purpose, CFD calculations were 

performed with k-Ů, BSL Reynolds stress and SST turbulence models.  
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Figure 5.6: Comparison of SH-TX-01 measurement data and results of calculations with 

different turbulence models (outer wall surface temperature) 

Table 5.1: Average and maximum difference between the measured and calculated wall 

temperatures in CFD simulations using different turbulence models  

The relation between the SH-TX-01 measurement and the CFD calculations can be seen Figures 

5.6. Computational results agree acceptably with the measured ones. We have compared our 

results to previous simulations created by others (R. Gomez et. al) [40]. In Figures 5.6 the lines 

named Gomez, CFX and Gomez, Fluent are a result of CFD calculations performed in ANSYS 

CFX and Fluent codes. As we can see my calculations gives better agreement.  
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SH-

TX-03 
19.58 21.72 1.24 3.99 9.82 12.53 15166 389 
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3.68 7.00 9.25 11.32 5.86 8.41 8053 373 
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14.21 16.07 1.59 5.71 7.34 12.85 24074 390 
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of the 
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10.88 12.83 3.79 6.47 6.25 9.75 
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In the case of SH-TX-01 and SH-TX-03 (the latter not presented here) test runs on the upper 

part of the test rod, the difference of the data lines Gomez, CFX and III_M2_SST are 

insignificantly small. These two models use the SST k-ɤ turbulence model. My computations 

systematically give lower temperatures in the lower section of the heated rod. This phenomenon 

can be explained by the different method of simulation of the axial heat conduction of the 

compression shell and the internal elements. The model III_M2_SST gives closer temperature 

values to the measured ones. As we mentioned above, temperature uncertainty of the 

thermocouples of the heated rod is 1.57 K.  

In Table 5.1 the average and maximum temperature deviations are compared for different CFD 

simulations using different turbulence models. Overall, the SST model gives the smallest 

temperature deviation (3.79 K in average, and 6.47 as averaged maximum). 

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

the measured wall temperature distributions in the L-STAR. In this cases SST model predicts 

the wall temperatures with average deviation smaller than 1.6 K, which is comparable to the 

temperature measurement uncertainties of the thermocouples. The BSL turbulence model gives 

less accurate results, however it is more sophisticated than the SST k-ɤ an k-Ů models [37]. 

In the cases of SH-TX-02 and SH-TX-04 the calculation results are not so precise in none of 

the cases calculated by the different turbulence models. In these two cases the Nusselt number 

slightly lower and the heating power is significantly lower than in the other cases (see Table 

5.1). 

The turbulent heat transfer is strongly depending on the turbulent Prandtl number. Each 

turbulence models handle the turbulent Prandtl number differently. In the ANSYS CFX codes 

the default PrTu is 0.9 which is suitable for most of the cases to describe the turbulent heat 

transfer, especially in the case of SST k-ɤ. The turbulent Prandtl number is freely variable in 

the turbulence models used in these simulations. In order to find the most precise empiric 

correlation, and to calculate the most suitable turbulent Prandtl number for the two problematic 

cases further investigations will be necessary in the future. This phenomenon has been observed 

also in other studies like [40] therefore farther studies are absolutely reasonable.  

5.4. Conclusions of the L-STAR CFD model validations 

Number and variety of the test facilities related to the gas cooled fast reactors are limited. The 

L-STAR facility was built to experimentally investigate the thermal and flow conditions in GFR 

fuel assemblies. In our current study several CFD models have been developed for the L-STAR 

facility to reproduce the temperature distributions in reference measurements. The structural 

element sensitivity study shows the significance of the modelling of the heat conduction in 

solids and volumetric heat generation to get the precise rod surface temperature distribution in 

this case. The results of our present simulations are closer to the experimental data than the 

results previously published. According to the turbulence model sensitivity study the results 

calculated with SST k-ɤ model is acceptably accurate in most of the studied test scenarios. The 

influence of the Nu and the turbulent Prandtl number on the model accuracy is not negligible 

also.  
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6. CFD MODELLING OF MIX ING VANE SPACER GRIDS FOR 

ALLEGRO RELEVANT GAS  COOLED REACTOR FUEL  

GEOMETRY  

During the investigation on Chapter 4 I have come to the realisation, that the lack of coolant 

mixing is one of the main reasons of the developing hotspots of the ALLEGRO fuel assembly. 

Practically in the nuclear industry, the coolant mixing can be enhanced with mixing vanes in 

the top of the spacer grids. This method has never been applied to GFRs because the earlier 

GFRs did not have a spacer grid design to which a mixing vane could be fitted. I will explore 

this possibility in this Chapter. 

I will present in this Chapter several CFD models, which are suitable for the simulation of 

Mixing Vane spacer Grids (MVGs) that are designed for Gas Cooled Fast Reactors (GFRs). 

The main goal of this study is to develop an accurate and reliable CFD modelling method for 

the investigation of Mixing Vane spacer Grid for GFRs. At the point of this investigation just 

little few ALLEGRO-related experiments were viable [38], therefore results of the MATiS-H 

experiments were used to gain myself some experience [44] [45]. The results of the MATiS-H 

simulations are not reported in this thesis book, since my current work focuses on the 

ALLEGRO relevant geometry. My simulations showed good agreement with the MATiS-H 

experimental results [46].  In my calculations for the ALLEGRO geometry the same 

methodology was used as in the MATiS-H analysis. 

The performance of different type mixing vanes was investigated for gas cooled fuel rod 

bundles. The split, advanced split, swirl and twisted mixing vanes were modelled for 

ALLEGRO ceramic pin assembly. The ranking by performance of the vanes was based on the 

pressure drop, cross-flow factor and heat transfer coefficient values. According to my 

calculations, I have determined the most suitable vane type, with the most advantageous effects 

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

mixing performance was studied. The vane angle was modified from 15Á to 40Á in 5Á steps. It 

was found that 30Á vane angle was the most promising in terms of flow characteristics.  

Finally, I will  discuss the performance of the ALLEGRO ceramic pin assembly upgraded with 

the optimised twisted MVGs. The Ro of the different vane arrangement configurations was 

investigated trough three different models. All the computations were performed using ANSYS 

CFX 17 software.  
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6.1. The ALLEGRO ceramic pin assembly models  

6.1.1. Description of the bare rod bundle inlet velocity profile model 

In the first step, I have modelled a short axial section of the selected subchannels (highlighted 

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

in which I can exploit the symmetry of the hexagonal arrangement. The height of the modelled 

geometry is 4.55 mm, which is equal to the outer radius of the rod. For the lateral plane surfaces 

symmetry boundary condition is defined. No-slip smooth wall condition is given for the walls 

of the rods (Figure 6.1/b). In all models the upper and lower surfaces are connected with 

periodic box boundaries as presented before [3]. Mass flow rate is specified according to the 

cross-sectional average mass flux of the assembly, which is 0.0127 kg/s in the modelled 

subchannel.  The inlet velocity profile model is adiabatic, and uses the helium material 

properties at constant temperature at 400 ÁC. 

 

Figure 6.1: ALLEGRO ceramic assembly and the geometry of the model 
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6.1.2. Details of ALLEGRO MVG CFD model 

Using the converged flow parameter fields of the bare rod model, I can create an accurate inlet 

boundary condition for the model with MVG. This solution allows me to model only a smaller 

section of the geometry, which in turn requires a lower number of nodes and thus, reduces the 

computational effort. The temperature of helium is 400 ÁC at the inlet and the inlet velocity 

distribution comes from the inlet velocity profile model. At the outlet 0 Pa relative pressure 

boundary condition was set. No-slip smooth wall condition is defined for the walls of the rods 

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

subchannels.  

It was necessary to run the calculations in transient mode and then retrieve time-averaged 

results. The initial steady-state models used the SST k-ɤ model as the turbulence model, as it 

was found in other publications to be the most appropriate for similar applications [38] [47]. In 

the evaluation of the steady-state models, a significantly unsteady flow behaviour was 

experienced. Therefore, I had proceeded with the calculations in time dependent mode. 

Transient calculations used the SAS-SST model due its easy implementation. 

The length of the simulated transient was 0.3 s with a time step of 0.0004 s. Central difference 

advection scheme with second order backward Euler was applied. For the determination of the 

timestep value ñthe previous timestepò option was used. 

The models were simulated using the scale-resolving simulation method because based on our 

user experience and the literature recommendations [47] [48], the SAS-SST method is able to 

give the most accurate results. This experience comes from the MATiS-H benchmark exercise 

involving a mixing vane measurement [46]. Although SAS-SST requires finer mesh resolution, 

the computing capacity demand has remained at a manageable level. 

A constant surface heat flux (389,591 kW/m2) was introduced to the outer rod surfaces, which 

corresponds to the external surface heat flux of the average rod [32]. In this phase of model 

development, we assumed a uniform heat flux, since we wanted to study only a single MVG 

performance. Although, in the total length assembly models (Chapter 4) the dependence of the 

heat flux of the axial direction have been considered. According to the current design, the 

thermal power of the rods is uniform (there is no different enrichment or burnable poison in the 

fuel rods). 

The temperature dependent material properties and main boundary conditions are the same as 

in Chapter 4.2.2. 

The model with MVG includes one honeycomb spacer (Figure 6.1/c) with the height of 26 mm. 

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

This distance is slightly greater than the distance between two spacers in the original assembly.  

On the top of the spacers a split type mixing vane is placed with the bending angle of 30Á. 
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Figure 6.2: Geometry of the Split type MVG 

6.1.3. Mesh description of the ALLEGRO MVG CFD model 

The meshes include tetrahedral elements around the spacer with layers of prismatic elements 

next to the solid walls. The number of prismatic layers is 6-7 and the height ratio is 1.2-1.3, 

respectively.  Above the tetrahedral region, in the bare rod bundle sections, the mesh consists 

of prismatic elements in the inner regions with hexahedral layers next to the walls. For the 

model of the inner fluid region, five meshes of different resolutions were defined in order to 

perform a mesh sensitivity study. In these models the split type MVG was modelled. The 

geometry of the modelled MVG can be seen in Figure 6.1. The main parameters of the meshes 

are shown in the Table 6.1 and mesh resolutions presented in my article [49]. 

Table 6.1: Parameters of different mesh densities 

Modell M1 M2 M3 M4 M5 

Number of elements [million]  1.9 5.1 10.1 18.4 36.8 

Number of nodes [million] 0.97 2.4 4.8 8.0 14.1 

Average y+ on rod bundle  3.00 1.52   1.23   0.93 0.78 

Average y+ on spacer   4.54 2.32  1.89 1.41 1.19 

Average y+ on vane 5.75 3.45   2.92   2.22 1.91 

26 mm 3.85 mm 

2 mm 

4.4 mm 

30Á 
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6.2. Result of the ALLEGRO MVG mesh sensitivity study simulations 

 

Figure 6.3: Pressure along the axial model length 

Figure 6.3 shows the pressure of the models along the axial length of the model. The pressures 

show good agreement for different mesh densities. In the first section of the curve the pressure 

loss due to the MVG effect is well observable. In these diagrams the position of the MVG were 

marked with black vertical lines.  

 

Figure 6.4: Cross-sectional average wall temperature along the axial model length 

In Figure 6.4 the fuel rod cross-sectional average temperature distributions along the axial 

model length are presented. The distributions match in the region of the spacer, but away from 

the MVG (between the axial distance 0.1 m and 0.25 m) the distributions slightly deviate.  

At this distance the flow dominated by the vortex shredding, therefore the heat transfer and the 

rod wall temperatures depend on mesh resolution. The biggest difference is observed in the case 

of the coarsest mesh, denoted by M1. The maximal and area averaged wall temperatures were 

also monitored. The mesh dependence of these values is shown in Figure 6.5. The results of the 

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

different mesh densities 

The value of the heat transfer coefficient (HTC) was calculated based on the wall and bulk 

temperature of the helium as follows: 

ὌὝὅ
ͼ

ͺ ͺ
      (6.1) 

where:   

ὌὝὅ  ï local heat transfer coefficient [W/m2K] ,  

ήͼ ï average wall heat flux [W/m2], 

Ὕ ͺ ï  wall temperature at the given altitude [K], 

Ὕ ͺ ï bulk temperature of the coolant at the given altitude [K]. 
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The CFD based HTC calculations are compared to those calculated with empiric correlation 

invented by S. C. Yao et al in 1982 [50]. This correlation can predict the changes in the local 

Nusselt numbers caused by the split type MVG. The correlation considering the blockage factor 

of the spacer and the vanes, and the angle of the vane:  

 ρ υȢυυʀÅ Ȣ Ⱦ ρ !ÔÁÎɮÅ Ȣ Ⱦ  (6.2) 

where: 

.Õ  ï local Nusselt Number at the wall with the spacer installed [-],  

.Õ ï local Nusselt Number at the wall without the spacer installed [-],  

Ů  ï the blockage ratio of spacer to flow channel when viewing from upstream [-], 

z  ï the axial distance from the downstream end of spacer [m], 

Dh  ï hydraulic diameter of flow channel [m], 

A  ï the fraction of area of the vanes to the flow cross section, viewing from 

upstream [-], 

 l ï the angle of swirling vane with respect to axial direction [rad], 

Form the equitation below (6.2) we also calculated the local heat transfer coefficient, as 

follows: 

 ὌὝὅ    (6.3) 

where: 

Dh  ï hydraulic diameter of flow channel [m], 

.Õ  ï local Nusselt Number at the wall with the spacer installed [-],  

ɚHelium  ï the thermal conductivity of the fluid [W/mK]. 

In Figure 6.6 we can see the calculated axial distributions of HTC values of the different mesh 

densities. From 0.05m to 0.25m the HTC distributions vary slightly between the different 

meshes. In this region the flow is unsteady. The finer meshes yield similar values, and the HTC 

distribution calculated by the empiric correlation [50] is in the same order of magnitude. The 

local peak in the HTC values caused by the mixing effect of the MVG decreases in the same 

tendency as the (6.2) correlation predicts. 

 Calculation of the heat transfer coefficient using an empirical formula is usually burdened with 

a relatively large error, in the range of 10-30%. Therefore, I put Ñ 20% deviation in Figure 6.6 

showing a possible uncertainty range of the Yao correlation. Although we find that the finer 

mesh resolution shows a greater deviation from the correlation, based on the mesh 

independence study, the two finest meshes still give the best similar results (see in Figure 6.6). 

This discrepancy can be resolved by the high uncertainty of HTCôs empirical correlations. In 

our previous studies, we observed a similarly large differences in relation to HTC values (see 

Figure 14 in article  [33] ).  
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Figure 6.6: Wall heat-transfer coefficient along the axial length [50]  

In Figure 6.7 velocity components in downstream direction (W axial direction) can be seen 

along the model axial length. For this parameter it is easy to obtain mesh independent results. 

It is observed that results using Mesh M1 differ from those calculated with finer mesh 

resolution.  There are noticeable peaks in the velocities at the altitude of the spacer (between 

0.005 m <L<0.031 m ), caused by the constriction of flow cross section. After the MVGs the 

mean velocity of the flow is increasing due to the expansion of helium at continuously 

increasing bulk temperatures.  

 

Figure 6.7: Cross-sectional axial velocity component along axial length  

From the CFD results local average CrossFlow Factors (CFF) [51] were calculated along the 

axial length. Average values of this CFFz parameter were calculated for all the gaps between 

the subchannels indicated in Figure 6.1/b with blue lines. The equation looks as follows: 
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  (6.4) 

where:  

ὅὊὊ  ï local crossflow factor [-],  

s  ï gap length between the subchannels (location can be seen in Figure 6.1 with 

blue lines) [m] , 

ὺ   ï transversal velocity component [m/s], 

ύ   ï bulk velocity of the coolant [m/s]. 

In recent studies empiric correlations for crossflow factors or in other words secondary flow 

intensities were evaluated [52]. According to the study mentioned here I have calculated the 

decay of lateral flow in our case, as follows: 

 ρ ρυȢχὩ
Ȣ

 (6.5) 

where: 

#&&  ï local crossflow factor [-],  

#&&  ï crossflow factor at the undisturbed flow region [-],  

z  ï the axial distance from the downstream end of spacer [m], 

Dh  ï hydraulic diameter of the flow channel [m], 

 

 

Figure 6.8: Crossflow factor along the axial model length [52] 

In Figure 6.8 the calculated crossflows are presented as function of CFD model mesh densities. 

The secondary flow factor is definitely sensitive to mesh density. The lower density meshes 

cannot describe the vortices, which are responsible for the diverse flow between the 

subchannels. A proper mesh sensitivity study is essential to investigate the flow structures 

created by the MVGs.  The two finest meshes (M4-M5) give similar CFF tendencies. The 

empirical correlation-based values are also good agreement with the finer mesh resolutions. It 

was decided that M4 was the most suitable mesh for the further calculations. 
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6.3. Performance of different mixing vane types 

In this section I would like to provide detailed CFD analysis of the four most widely used MVG 

types using the CFD models presented in detail in the previous section. The selected vanes were 

split, advanced (which is a further optimized form of the split vane), swirl and twisted based on 

literature study (Figure 6.9). The vane inclination angle is 30Á. The parameters of the CFD 

models are exactly the same as those presented in the previous sub sections (Chapter 6.2), hence 

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

 

Figure 6.9: Geometry of different mixing vanes   

 

 

Figure 6.10: Cross-sectional w-velocity distribution behind the MVG in 1D distance 

 

Figure 6.11: W-velocity distribution along Line1 (see Figure 13) behind the MVG in 1D 

distance 
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6.10-611. Figure shows the cross-sectional velocity distributions created by the different MVGs 

downstream of the spacer at a distance of 1D. It can be observed that the individual vanes create 

a completely different velocity distribution. Similar vortex structures can be observed in case 

of split and twisted type vane models. This behaviour is clearly represented in the velocity 

distributions shown in Figure 6.11. 

 

Figure 6.12: Pressure along the axial length 

From the axial development of the pressures (Figure 6.12) it can be seen that the spacer with 

the swirl type vane has the smallest pressure drop, followed by the twisted type vane. The 

pressure drop of the spacer with split and advanced type vane is almost the equal. The swirl 

type vane is the most favourable from the viewpoint of the pressure drop. 

In Figure 6.13 we can see the heat transfer coefficients calculated by the CFD models. There is 

a very good agreement at the altitude of the spacer, however significant differences can be seen 

in the region after the MVGs. The swirl type MVG causes the smallest increment in heat transfer 

coefficient. 

 

Figure 6.13: Wall heat transfer coefficient along the axial length 

Split and twisted vanes show a similar characteristic, while advanced vane produces slightly 

lower values. In terms of heat transfer, split and twisted vanes are the two most effective 

solutions. The integral mean values are presented in Table 6.2. 

One of the key parameters we are looking for, is the mixing factor between subchannels (Figure 

6.14). The swirl-type MVG creates the least amount of cross-channel mixing. The highest 

mixing factor is observed in case of the twisted type MVG. Considering the CFF the twisted 

MVG seems to be the best choice. 
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Figure 6.14: Crossflow factor along the axial length 

Principal points of the study are to select the MVG type, that has the most favourable properties 

from the point of view of applicability in the ALLEGRO reactor. In a similar evaluation, several 

parameters must be considered. In an optimal configuration, the pressure drops necessary to be 

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

as possible. 

The science of RSA (Response Surface Approximation) in mathematics can help us with this 

kind of problem.  RSA includes statistical and mathematical techniques in which data are 

generated either by numerical calculations or by experiments.  The data are then processed.  

The data is interpolated using a response surface to generate and a selected objective function 

is optimized on this surface [53]. 

The above mentioned design variables and objective function should be defined for the 

optimization. The optimum is found at the minimum or maximum point of the objective 

function. According to the recommendation of the literature [53] the objective function is 

defined as a linear combination of two different functions representing the inverse of the heat 

transfer rate, and the friction loss, respectively with a weighting factor (ÁÎÄ ‫ ‫ ) that is 

frequently adopted in multi-objective optimizations. In this case the minimum point should be 

the optimal choice of the design.  

With the above in mind, I have adapted the objective function to my study. In my case, the 

maximum of the function will be the optimum, and the mixing factor also will be part of the 

linear combination, as follows: 

 Ὂ ρ
ɝὖ ‫ὌὝὅ ‫ὅὊὊ  (6.6) 

where: 

 HTCô  ï is a relative average heat transfer coefficient behind the MVG [-], 

 CFFô ï is a relative average cross-flow factor behind the MVG [-], 

 rPô  ï is a relative pressure loss of the models [-], 

 ‫    ï is the weighting factor of the HTCô (1) [-], 

‫    ï is the weighting factor of the CFFô (1) [-]. 

(ÁÎÄ ‫ ‫ )  was chosen as one based on the literature [53]. This may seem to be arbitrary, 

but in this case there was no other descriptive value to be found. 
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If we take a non-linear combination of design parameters, we can create another benchmark. I 

have marked the parameter wit ñRoò (Ratio for optimisation) factor and it can be calculated as 

follows: 

 Ὑ
ᶻ

  (6.7) 

where: 

 HTCô  ï is a relative average heat transfer coefficient behind the MVG [-], 

 CFFô ï is a relative average cross-flow factor behind the MVG [-], 

 rPô  ï is a relative pressure loss of the models [-]. 

 

Table 6.2: Relative performance of the different MVG types 

Table 6.2 summarizes the results for the different MVG types. The displayed parameters were 

the pressure drops of the models, the integral mean HTC and CFF values on the model length 

after the MVG. Columns marked with an apostrophe contain relative values. The smallest 

pressure drop is caused by the swirl and the largest by the split type MVGs. The highest average 

value for the heat transfer coefficient is found for the split type MVG. The highest mixing 

between the subchannels is created by the twisted type MVG. In this case, along the examined 

length, approximately 6.13 % of the coolant is exchanged between the subchannels. Table 6.2 

shows the relative dimensionless values of the key parameters for easier comparability. For 

these quantities the reference value is highest value of the given parameter calculated by the 

four different models. In the last two columns, we introduced the value of the objective function 

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

The weighting factor for the Ro parameter was set to 1, similar to the objective function used 

in the literature [53]. Since Ro is a fraction, I have done the weighting by varying the exponents 

of the members from 1 to 0.5 and 2. Nevertheless, even after changing the weights, the Twisted 

vane still gives the optimum in every case.  

Based on the evaluation of these functions, the twisted type MVG is the most effective at 

operational conditions of the ALLEGRO ceramic fuel assembly. 

  

 
ȹP  

[Pa] 

ȹPô 

[-] 

HTC 

[W/m2K]  

HTCô 

[-] 

CFF  

[-] 

CFFô  

[-] 

FObjective 

[-] 

Ro 

[-] 

SPLIT 4985 1.00 2768 1.00 2.78% 0.45 2.45 0.454 

ADV 4696 0.94 2641 0.95 4.21% 0.68 2.69 0.696 

TWISTED  4728 0.94 2734 0.98 6.13% 1.00 3.04 1.041 

SWIRL  3789 0.76 2305 0.83 2.33% 0.38 2.53 0.4165 
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6.4. Twisted MVG inclination angle optimisation 

In order to find the optimal vane inclination and to investigate the effect of this geometrical 

modification on the flow behaviour, the value of vane inclinations was varied between 15Á and 

40Á with 5Á steps. At this stage of my research, it was concluded that smaller step sizes are not 

necessary for the qualitative understanding of the given phenomena.  The results can be 

compared to the original arrangement with 30Á angle. The six different vane geometries under 

study are shown in Figure 6.15. The geometry and the mesh in the other part of the models are 

identical to those presented in the previous Chapters. 

 

Figure 6.15: The twisted MVG with six different vane inclinations 

 

  

Figure 6.16: Cross-sectional w-velocity distribution behind the MVG in 1D distance 

15Á 20Á 25Á 

30Á 35Á 
40Á 

Line1 



 

46 
 

 

Figure 6.17: W-velocity distribution along Line1 behind the MVG in 1D distance 

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

vane angles are more disruptive to the flow (Figure 6.16). The deviations in the velocity 

distributions are much greater if the vane inclination angle is higher. This phenomenon is 

particularly apparent in the w-velocity distributions along Line1 on the region marked with red 

dashed rectangle on Figure 6.17. This line is also passing through the centre of two eddies. In 

case of the models with 15Á, 20Á and 25Á vane angle the minima are in the same magnitude, in 

contrast the models with 30Á, 35Á and 40Á angle give significantly lower velocities in the centre 

of this vortices. This means that the differences in the magnitude of axial velocities are higher, 

therefore the gradient in w-velocity field is high which causes shearing. Shear flow is the source 

of turbulence, which in this case means more intense turbulent mixing along the rod bundle. 

 

Figure 6.18: Cross-sectional pressures distribution along the axial length 

Figure 6.18 shows the axial course of the pressures for the models with different mixing vane 

inclination angles. Not surprisingly, the model with the smallest angle gives the smallest 

pressure drop value (Table 6.3).  
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Figure 6.19: Cross-sectional heat transfer coefficient along the axial length 

Figure 6.19 shows the axial trend of the heat transfer coefficient for the different mixing vane 

angles. The higher the angle of the vane, the larger the HTC peak after the vane. There is no 

longer any significant difference in the curves representing the 35Á-40Á vane angles, and a 

spacer grid with a 30Á vane performs similarly well in slightly further away from the spacer 

grid as the MVGs with higher angles. This suggests that further increasing the angle of 

inclination (more bending) of the vane does not improve the heat transfer of the rod bundle. 

 

Figure 6.20: Cross-sectional cross-flow factor along the axial length 

On the axial dependence of the mixing factors, it can be seen that the value of the calculated 

factor has a sudden jump after the vanes (Figure 6.20). The higher the angle of inclination of 

the vane, the greater the observed peak is, but the rate of decay of the mixing factors increases 

proportionally to the inclination angle. So, it returns sooner to the minimum values typical of a 

bare rod bundle. For the 30Á model, the value can be considered sufficiently high along the 

entire axial length. 

Similarly, to the previous Chapter I have collected in a table the key parameters of the evaluated 

models. These parameters were the total pressure loss of the models and the averaged CFF and 

HTC after the MVGs. The base of the comparison, the value of the previously presented 

objective function was also calculated for the models. The values are also presented in the 

graphs of Figure 6.21. 
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Inclination angle 

[Á] 

ȹP  

[Pa] 

HTC 

[W/m 2K]  

CFF 

 [-] 

FObjective  

[-] 

Ro [-] 

15 3962 2469 1.97% 3.00 0.393 

20 4199 2608 2.95% 3.50 0.588 

25 4450 2717 3.53% 3.78 0.692 

30 4728 2799 5.75% 4.89 1.093 

35 5065 2824 3.46% 3.68 0.618 

40 5232 2833 2.67% 3.26 0.463 

Table 6.3: Average pressure drop, HTC, and CFF values for MVG with different angles 

The graphs in Figure 6.21 show that the pressure drop increases monotonously in case of 

increasing angle of inclination. The average value of heat transfer coefficient increment is not 

linear but tends toward saturation. This means, that inclination angles higher than 35Á does not 

enhance more the heat transfer along the rod bundle.  For mixing factors, the maximum value 

is at 30Á. For inclination angles greater than 30Á the crossflow factor decreases faster in as the 

distance from the spacers increases, therefore the average CFF values are smaller for the rod 

bundle.  In terms of the three key parameters examined, we displayed the values of the objective 

function ant the ñRoò parameter in a diagram. As we can see, this relative performance has the 

local maximum at 30Á, then for larger bending angles the performance indicator decreases.   

I also investigated the effect of weighting the parameters when changing the vane tilting angles. 

Changing the tilting angle does not change the fact that the optimal inclination angle is at 30Á.  

Based on the evaluation made with this 319 mm long fuel assembly segment model, I can state 

that a vane with 30Á inclination angle is the best choice to enhance the spacer grid geometry of 

the ceramic fuel assembly of the ALLEGRO reactor. 
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Figure 6.21: Graphical representation of the examined key parameters as a function of the 

angle of vane inclination 
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6.5. Extension of the ALLEGRO ceramic fuel assembly with partially 

optimised twisted mixing vanes 

Based on the experience gained with ALLEGRO smaller scale multi subchannel models, a 

bigger scale ALLEGRO ceramic assembly model has been built (see Figure 6.22). This 

assembly models includes the ALLEGRO fuel with original spacer grids of the reference model 

and two other models with different spacer grid configuration. In the case of the last two models, 

the twisted mixing vane type spacers are applied, of which the geometry was optimized as 

presented in the previous Chapter.  

6.5.1. Modelling of the 860 mm long active rod section of ALLEGRO 

6.5.2. The geometry of the model  

I have constructed three different models. The first model was named VANE0 because the 

spacer grid used in this model was not extended with mixing vanes. The results of this model 

provide the reference values This model is identical in every detail to the OS2_CMPL model 

of my previous work [33]. In the second model called VANE1 the grids were equipped with 

mixing vanes in the subchannels along the assembly wall. The geometry of the first two models 

allowed us to describe only a 1/6 segment of the assembly using symmetry boundary conditions 

(see Figure 6.22). The third model labelled VANE2 describes 1/3 part of the assembly. Instead 

of symmetry, this model was simplified with rotational periodicity. For this reason, the number 

of elements of the mesh describing this model is exactly twice greater than the previous two 

models. Figure 6.22 shows the predicted diverse flow directions with green arrows, and the 

necessity of this third, computationally more expensive model (explained in detail later). 

My preliminary research has shown that due to the narrow flow cross section in the assembly 

corner, the cooling of the corner rods is unsatisfactory (Chapter 4). This problem can be 

remedied by directing cooler helium through the mentioned corner subchannels with the help 

of mixing vanes. However, if the vanes are baffling coolant the corner subchannel from two 

directions at the same time (VANE1), the problem may not be resolved. On the other hand, if 

the vanes drive the coolant from the corner subchannel (VANE2) inwards from one direction 

and outwards from the other direction, a complete subchannel flushing takes place. In this case, 

the symmetry boundary condition cannot be applied. The predicted crossflows of the different 

MVG configurations are marked with green arrows in Figure 6.22.  

The models include 4 spacer grids with a spacing of 246 mm. The model boundary conditions 

are the same as my previous models can be seen in Chapter 4. In this models, the heat generation 

was taken into consideration as volumetric heat source with a function of a quadratic polynomic 

[3] within the volume of the fuel pellets (see in detail in Chapter 4). 
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Figure 6.22: Geometry of three different model configurations with 860 mm long fuel bundle  

 

Table 6.4: Parameters of different full-length models 

A detailed mesh sensitivity study confirmed the suitability of the meshes now in use. The 

quality of the mesh used is the same as OS2_CMPL (see in my article [33].) The main 

parameters of the model mashes can be seen in Table 6.4. 

Model VANE0 VANE1 VANE2 

Fluid element [million]  62 89 165 

Fluid nodes [million] 36 49 89 

Total elements [million] 78 105 197 

Average y+ on rod bundle 2.61 2.75 2.75 

Average y+ on spacer 3.84 3.91 3.92 

Average y+ on vane - 4.97 5.05 
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6.5.3. Result of the models 

6.5.3.1. Pressure losses 

 

Figure 6.23: Cross-sectional pressures along the axial length 

 Total pressure loss [Pa] Pressure loss growth 

relative to VANE0 [%]  

VANE0 19 315 ï 

VANE1 20 929 8.4% 

VANE2 21 044 8.9% 

Table 6.5: Pressure losses of the models 

Figure 6.23 shows the cross-sectional pressures along the axial length and Table 6.5 show the 

pressure drops of reference model and models with MVGs. The use of vanes increases the 

pressure drop along the length of the assembly by approximately 9%. For the two different vane 

configurations, there is no significant difference between the pressure drops. The increase in 

pressure drop raises concern about the safety limits of the assembly during natural circulation 

conditions, which needs to be examined in the future. 
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6.5.3.2. Velocity fields 

 

 

 

Figure 6.24: Streamlines in the different models 

Figure 6.24 shows the streamlines in the edge subchannels in a perspective view. In the case of 

VANE0, the streamlines run completely straight, although the spacer grids perturb them locally, 

no significant mixing in the coolant is visible. In case of VANE1, the mixing caused by the 

vanes is clearly visible, but it can be seen that the streamlines do not pass through the corners 

of the assembly. This means that the coolant exchange between these corner subchannels is 

insignificantly small.  In the case of VANE2, the streamlines drift around the wall of the 

assembly due to the vanes. This slightly transverse path is sufficient to flush the corner 

subchannels with the cooler medium from the edge subchannels. 

Figure 6.25 illustrates the location of the test surfaces through which the crossflows of the 

subchannels is being examined. For the one sixth assembly 30 monitor lines were used. The 

monitor lines traversed at 2 mm intervals along the entire length of the active rod section. In 

this Chapter the three most significant monitor lines are presented in the assembly corner 

(Figure 6.25). The average of the velocity components parallel to the normal vector of the given 

line was calculated. This was used to determine the velocity of the coolant passing 

perpendicularly to the given monitor line. The normal velocities thus obtained were 

nondimensioned by the average axial velocity (Wbulk) at the given axial height. These data sets 

are plotted along the axial length. Along these monitor surfaces, we also obtained a detailed 

picture of the mass flow through the surfaces separating the given subchannels. The orientation 

of the flow was also taken into account (Transverse flow). This orientation information cannot 

be described by the value of the mixing factor (6.4). With this method, the global transverse 

moments formed in the assembly can be monitored, for which the definition of the local mixing 

factor is not suitable. The Transverse flow equation looks as follows: 

VANE0 
VANE1 

VANE2 
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  (6.7) 

where:  

s  ï gap length between the subchannels [m],  

ὺ   ï transversal velocity component [m/s], 

ύ   ï bulk velocity of the coolant [m/s]. 

 

   

Figure 6.25: The vortex structures formed in the left corner at 10D from the 3rd MVG 

In Figure 6.25 the developed vortex structures behind the 3rd spacer are shown at 10D distance 

downstream (91 mm). I have focused on the left corner, because it enhances the distinctiveness 

of the different mixing vane configurations. In the case of VANE0 there are no visible vortex 

structures. Of course, plotting on the appropriate velocity amplitude scale, the developing 

secondary flows can be observed, but they are insignificant compared to those created by the 

MVGs. The developing vortices are clearly observed in the case of VANE1 and VANE2. The 

vortices in VANE1 act against each other in the corner, therefore there is no visible transverse 

flow in the subchannel in question. The crossflows created by the VANE1 MVG rather deliver 

coolant from the edge subchannels to the inner subchannels (green arrows on Figure 6.25). The 

crossflow structures of the VANE2 can be also seen in Figure 6.25. In this configuration the 

coolant passes through the gap between the assembly wall and the corner rod. As a result, the 

cooling of the corner rod can be more efficient.  
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Figure 6.26: Transversal velocities in plane n1 in the assembly cross section 

The axial course of the transverse flow on the surface n1 and n2 is shown in Figure 6.26-6.27. 

The n1 surface is located in one of the assembly corners, where we want to achieve significant 

mixing. It can be seen that VANE2 solves this successfully, but VANE1 produces smaller 

values in the transverse flows, than it is observed in the VANE0 case. This can be explained 

by the fact, that the vane expels the coolant from the corner in question. As mentioned, two 

stable vortices that form symmetrically on both sides of the corner prevent the further mixing. 

This phenomenon is illustrated in Figure 6.25 by the vector field. 

 

Figure 6.27: Transversal velocities in plane n2 in the assembly cross section 

The n2 surface is in the narrowest gap. Due to the flow cross section reduction the transverse, 

the flow values are the highest here.  In the case of VANE2 a huge peak in the transverse flow 

is observable, which is created by the MVG. This means that the VANE2 mixing vane 

arrangement can drive through a large amount of medium in the corners (Figure 6.27).  
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6.5.3.3. Temperature distributions 

 

  

 

Figure 6.28: Rod outer wall surface temperature distributions 

In Figure 6.28 the temperature distributions of the outer surface of the rod claddings are shown. 

It is clearly seen that the assembly corners experience significantly higher temperatures in the 

VANE0 model. This higher temperature region is reduced in the VANE1 model, as the heat 

removal is improved by the vanes, but still the problem is not eliminated. The proper 

arrangement of the MVGs in case of VANE2 model completely eliminates the temperature 

maximum of the assembly corners. 

VANE0 VANE1 

VANE2 
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Figure 6.29. Cross-sectional temperature distribution at 10D from the 3rd MVG 

Cross-sectional temperature distribution at 10D from the 3rd MVG can be seen in Figure 6.29. 

In the case of both VANE0 and VANE1 model hot region formed in the assembly corners (red 

dashed rectangle) and the cooler region appearing in the edge subchannels (blue dashed 

rectangle) can be well observed. The temperature inhomogeneities mentioned above are almost 

eliminated by the VANE2 model. At this distance from the spacer, it is clearly seen that the 

vanes of the VANE1 model do not eliminate the overheating of the assembly corners. In 

contrast, the vanes on the VANE2 model also flush the assembly corners, thus mitigating the 

problem of the high operational temperatures of the corner rod claddings. We can see lower 

coolant temperatures around of the central rod because it does not contain any fuel pellets.  

The following figures (Figure 6.30-6.33) show the temperature distributions along the monitor 

lines located on the outer surface of the rods. The positions of the monitor lines are shown on 

the graphs. Based on these, four different monitor line positions were selected: Left Corner, 

Right Corner, Edge, and Inner. 

The data on the monitor line in the right corner (Figure 6.30) shows that, the VANE2 mixing 

vane layout causes the most favourable and lowest rod surface temperatures. Up to the first 

spacer grid, the values of the different models are relatively close to each other. In each case, 

the temperature rises slightly after the vane, the main reason for this phenomenon is that the 

narrowing caused by the grid in this corner is also increased by the leaf spring there. This corner 

is the most critical part of the assembly. VANE1 gives slightly lower rod cladding temperature 

values compared to the VANE0 model.  

VANE0 VANE1 

VANE2 
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Figure 6.30: Rod cladding outer surface temperature distribution along a monitor line in the 

right corner 

In the left corner (Figure 6.31) for the temperature distributions are more uniform than in the 

right corner. This is caused by the design of the spacers. On the left corner there is no 

positioning leaf spring, and the flow cross section is thus slightly larger. In this position, 

VANE2 also produces the most favourable temperature distribution. The model VANE0 and 

VANE1 gives similar temperature values, because in these models the transverse flow cannot 

cool the cladding surface efficiently.  

 
Figure 6.31: Rod cladding outer surface temperature distribution along a monitor line in the 

left corner 

The temperature distributions along the assembly edge (Figure 6.32) monitor line show that the 

two models with mixing vanes performs similarly, with no major differences observed in the 

absolute values of the rod cladding temperatures. In the VANE0 model, the temperatures are 

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

edge rods 

Based on the temperature characteristic along the inner rods (Figure 6.33), there is no significant 

difference between the three models. This phenomenon can be explained by the fact that none 

of the models includes a mixing vane in the inner region. The VANE1 model shows slightly 

lower temperatures at the end of the assembly, because in this case the MVGs also drive a cold 

medium from the assembly edge subchannels into the inner regions. 

 

Figure 6.33: Rod cladding outer surface temperature distribution along a monitor line in the 

inner rods 

Table 6.6 summarizes the maximum temperature values for the different models. As we can see 

the lowest temperatures can be found in the VANE2 model. In this model the maximum helium 

temperature, the clad maximum temperature, and the fuel maximum temperature had decreased 

by ~44 ÁC, ~29 ÁC and ~27 ÁC respectively, compared to the VANE0 reference case. We can 

see that for the other configuration (VANE1), the helium (+~13ÁC) and clad (+~15ÁC) 

maximum temperatures increased, compared to the reference model. It also highlights the 

importance of the adequately chosen mixing vane arrangement. An unfortunate configuration 

can even raise the peak temperature of the assembly, which is undesirable for any operating 

condition. However, the VANE1 model can lower the temperature peak of the fuel elements. 

This temperature maximum is located in the inner rods, according to my previous investigations 

[33].  
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Table 6.6: The maximum temperatures calculated by the models  

6.6. Conclusions of Chapter 6 

In this Chapter, the efficiency of the mixing vanes in the ALLEGRO gas cooled fast reactor 

concept was investigated in detail. After the appropriate mesh has been developed, I have 

compared four different MVG types in order to find the most adequate for the ALLEGRO 

assembly. The MVG types chosen for this study were the split, advanced, swirl and twisted type 

MVGs.  These are the most common vane geometries in PWR reactors. I have compared their 

Ro by evaluating the pressure losses, the heat transfer coefficients and crossflow factors 

enhanced by the vanes. For easier comparison I have invented a dimensionless performance 

indicator called ñMVG Roò. Based on the calculated Ro values of the MVGs, we concluded 

that the twisted type vane performed exceptionally well. 

The chosen twisted type MVGôs performance was optimised by changing the inclination angle 

of the vanes from 15Á to 40Á. Six different models were created, each with different vane 

inclination. Based on the defined performance indicator the inclination angle of 30Á was found 

to be the optimal. This optimum is close to the usual inclination angle of MVGs applied in 

PWRs (30Á-40Á), but there is no experience with mixing vanes in gas cooled reactors. 

In the last part, I have created three full active length ALLEGRO assembly models with 

different MVG configurations. Previous Chapters show that, due to the narrow flow cross 

section in the assembly corner and the lack of the coolant mixing between the subchannels, the 

cooling of the corner rods is unsatisfactory. This problem can be solved by forcing cooler 

helium through the mentioned corner subchannels with the help of mixing vanes. The CFD 

simulations have shown that for this purpose the secondary flows in this corner region have to 

be optimized. If the vanes drive the coolant from the corner subchannel inwards from one 

direction and outwards from the other direction, the flushing of the entire subchannel will be 

more effective. To describe this phenomenon instead of the Crossflow Factor I have used the 

Transverse flow formula. The Transverse flow also takes into account the orientation of the 

vortexes and the orientation of the coolant exchange between the different subchannels. This 

realization is essential to properly design fuel assemblies for future GFR reactors. 

The model calculations have shown that by using this MVG configuration the maximum helium 

temperature, the clad maximum temperature and the maximum fuel temperature can be reduced 

by ~44 ÁC, ~29 ÁC and ~27 ÁC, respectively. On the other hand, my findings also showed that 

an improperly chosen mixing vane configuration can even raise the temperature maxima of the 

assembly, therefore careful analysis of the flow schema of the ALLEGRO fuel assemblies is 

necessary. 

  

Temperature [ÁC] Helium  Clad Gap  Fuel 

VANE0 1040 1135 1314 1386 

VANE1 1053 1150 1307 1374 

VANE2 996 1106 1275 1360 
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7. PIV AND CFD INVESTIGATION  OF A 7 PIN ROD BUNDLE 

The development of a new fuel bundle usually relies heavily on research methods based on 

computer codes and numerical simulations. The reliability of these computer codes should be 

compared with measurement results for validation purposes. 

The international literature is currently dominated by PIV measurements of square-grid 

geometry rod bundles. Triangular grid geometry has been investigated primarily only by Hassan 

and co-authors [54] [55] [56] with measurements on a fourth generation LMFR fuel model. For 

gas cooled pebble bead reactors, PIV studies have already been carried out on the subject of 

flow fields in the bed [57], but for a gas cooled fast reactor with triangular lattice assembly is 

very rare. Only this year an article was published which, is investigated the turbulent flow in an 

84-pin rod bundle for typical and damaged spacer grids. In this paper, a triangular grid was 

investigated using the MIP-MIR method. However, during the measurements, the 3D printed 

spacer grids were deformed. Thus, the authors of this paper compared the flow distributions 

after the regular and damaged spacers [58]. 

A recurring issue in the field of CFD code is its validation.  The flow cross-sections of narrow 

grid rod bundles (such as the ALLEGRO bundle) are tight, so the use of high-resolution 

measurement techniques is recommended. Non-invasive measurement techniques such as LDA 

[59] [46] and PIV are used in many cases in rod bundle measurements.  

The main objective of this Chapter is to present of my newly developed measuring system 

developed in BME NTI. The system is designed to investigate the emerging flow structures in 

GFR relevant 7 pin rod bundle geometry. The created rod bundle is a simplified and reduced 

version of the ALLEGRO GFR fuel assembly (P/D=1.208). Our test facility named 

PIROUETTE (PIv ROd bUndlE Test faciliTy at bmE) is capable of capturing 2D velocity flow 

fields inside the rod bundle.  The fuel rods made of transparent, special polymer (FEP), which 

provides us the opportunity to investigate the effect of different spacer grids. With high 

resolution 3D printing method different mixing vane spacer grid types were manufactured and 

tested in the rod bundle. These mixing vanes were NOVANE (spacer grid without vane), SPLIT 

and TWISTED types. An uncertainty estimation related to the PIV methodology was also 

performed.  

CFD models have been developed with a domain, that includes the test section of the 

PIROUETTE facility and the rod bundle inside it. Separate CFD models were made to describe 

the different mixing vanes. Mesh independence study was created to provide suitable 

discretisation of the models. Steady-state RANS calculations were performed with different 

turbulence models. The measurement results were compared with the results of the CFD 

modelling. Transient calculations were created to achieve a more accurate result. All the 

calculations were carried out using ANSYS CFX 19.2 code. 
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7.1. PIROUETTE System Description 

7.1.1. Introduction of the measurements 

PIROUETTE (PIv ROd bUndlE Test faciliTy at bmE) is a test facility, which was designed by 

me to investigate the emerging flow conditions in various nuclear fuel assembly rod bundles. 

The measurement method is based on Particle Image Velocimetry (PIV) with Matching of 

Refractory Index (MIR) method.  The system can reproduce the flow conditions several VVER 

and IV. Generation reactor type. The coolant of the ALLEGRO rector is helium on 70 bar 

pressure and the operational temperature is more than 800 ÁC. It is easy to see that the test 

facility cannot operate on these conditions, therefore similarity principles was used to replicate 

the desired conditions. The similarity principle was based on the Reynolds numbers, therefore 

the working fluid of the PIROUETTE facility can be altered to water. The Reynolds numbers 

in the ALLEGRO GFR assembly is approximately ~16 800, while in our measurements 

~18 120. The two are considered to be the same range. The rod bundle contains 7 rods in a 

triangular lattice.  

7.1.2. Test section 

  

Figure 7.1: The schematic of the PIROUETTE facility 

In Figure 7.1 we can see the structure and the main parts of the test facility. The installation 

contains a 1 meter long vertically arranged seven pin rod bundle in the test section. The water 

flow is provided by the main centrifugal pump (Type: Wilo MHIL 903, Power:1,1 kW, Qmax: 

14 m3/h [60]). Some of the power of the centrifugal pump is dissipates into the turbulent flow, 

causing the rise of the temperature in the test loop.  
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To provide a constant test loop water temperature, a bypass heat exchanger loop was installed 

into the facility. With the heat exchanger the water temperature was controlled and kept in 30 

Ñ1 ÁC during the measurements.  From the pump, the medium flows to a ball valve with a 

nominal diameter of Ĳ inch (DN 32).  The ball valve is not suitable for fine control of the mass 

flow and therefore it is followed by an angled seat valve. The fine control valve is followed by 

three HYDRUS ultrasonic flowmeter [61]. Multiple volumetric flow meters can increase the 

accuracy of the volumetric flow measurement, which is very important for setting the inlet 

boundary condition for CFD calculations. The measuring channel section and the pump flow 

control subsystem are connected by a KPE pipes with an inside diameter of 26 mm. From here 

the water is fed through the diffuser cone to the flow straightening section. The flow straightener 

reduces disturbances caused by mechanical, measuring and pipe lining equipment. The 1-meter-

long seven-rod bundle was installed in the test channel section. A removable roof has been 

designed on the test channel section for ease of access. This is necessary, to allow the change 

of the rod geometry, for example different type of spacer grids and mixing vanes. After the test 

section a T-junction was placed, and the medium discharges to the water tank trough other pipe 

lines. The sematic of the test facility can be seen on the Figure 7.1 and the 3D model in Figure 

7.2. On Figure 7.2 the 7-pin rod bundle is also presented with the TWISTED type MVG.  

 

Figure 7.2: The structure of the PIROUETTE facility (a) and the rod bundle within with 

TWISTED type MVG (b) 

An engineering drawing of the test section can be found in the annex. The test section is 

designed to easily interchange the measurement channel and the associated confuser and 

diffuser connectors. The flow straightener includes two straightener grids and a deflector cone 

to restrict the flow from the effects of the pipe elbows upstream of the test-section. A confuser 

adapter part is located above the straightener part. At the exit of the confuser, the cross-section 

of the channel is the same as the cross-section of the measuring channel section. This avoids 

problems caused by sudden cross-section changes. The cross-section of the measuring channel 

exactly matches the hydraulic parameters of the reactor type under tests. Our 1-meter-long 

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

FEP polymer has a refractive index of 1.33 which is nearly the same as the refractive index of 

the working medium (water). The outer and inner diameter of the rod are 10/6 mm, and the 

inside of the rods was filled with ultrafiltrated water.  
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The rods are connected with pins into the first and fourth spacer grids, and the spacer grids are 

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

296 mm. The spacers were designed according to the ALLEGRO GFR assembly spacers, with 

slight modifications to fit the measurement requirements. The wall thickness of the spacers is 

0.8 mm. The grids were made by a high-resolution 3D printing method (SLA) with special rigid 

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

with different types of mixing vane. Preventing deformation of MVGs is a complex task. It is 

necessary to keep the working fluid temperature low (~30 ÁC) and prevent the MVG material 

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

results of the measurements are difficult to use for CFD validation. Nevertheless, the 

investigation of the flow in damaged rod bundles is an important guideline which is highlighted 

in the following publication [58].  The ALLEGRO spacer has been equipped with TWISTED 

and SPLIT type vanes in the herewith presented tests. 

The spacers with wains contains 6 vanes in the regions of the edge of the rod bundle. The base 

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

the TWISTED spacer. The inclination of the vane is 30Á to the axial direction. The spacers are 

mounted to the channel wall with groove fitting. The rods are pulled into the spacer grids tightly. 

Therefore, the rods are fixed firmly, thus no vibration of the rods was experienced during the 

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

which is why there is a curved cut-out at the end of each vane.  

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

under ALLEGRO relevant conditions [49]. My measurements in this Chapter aim to test this 

claim more accurately.   

 ALLEGRO GFR fuel 

assembly 

ALLEGRO PIV rod 

bundle 

Number of rods [-] 91 7 

Diameter of rods [mm] 9.1 10 

Pin pitch [mm]  11 12.09 

P/D ratio [-] 1.209 1.209 

Working fluid  helium  water 

Dh [mm] 5.346 9.021 

Average coolant flow velocity [m/s] 32.9 2.0112 

Coolant dynamic viscosity [Pa s] 4.2882E-05 79.7345E-05 

Coolant density [kg/m3] 3.82 995.6 

Re-number at nominal ~16 800 ~22 500 

Average fluid temperature [ÁC] 600  30  

Table 1: Comparison of the properties of the ALLEGRO GFR fuel assembly and the 

ALLEGRO PIV rod bundle 

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

PIV rod bundle. It can be seen that the parameters are the same under isothermal conditions, 

the Re-numbers indicate the same flow characteristics.  
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7.1.3. PIV system 

The PIV measurement system includes the following components: 

- tracer particles: polyamide spheres with an average diameter of d = 50 Õm [62], 

- light source subsystem: Litron Nano L PIV dual Nd:YAG laser (maximum pulse energy: 

135 mJ, wavelength: 532 nm, pulse length: ~6 ns, maximum flash frequency: 15 Hz) [63], 

- beam guide arm and beam forming optics [64], 

- image capture subsystem (camera): SpeedSense Lab 110 high-speed digital camera, 

resolution: 1 megapixel (1280x800), frame rate: 1690 fps, buffer: 12GB [65], 

- Synchronizer: Dantec Timer Box (80N77) [66], 

- Synchronisation, image capture and processing software: Dantec DynamicStudio, latest 

stabile version 6.6 [67], 

- camera and beam-optics positioning systems. 

7.1.4.  Measurement procedure 

The 7-rod rod bundle measurements were 

performed in the vertical measurement channel. 

Figure 6 shows the schematic layout of the 

experiment. The plane of illumination intersects 

the two outer rods. The illuminated volume is ~1,5 

mm wide.  We get the information about the flow 

processes during the measurements from this 

volume. This feature of the measurement should 

also be taken into account during the CFD model 

result comparison. As was mentioned above, in the 

case of our current measurements, the illumination 

plane intersects the outer two or the inner three 

rods. The camera sees perpendicular to this plane. 

Before starting the measurements, a so-called 

target sheet was placed in the appropriate position 

in the channel.  

The target sheet is a specially printed dotted sheet. Knowing the diameters of the dots and their 

positions helps to recover the real physical dimensions from the images. Using points of 

different diameters on the target, we can identify the coordinate axes. After a sufficient number 

of points have been detected, the conversion from pixel to millimetre distance is done 

automatically by a software [67].  

In the rod bundle measurements, we recorded 2000 image pairs in the vicinity of the spacer 

grids. The downstream region after the 2nd and 3rd spacers was captured. Our aim was to observe 

the effect of the different spacer types. The quality of the images at the beginning of the 

acquisition is not sufficient, because of the lasers have a "warm-up" time requirement. 

Therefore, the first 100 image pair were discarded, from the 2000 images captured.  

To get a sufficiently detailed picture of the flow field, post-processing of the raw images is 

necessary.  Figure 7.4 shows the steps of image processing. The first image shows the raw 

image (Figure 7.4/1). In the first step, an average image of 1900 image pairs was created (Figure 

7.4/2). This average image was extracted from each image to reduce the effect of the elements 

that are present in each image (shadows, glitches and static elements). The result is shown in 

the Figure 7.4/3. 
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Laser light is not uniform in intensity along the length of the illuminated plane. The Figure 

7.4/4 image shows an image processed by "image balancing" to correct for this unevenness of 

illumination. Since not all static elements can be eliminated from the images in this way, the 

static parts and regions not included in the flow field have to be masked out with digital masks. 

The Figure 7.4/5 row shows the masked image, where only the polyamide particles that move 

with fluid is visible. 

After these steps, the individual image pairs were used to create the instantaneous vector fields 

separately. These vector fields show the chaotic velocity distribution typical of turbulent flow 

(Figure 7.4/6). The Dantech DynamicStudio software allows us to use adaptive PIV method. 

The Adaptive PIV method is an automatic and adaptive method for calculating velocity vectors 

based on particle image pairs. The method can iteratively adjust the size, shape and location of 

the individual interrogation areas (IA) in order to adapt to local seeding densities and flow 

velocities and gradients [67].  

From these 1,900 vector diagrams, we created the time-averaged vector field describing the 

region after the spacer (Figure 7.4/7). With this method, not only the time-averaged velocities 

can be obtained, but also an estimate of the temporal fluctuations of the velocity vectors. In this 

way, we will not only be able to assign a vector value to a given pixel, but we will also be able 

to know its vector statistics. 

         

Figure 7.4: The steps of the image post-processing 
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7.2. Estimation of uncertainty in PIV measurements 

In PIV measurement, instead of measuring the velocity of the flowing fluid, the methodology 

measures the velocity of the particles flowing with the fluid. The density of the particles is 

approximately equal to the density of the liquid. The diameter of the particles in this case is 50 

micrometres. Two digital images of the particle distribution are taken, from which the two-

dimensional vector field can be calculated. The time interval between the two images can vary 

from a few microseconds to several milliseconds, depending on the velocity of the main flow. 

In the interrogation areas, the velocity is assumed to be uniform during the image pair recording 

period. Knowing the delay between the recorded images and the displacement of the particles, 

the velocity vectors can be correlated to the interrogation regions using correlation methods 
[31]. 

Using calibration, the displacement (measured in pixels) can be converted to a metric value 

using the following formula [68]: 

 ό ‌  ό  (7.1)‏

Where: u is the physical velocity [m/s], Ŭ [m/pixel] is the conversion factor for magnification, 

ȹX [pixel] is the displacement of the recorded image, and ȹt [s] is the time elapsed between 

the two images being recorded. The magnification factor Ŭ was determined by the calibration 

target. ŭu is difficult to detect systematically and is usually classified as an uncertainty factor 

rather than a measurement parameter. 

In general, the measurement setup can be broken down into four subsystems: 

- Calibration subsystem: converts the displacement in pixels into displacement in 

metric, 

- Visualization: trace particles, illumination, 

- Image recording: digital camera, 

- Image processing: cross-correlation method, vector field calculation, etc. 

The uncertainty in the target variables (flow velocities) is most affected by errors from the 

four subsystems. 

To achieve sufficiently accurate measurements, the estimates of random and systematic errors 

should be determined at the 95% confidence level and the resulting quadratic error function 

should be generated. This allows us to estimate the measurement uncertainty with 95% 

confidence.  

Each element in equation (1) is subject to systematic error and random error, which introduce 

bias into the result and give the uncertainty of the measured value. Using the appropriate 

literature, a detailed uncertainty analysis was carried out which included the following sources 

[69] [68] [70] [71] [72] [73]: 

- Error sources and sensitivity factors for magnification ‌ 

Á Reference length identification 

Á Error caused by the image recording system 

Á Error due to de-warping was neglected  

- Error sources and sensitivity factors of ȹX image displacement 

Á Error due to illumination 

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

- Error sources and sensitivity factors of ȹt time delay 

Á Error sources of the delay generator (timer) timing 

Á Error sources of the laser pulse timing 

- Error sources and sensitivity factors of ŭu velocity difference 

Á Flow following ability of the particles (trajectory) 

Á Three-dimensional effects 

Á Uncertainty due to volume flow adjustment 

- The effect of sampling 

 

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

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

sources of error in the uncertainty analysis are constant, and few depend on the actual velocity 

vector of the measured flow.  

Main parameters Calibration  

Area investigated 105 x 40 mm2 Calibration length on 

target lsel 

31.5 mm 

Average flow velocity w 2.0112 m/s   

Flow cross section A 828.7 mm2 Calibration length on 

the visualisation plane 

Lsel 

365 pixel 

Flow rate Q 1.66667 l/s Magnification ‌ 0.08630137 mm/pixel 

Flow visualisation Image recording 

Trace particle Polyamide spheres Kamera  

Average diameter dp 0,05 mm Resolution 1280 x 800 pixel  

Average density 1.02 g/cm3 Frame rate 1690 Hz 

Light source Litron Nano L PIV du§l 

Nd:YAG laser 

Objective Nikon 60mm f/2.8 

Micro-NIKKOR AF-D 

Laser power 138 mJ Distance from the 

plane of illumination lt 

260 mm 

Laser plane width 1.5 mm Angle of perspective • 11.41 Á 

Pulse frequency 15 Hz   

Time interval 50 Õs   

Data processing   

Pixel value analysis Cross correlation method   

Interrogation area 16 x16 pixel   

Search area 8 x 8 pixel   

Sub-pixel analysis  three-point Gaussian fit   

Table 7.1: Some basic data for the measurement system error calculation 
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7.2.1. Interpreting the flow structures behind the spacer grids 

Figures 7.5 and 7.6 show the results of our measurements at the heights of the spacers. The 

position of the plane of the vector fields can be seen on Figure 7.3. The flow field presented 

below captured on plane positioned   Y=-11 mm. The plane passes through the side channels 

of the test channel, the two outer rods, and the subchannel between the two outer rod. On the 

pictures we can see the very top of the spacer grids and the silhouette of the outer mixing vane 

(marked with white dashed rectangle).  

    

Figure 7.5: Velocity distributions in the region after the second spacer grid 

 

Figure 7.6: Velocity distributions in the region after the third spacer grid 

Line1 

NOVANE SPLIT TWISTED  

NOVANE SPLIT TWISTED  
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The NOVANE grid type uses the vaneless grid type as its name suggests. In the flow cross-

sections along the wall, two larger jets are observed and the velocity values in the gap between 

the rods are much lower.  

The reason behind this phenomenon is that the narrow inner subchannel has a higher flow 

resistance than the channels in the corners. As a result, more and more water is directed to the 

channel of the corners and less and less remains in the subchannels between the rods. It can be 

observed that the velocity of the medium is similar after the second and third spacer. After the 

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

The SPLIT grid type also has maximum flow velocities in the corner regions. In the channel 

between the two rods (marked by the dashed rectangle), the effect of the mixing ears is clearly 

visible. Immediately after the mixing vanes, a region of higher velocity is visible, indicating the 

presence of a medium swirled and accelerated by the vanes. In this region, the axial velocity 

peak is shifted close to the grid.  A relatively uniform velocity distribution is created downwards 

the aforementioned region.  

The flow structure created by the mixing vanes can also be observed after the TWISTED spacer 

grid. The shape of the jets in the channel corners of the TWISTED vanes is similar to that 

observed for the NOVANE grid. In the subchannel between the two rods, a relatively even 

velocity distribution is created. 

For all the velocity distributions of each vane type, it is observed that the vector field is not 

symmetric. In the case of vaned grids, the reason for this, is that the diverse flow created by the 

vanes drives the medium in a circle along the channel wall. And in the NOVANE case, the 

cause is the 120Á symmetry of the gripping jaws in the spacers, which is not mirror symmetric 

to the plane (see in Figure 7.3). 

7.2.2. Interpretation of centreline velocity distributions 

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

the two outer rods. The position of the monitor line is shown in Figure 7.5. In the first figures 

(Figures 7.7 to 7.14), the velocity distributions after grids 2nd and 3rd are compared for the 

respective grid types. This gives an insight into how the consecutive spacers interact. The 

velocity distributions are displayed in absolute values. The measurements were performed with 

identical boundary conditions (same pump power, same valve positions, same temperature), so 

the effect of successive MVGs of the same type and different MVG types can be compared 

directly on the figures with physical dimensions. The reference distribution is given by the 

(vaneless) NOVANE spacer type.  
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Figure 7.7:  Axial velocity distributions in the gap between the two rods as a function of 

height for NOVANE grid type after 2nd and 3rd spacers (monitor line in Figure 7.5) 

Figure 7.7 shows the axial velocities change as a function of height after the second and third 

spacers. After the spacers, a maximum is observed which is created by the constriction caused 

by the spacer and the accelerating medium in it. It can be seen that, the velocity distributions 

are self-identical after the spacers, except the very close region of the spacer ends.   

 

Figure 7.8:  Transversal velocity distributions in the gap between the two rods as a function 

of height for NOVANE grid type after 2nd and 3rd spacers (monitor line in Figure 7.5)  
In Figure 7.8, the axial run of the transverse velocity components is observed. For most of the 

investigated region, the value is around 0.  The values are different from 0 for the first 15 mm 

section, where a transverse transversal mixing is visible. The distribution after grid 2 (blue line) 

shows a large fluctuation of the velocities.  This may be due to the unstable nature of the flow 

or to the uncertainty of the measurement in the region of interest. The transversal velocity values 

measured after the NOVANE grid are generally close to 0 with an error of ~0.18 m/s. The error 

bars are not presented here, due for better observation of the results.   
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Figure 7.9:  Axial velocity distributions in the gap between the two rods as a function of 

height for SPLIT grid type after 2nd and 3rd spacers (monitor line in Figure 7.5)  
In Figure 7.9, the axial velocity values for the SPLIT type case are shown. Also, in this case a 

peak in the velocity values is observed immediately after the spacer, which is more pronounced 

after the third grid. Furthermore, after the third grid, the axial velocity of the medium seems to 

settle to a higher average value. This clearly points to the beneficial effect of the mixing vane, 

since the medium velocity in the region with a narrower flow cross-section does not only 

decrease but even increases in the case of the SPLIT vane. This would lead to an improvement 

in heat transfer in a fuel assembly. 

 

Figure 7.10:  Transversal velocity distributions in the gap between the two rods as a function 

of height for SPLIT grid type after 2nd and 3rd spacers (monitor line in Figure 7.5)  
Figure 7.10 shows the transversal velocity runs generated by the SPLIT mixing vanes after the 

2nd and 3rd. After the second spacer the initial peak value is slightly larger (max=0.22 m/s) 

than for the third grid (max=0.12 m/s).  About 30 mm after the grid, the transverse velocity 

values return to around 0. However, these values are much higher than the transverse velocity 

values of the NOVANE grid. 
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Figure 7.11:  Axial velocity distributions in the gap between the two rods as a function of 

height for TWISTED grid type after 2nd and 3rd spacers (monitor line in Figure 7.5)  
The axial velocity distribution of the TWISTED vane grid also shows a higher velocity 

maximum after the second grid, but the average axial velocities are higher after the third grid. 

 

Figure 7.12:  Transversal velocity distributions in the gap between the two rods as a function 

of height for TWISTED grid type after 2nd and 3rd spacers (monitor line in Figure 7.5)  

Figure 7.12 shows the transverse velocity decay after TWISTED vanes. It can be noticed that 

the values runoff is almost identical in the region after two consecutive grids.  
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Figure 7.13:  Axial velocity distributions in the gap between the two rods as a function of 

height in the case of the different grid type after 2nd spacer (monitor line in Figure 7.5)  
On figure 7.13 the axial velocity component distributions can be seen, created by the different 

mixing vane compositions. In cases of the spacers with vanes, the axial velocity pike is notably 

higher, than the reference NOVANE type. The highest velocity peak comes with the TWISTED 

type of spacer (accurate values in Table 7.2).   The velocities along the monitor line also differ 

away from the grids, but at 9-10D (90-100 mm) distance, the differences are levelling out. At 

the distance of 1D-8D, the NOVANE spacer produce the highest values, which can be explained 

by the fact that the NOVANE grid has the lowest flow resistance.    

 

Figure 7.14:  Transversal velocity distributions in the gap between the two rods as a function 

of height in the case of the different grid type after 2nd spacer (monitor line in Figure 7.5) 

In Figure 7.14, the transversal velocity values have been displayed. It is clear and obvious, that 

the TWISTED type of spacer can produce the highest velocity values and the SPLIT vane also 

creates higher values than the NOVANE spacer. The effect of the spacer is observable 3D 

distance in the case of the TWISTED VANE, while the case of the SPLIT vane, the effect 

disappears at 1D.   The NOVANE grid produces values close to zero along almost the entire 

length tested. 
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Table 7.2: Average and maximum velocity values for different grid types 

The maximum and average axial and transverse velocities after the second grid are collected in 

Table 7.2. In terms of axial velocities, TWISTED gives the highest maximum, although the 

average axial velocities are much higher in the NOVANE type. This can be explained by the 

fact that the spacer with vanes has a higher resistance than the NOVANE spacer. In terms of 

maximum transverse velocities, the TWISTED type also stands out. TWISTED along this 

monitor line has an average transverse velocity value of ~1.5 times that measured for SPLIT 

vanes.   

This observation agrees with our previous studies, that TWISTED vane type is the most 

favourable mixing vane type to improve the flow environment in the ALLEGRO GFR assembly 

[49]. 

  

 NOVANE SPLIT TWISTED  

Maximum axial velocity [m/s] 1.61 1.80 1.84 

Line along average axial velocity [m/s] 1.21 0.66 0.72 

Maximum transversal velocity [m/s] 0.0035 0.15 0.29 

Line along average transversal velocity [m/s] 0.00177 0.0136 0.0205 
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7.3. CFD model calculations of the PIROUETTE system and comparison to 

the PIV measurements 

7.3.1. CFD model description 

In this Chapter, the 3D model of the PIROUETTE system is presented. CFD models have been 

created in parallel with the design and development. In addition, CFD models were used to 

develop the flow straightener, create the spacer mounts, and develop the upper T-junction.  

 

Figure 7.15: CFD modelled section of the PIROUETTE system 

Figure 7.15 shows the structure of the 3D CFD models.  The Inlet boundary condition is located 

at the bottom of the system and includes the inlet pipe elbow. This was necessary in order to 

take into account possible disturbances caused by the pipe elbow. Despite the fact that the flow 

straightener was deliberately designed so that the elbow no longer had any effect on emerging 

flow conditions in the tod bundle test section. 

After the pipe elbow comes the flow straightener section, including the deflector and the double 

straightener grid. The straightener is 300 mm long, and the flow conditions of the part was 

examined in detail during an international benchmark exercise [9]. The test channel section is 

1156 mm long and rectangular in cross-section (35mm x 40mm). The spacers are 28 mm high 

and the distance between them is 296 mm. The rods have a diameter of 10 mm. The bundle of 

rods section is connected to the other channel sections from the bottom and top by an adapter 

with variable cross section.  

Outlet  

7 pin rod bundle 

Anchoring spacers 

Flow straightener section  

Inlet  
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The cross-section of the channel in the T-junction is 50 mm x 50 mm. The medium flows out 

of the T-junction in two opposite directions. The by-passing pipe sections are not of equal length 

due to the way the channel is fixed.  This may have some effect on the velocity distribution in 

the T-junction, and this section has been modelled.  

7.3.2. Definition of boundary conditions 

The inlet boundary condition is given as a mass flow rate of 6 m3/h (1.6594 kg/s). The relative 

pressure at the outlet is defined as 0. The channel walls, spacers, rods, and straightening 

elements were assumed to be smooth walls (Smooth Wall). The velocity along the wall is zero 

(No Slip Wall). Flow is adiabatic and water properties were determined at 30 ÁC and 

atmospheric pressure (Table 7.3). The different mesh regions are connected via 13 interfaces. 

This was necessary due to the complexity of the model structure. The primary turbulence model 

to be chosen was the SST k-omega turbulence model. 

Properties Value 

Temperature [ÁC] 30  

Density [kg/m3] 995.652  

Pressure [atm] 1  

Dynamic viscosity [kg/m*s] 0.00079773  

Table 7.3: Properties of water during the experiment 

7.3.3. Used turbulence models  

The CFD model simulations were run with different turbulence models. These models are the 

most widely used in the nuclear industry and are recommended in Best Practice Guidelines 

[30].  

The model of RNG k-Ů model is based on the well-known k-Ů two equation turbulence model. 

This model is based on the renormalization group analysis of the Navier-Stokes equations (Re-

Normalisation Group (RNG)). The transport equations for turbulence generation and 

dissipation are the same as those for the standard k ī Ů model, but the model constants differ 

and one of them is replaced by a function. This function attempts to take into account the 

different scales of motion by changing the production term.  [37].  

SST k-ɤ model is also a two-equation eddy-viscosity model which has become very popular. 

The shear stress transport (SST) formula combines two theoretical approaches. The use of a k-

ɤ formulation in the inner parts of the boundary layer makes the model directly usable to 

describe the viscous layers. On the other hand, the SST model switches to k-Ů formulation in 

the inner free stream regions. The two approaches are linked by a weight function, which has 

been fine-tuned through empirical tests [37]. 

The BSL Reynold stress model is the latest approach we have used. Unlike two-equation 

turbulence models, the full Reynold stress tensor and the dissipation rate is calculated during 

the simulation. The exact production term and the inherent modelling of stress anisotropies 

theoretically make Reynolds Stress models more suited to complex flows. However, practice 

shows that they are often not superior to two-equation models [37]. 
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A proper mesh independence test was created with 4 models of different mesh densities. The 

mesh densities were varied only at the rod bundle section of the models. An average mesh 

resolution was created before and after the rod bundle section based on our experience. The 

details of the mesh independency test are presented in detailed in my article [74]. 

7.4. Comparison of NOVANE CFD model and measurement results 

In this Chapter the comparison between the measurement and 

CFD simulation results are presented.  It is very important to 

note that the comparison of measurements and calculations 

should take into account the size of the volume being measured. 

This was also mentioned in Chapter 2.4. In CFD post processing 

the evaluation plane size has a thickness of 0, which does not 

correspond to the real measurement conditions. The line along 

velocity distributions of the simulations were extracted from the 

result files with the help of a short evaluation script. The script 

extracted the volumetric averaged velocity values with 0.01 mm 

step intervals from the surroundings of the centrum of 

measurement plane. In this way, we could take into account the 

actual thickness of the measurement plane. This complex 

evaluation method was necessary. The monitor lines positions 

can be seen in Figure 7.16. The comparisons have been made at 

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

Figure 7.17 shows the velocity field after the 2nd NOVANE 

type spacer grid. The CFD simulation result given by the SST 

k-ɤ and BSL Reynolds stress and RNG k-Ů turbulence models. The difference can be observed 

to the measurements.  The measurements show that the wake after the grid disappears relatively 

soon, while in the simulations it is observed for a much downwards. The velocities in the inner 

subchannel are much lower than in the outer ones. This can be seen in the measurements and 

simulations.   

  

Figure 7.16: Positions of 

monitor lines 
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Figure 7.17: Comparison of axial velocity fields after the 2nd grid (NOVANE) 

 

Figure 7.18: Comparison of transversal velocity fields after the 2nd grid (NOVANE) 

In the Figure 7.18 the results are compared on the basis of the transversal velocities. The 

transversal distributions plotted on the plane show some regions of good agreement. For 

example, in the region marked by the red dashed rectangle, we can see a transversal pattern due 

to the spacer, which is well observed in both measurements and calculations. In the subchannel 
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on the right, a black dashed rectangle indicates the positive velocity region, which is also present 

in both the measured and calculated results. 

Based on this quantitative comparison, the turbulence models correctly describe the transverse 

velocities in the section close to the grid. The simulations of the NOVANE spacer show that 

the effect of the spacer grid is significant at much greater distances, while the measured results 

show that it disappears at shorter distances. 

 

Figure 7.19: Axial velocity distributions behind the 2nd NOVANE spacer from 0.5 to 10D 

distances 

In Figure 7.19 the line along axial velocity distributions presented in different distances from 

the NOVANE spacer. The error bars are not presented in this figures, due for better observation 

of the results. The axial velocities are the highest in the closest monitor line due to the cross-

section constriction. A progressive reduction in the effect of the grid can be observed. Moving 

away from the spacer, the velocity profiles become more and more parabolic as in the inner, as 

in the outer subchannels.  

 

Figure 7.20: Transversal velocity distributions behind the 2nd NOVANE spacer from 0.5 to 

10D distances 
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In Figure 7.20 the transversal velocities are observable. Despite the surrounding of the walls of 

the flow channels, the vales are close to 0.  The transverse velocities directly along the walls 

indicate that the medium is flowing towards the inner regions of the channels. The axial velocity 

values are more than one order higher than the transversal velocities.  

 

Figure 7.21: Line along axial velocity component distribution 0.5D (5 mm) behind the 2nd 

NOVANE spacer  

 

Figure 7.22: Line along transversal velocity component distribution 0.5D (5 mm) behind the 

2nd NOVANE spacer  
At a distance of 0.5D, the axial velocity components show good agreement in the outer 

channels. Except for the region along the outer walls. In the inner subchannel the profile shape 

is already slightly different and CFD calculations predict a higher maximum. The transversal 

velocity profiles are of the same order of magnitude, but their shape is different. Nevertheless, 

the calculation results are within the measurement error range for almost the entire length of 

the monitor line.  At this distance, different turbulence models give similar results and it is 

difficult to determine which one gives the correct measurement results.  
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Figure 7.23: Line along axial velocity component distribution 1D (10 mm) behind the 2nd 

NOVANE spacer  

 

Figure 7.24: Line along transversal velocity component distribution 1D (10 mm) behind the 

2nd NOVANE spacer  
At distance 1D the axial values again show good agreement, except for the outer region of the 

left channel. The axial velocity maximum measured in the inner channel at this distance are 

already in agreement with the calculations. With respect to the transverse velocities, the nature 

of the velocity profile in the left subchannel is the same, although more significant differences 

are observed in the right subchannel. Apart from this, the measurements and calculations are 

within the error range.  
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Figure 7.25: Line along axial velocity component distribution 10D (100 mm) behind the 2nd 

NOVANE spacer  

At 10D distance, CFD calculations clearly overestimate the absolute value of the axial velocity 

components in the outer subchannel. In the inner subchannel (between the rods), the values are 

the same. The three turbulence models also give different velocity profiles, hence the need, to 

find the correct model settings. The deviation between the maximum value of the RNG k-Ů 

model output and the measurement is 15.62 %.  

As a result, the axial velocity profiles for the NOVANE spacer grid in the near-grid regions 

showed good agreement with the measurements. The transverse velocity profiles were also in 

the same order of magnitude as the measurements, although it is pointed out that, the relative 

error of the measurements is much larger. 

7.4.1. Comparison of SPLIT CFD model and measurement results 

The axial velocity distributions after the SPLIT grid are shown in Figure 7.26.  In the post-vane 

region, there are minor differences between measurements and calculations. The measurements 

suggest that the higher velocity region of the two side subchannels dissipates quickly, while in 

the calculations remain pronounced for much longer. 

Figure 7.27 shows the 2D distribution of the transverse velocity components in the region after 

the second spacer. The black dashed rectangle highlighted in the inner subchannel show a well-

traced pattern, which is also reflected in the calculations. The vortex created by one of the 

external mixing vanes can be seen in this region. Figure 7.28 shows the cross-sectional 

secondary flow regime calculated by CFD. It can be observed that the laser plane intersects one 

of the vortices, and the corresponding velocity component of this vortex can be seen in the 

region marked by the black dashed rectangle in Figure 7.27. Also, good agreement is found for 

the positive velocity region in the simulation in the left outer subchannel (red dashed line). 
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Figure 7.26: Comparison of axial velocity fields after the 2nd grid (SPLIT) 

 

Figure 7.27: Comparison of transversal velocity fields after the 2nd grid (SPLIT) 
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Figure7.28: Cross-flow pattern behind the 2nd SPLIT type spacer at 0.5 and 1D distance 

(CFD calculation) 

Figures 7.29 to 7.35 show the results in monitor lines for the SPLIT type grids.  As we can see 

in Figure 7.29, the velocity profiles of the two channel edge regions are not symmetrical to each 

other, which is because the SPLIT (and TWISTED) vanes are set to create a circular flow 

around the channel wall.  Since the cross-section of the channel is not square but rectangular 

and the positioning of the rods are not rotationally symmetric in the channel, a different flow 

pattern is observed in the two outer subchannel corners. The asymmetry is not only observed in 

the near-grid region but also persists in the far-grid regions. It can be seen that at distances 5-

10D the velocity profile is tilted towards the channel wall in the left channel and towards the 

rods in the right channel. This profile tilt is also presented in the inner subchannel between the 

rods. This trend is readily noticeable after the second grid, and less pronounced after the third 

grid. 
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