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Summary 

Concentrated solar energy can be utilised for many thermal processes that require high 

temperatures. A solar receiver is one such device that receives concentrated solar radiation.  

Different types of solar receivers such as fluidised beds, packed beds and solid particle solar 

receivers are used in different thermal applications. The focus of this study is to investigate 

the flow behaviour in a Fluidised Bed Solar Receiver (FBSR). One of the major limitations in 

the use of an FBSR under direct irradiation is particle deposition on the receiver glass 

window. This has two consequences: it reduces solar radiation transmission into the receiver 

and results in the failure of the glass window. 

 

There have been a number of investigations on mitigating particle depositions onto the glass 

windows of solar receivers. However, the aerodynamics of solar receivers using particles is 

still not well understood. The aim of this project is to mitigate particle deposition on the glass 

window of an FBSR by developing a better understanding of the flow patterns under different 

operating conditions, which can assist in the development of an aerodynamic seal. 

Continuous operation of the FBSR can result in particle deposition on the glass window, 

which is directly related to the flow behaviour of the receiver. Therefore, it is essential that 

the flow pattern in an FBSR is investigated under single and two-phase flow conditions. 

Analysing the flow behaviours under various conditions, enables the mechanisms of particle 

deposition on a glass window to be understood.  

 

Due to the complexity of the actual FBSR, a scaled FBSR was selected for this study. A well-

defined and uniform in-flow condition was introduced below the aperture of the receiver. 

Computational Fluid Dynamics (CFD) were utilised to model the flow under gaseous and 

particle-laden conditions. The Renormalised Group Theory (RNG)-based k-ε turbulence 

model was used to capture the flow pattern at steady conditions. The Discrete Particle Model 

(DPM) was used to investigate the two-phase flow behaviour. 

The single phase flow results were validated against experimental data collected inside a 

similar device operating under the same conditions. The turbulent flow velocity was 

measured using a Turbulent Flow Instrumentation (TFI) cobra probe and a Pitot tube. The 

three-dimensional velocity components were measured at different radial and axial positions 

in the receiver for different Reynolds numbers.  
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The FBSR was oriented vertically; consisting of a cylindrical cavity, above which were 

located a converging-diverging secondary cavity and a window glass. The bottom of the 

FBSR was considered as an inlet, with two tangential outlets placed closer to the secondary 

cavity. The results of this investigation revealed that mass flow into the secondary 

concentrator of the receiver was reduced significantly when the ratio between the outlets and 

inlet areas was 0.5, and the ratio between the aperture and receiver diameter was 0.41. Since 

the glass window was located at the top of the secondary concentrator, the lower circulation 

of the inlet flow into the secondary concentrator resulted in lower particle deposition on the 

glass window. When using window shielding jets, the number of jets were found to be critical 

for preventing particle deposition. At a constant mass flow rate, increasing the number of 

window shielding jets reduced the suction pressure from the core to the aperture. 

Consequently, the outward axial velocity towards the glass window was reduced. 

It was found that the introduction of particles into the flow influenced the flow pattern inside 

the receiver and affected the flow velocity on the glass window. In a gas-particle flow 

analysis, gravity was found to be important for capturing the flow patterns in the receiver 

accurately. When assessing the effect of particles on flow patterns under the same operating 

conditions, it was found that the average outward axial velocity, the maximum velocity and 

the aperture area with outward axial velocity were higher than for a single-phase flow. Apart 

from the aperture section, the slip velocity was found to be negligible in the receiver cavity, 

as is evident from the comparison of the fluid and particles’ velocity profiles.  

The findings of this investigation could potentially provide insights into the industrial 

application of FBSR, where the particles damage the glass window of the receiver during 

long-term operation. 
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Chapter 1: Introduction 

Solid fuels constitute the largest portion of the known reserves of fossil fuels. Coal reserves, 

for example, are estimated as being 89,1530 Mt in the world (World Energy Council, 2013). 

However, as coal-fired power generation is the major source of CO2 emission to the 

atmosphere, a cleaner power technology is sought to reduce the impact of coal-fired power 

generation. One such technology involves the combined use of solar power and solid fuels 

(i.e. coal) for power generation in order to reduce emissions significantly. In addition, a 

renewable and sustainable development can also be achieved by this technology. 

Fundamentally, the conversion of solar power requires a receiver equipped with a glass 

window at the top. However, during the operation of the receiver, the glass window is 

blocked by the solid particles used in it. Solving this specific problem, of particle deposition 

on the glass window, will allow the receiver to be operated without interruption.       

 

Global energy demand has increased rapidly by 240% from 5,000 million tonnes of oil 

equivalent (MTOE) in 1971, to 11,700 MTOE in 2010 (Matsuo et al., 2013). According to 

the British Petroleum statistical review of world energy demand in 2013 (BP Report, 2013), 

the global energy demand is mainly met by fossil fuels (87%), while hydropower and other 

renewable energy sources account for 6.7% and 1.9 %, respectively. The remaining 4.5% of 

the energy needed is provided by nuclear power. Fossil fuels emit greenhouse gases, 

especially CO2. Between 2000 and 2011, average emissions rose by 2.7% per year (IEA 

Report, 2012).  Alongside the increased energy demand, stringent emission policies have also 

encouraged the use of alternative energy in different parts of the world. Research into 

renewable energy has intensified over the last few years due to its many advantages over 

conventional fossil-based energy systems. The major benefits which have been identified are 

the added energy security and low/zero emissions (Mekhilef et al., 2012).  

 

As a promising source of renewable energy, solar radiation is clean and abundant in nature. 

The conversion of solar power through the use of solar receivers is a challenging issue 

because the peak efficiency of existing fossil fuel combined cycle power plants exceeds 50% 

(Lenert & Wang, 2012), whilst concentrated solar power (CSP) plants are below 20% 

(Pacheco, 2001; Romero et al., 2002). In order to increase the use of solar energy, it is crucial 

to improve its conversion efficiency and cost effectiveness. 
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1.1 The conversion efficiency and cost effectiveness  

 

Concentrated solar radiation is a promising source for heat or electricity production. At 

present, global electricity production using CSP plant is 4,820 MW (NREL, 2015). The total 

electricity demand in the world is 18,000 TWh/y which can be met by using CSP, since the 

total CSP potential in the world is 3,000,000 TWh/y, including 700,000 TWh/y from 

Australia (Trieb & Schillings, 2009). Additionally, replacing fossil fuel based power 

generation with CSP can reduce CO2 emissions by 200-300 kg/year (Richter et al., 2009). 

Furthermore, by using the hybridisation process, CSP can be used to produce electricity 

during low solar irradiation or at night (Jafarian et al., 2013).  

 

Solar rays are concentrated using different types of reflectors such as a parabolic trough, dish, 

heliostat and linear Fresnel lens (Behar et al., 2013). Depending on the optical configuration, 

solar reflectors are classified into two main groups; a line focusing and a point-focusing 

reflector. The line focusing CSP includes a parabolic trough and Linear Fresnel reflector 

(LFR), whereas the point focus reflector includes a dish type and heliostat reflectors. The 

classification of a solar reflector is shown in Figure 1.1. 

 

One of the important applications of solar receivers is in gasification. In the gasification 

process, solid hydrocarbon fuels are converted into syngas (CO+H2) by an endothermic 

reaction. The efficiency of using renewable syngas in power cycles is much higher than direct 

combustion of solid fuels. In addition, the production of syngas emits almost zero emissions, 

thus it is considered as a clean technology.  

 

Concentrated solar radiation is used in solar receivers either directly or indirectly. Both of 

these have particular pros and cons. In direct irradiation, solar radiation is introduced into the 

receiver through a glass window, which is made of quartz or fused silica. During operation, 

the particles or reactant gases make contact with the transparent glass window of a solar 

receiver. The direct contact between the particles and the glass window causes a particle layer 

to form on the glass. This layer causes a reduction in solar flux intensity and the performance 

of the receiver (Gokon et al., 2012; Jaya Krishna & Ozalp, 2013; Lucas et al., 2010) and has 

been identified as a major limitation to achieving the continuous operation of a solar receiver.  
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Figure 1.1: Concentration of sunlight using different reflectors: (a) parabolic trough reflector 

(b) linear Fresnel reflectors (c) central receiver system with dish reflector and (d) central 

receiver system with distributed reflectors (Quaschning, 2003). 

 

Apart from the direct irradiation, solar radiation is introduced into the receiver indirectly via a 

secondary cavity, in order to eliminate contact between the particles and the glass window. 

However, the adverse effect of an indirectly irradiated solar receiver is higher heat losses 

(Klein et al., 2007).  

The concept of window shielding jets was investigated to mitigate particle deposition in the 

vicinity of the glass window and wall of a receiver. Several system parameters were varied 

during the studies. The parameters were the inlet and auxiliary window shielding flow types 

(i.e., tangential or radial), the direction of flow, location of the inlet and outlet, and the 

receiver shape and dimensions. In some ways, this method was successful for particular 

configurations. However, the window shielding jet required a significant mass flow of 30-

83% from the mainstream inlet flow to be injected (Kleinstreuer, 2003; Steinfeld et al., 1998). 

In addition, a substantial amount of heat energy from solar radiation is absorbed by this 

auxiliary gas. Neither indirect irradiation nor window shielding jet techniques could solve the 

problem completely and even affected the receiver’s performance adversely. In addition, it is 

radiation from the sun 

reflected radiation  

absorber tube reflectors 

receiver 

reflector 

receiver 

reflector 

Absorber 

tube 

a) b) 

d) c) 

reflectors 
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to be noted that most of these investigations were conducted for free falling particle receivers 

rather than Fluidised Bed Solar Receivers (FBSR). The free falling particle receivers are 

generally mounted at the top of the central tower. The particle-cloud falls freely through the 

receiver due to gravity and absorbs heat from concentrated solar radiation, which is radiated 

from the heliostat reflectors (Tan & Chen, 2010). To date, the particle deposition 

characteristics onto the glass window of an FBSR have not been widely investigated. 

Window shielding jets for fluidised beds were first applied by Litterst (1992). The study’s 

results showed that 30-50% of the receiver inlet mass flow was required as a window 

shielding jet in order to eliminate any particle deposition. Recently, Gokon et al., (2012) used 

window shielding jets to mitigate particle deposition onto the glass window during the 

gasification of coal using a fluidised bed. However, no results were shown regarding particle 

deposition and the window shielding jets.  

 

Therefore, this study aims to investigate the flow and particle behaviour in an FBSR to 

identify the problems associated with particle deposition onto the receiver window. The 

particle dynamics and aerodynamic behaviour of the fluid are investigated in detail. This 

study used the receiver with tangential outlets in order to generate swirling motions and the 

vortices in the flow.  

 

1.2 Aim & objectives  

In the literature, a limited number of studies on mitigating particle deposition for directly 

irradiated FBSR can be found (Gokon, et al., 2012; Litterst, 1992). Some studies related to 

mitigating particle clogging inside the receiver wall and the glass window have been found 

for free falling particles and packed bed receivers. Particle flow in this type of free falling 

receiver is not towards the glass window, thus the chances of particles being deposited onto 

the glass window are lower. However, in the case of the fluidised bed, the flow moves 

towards the glass window, hence the probability of particles sticking to the glass window is 

much higher. In addition, a fluidised bed receiver requires a turbulent flow to be injected for 

the fluidisation, unlike a conventional packed bed receiver.  

The main aim of this study is as follows: 
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To understand the flow patterns in a fluidised bed solar receiver and to minimise the window 

shielding jet flows in order to mitigate particle deposition onto the receiver glass window. 

To achieve the aim above, this study has the following specific objectives:  

 To characterise the single-phase flow behaviour of an FBSR, as a function of the 

controlling dimensionless parameters. 

Achieving this objective helps to understand the flow pattern in an FBSR, particularly in the 

Compound Parabolic Concentrator (CPC) region, which is known as a secondary 

concentrator. The secondary concentrator in a solar receiver is used to augment the 

concentration of solar radiation further. This study considered a frustum as a proxy of CPC as 

its shape does not affect the flow pattern inside the cavity of the receiver. Two tangential 

outlets are used at the top of the cylindrical section of the receiver. The purpose of such 

tangential outlets is to generate the vortices, which help to modify the flow patterns of an 

FBSR. As a part of this objective, a sensitivity analysis on the receiver geometry and 

dimensions helps to gain knowledge of how to select the configuration of the receiver. The 

different interdependent parameters which have been studied are the number and position of 

the outlets, the diameter ratio between the aperture and the receiver cavity, the number of 

window shielding jets, and the amount of jet which is required to balance the mass flow at the 

aperture section. The effect of Reynolds numbers on the flow pattern is also investigated 

under this aim. The best possible parameters are selected, based on the axial velocity 

magnitude and amount of mass introduced into the CPC of the receiver.  

 To determine the effect of particles on flow patterns. 

This aim helps to identify the change in flow patterns in two-phase flow conditions by 

comparing the results with a single-phase flow. The axial velocity distributions, particle 

deposition concentration and amount of mass entering the CPC are compared for single and 

two-phase flow conditions at the aperture section. In addition, the effects of particle mass 

loading and diameter on the flow are investigated at the aperture section.  Furthermore, the 

fluid and particle velocities are analysed for gas-particle flow conditions.    

 

 To identify the way of reducing window shielding jet flows in preventing inlet mass 

flow to the CPC.  
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The window shielding jets method is the common method of reducing particle deposition 

concentration onto the glass window, is examined under different conditions. This aim helps 

to calculate the auxiliary flow from the jets required to prevent the mass flow from the inlet at 

the aperture section for the selected geometrical configuration of the receiver.  

 

1.3 Thesis structure 

 

This thesis is presented in eight Chapters. The present state of knowledge, research questions, 

objectives, methodology, and results obtained are outlined step by step. The background and 

gaps in the research are introduced in the early part of the thesis, which then leads to the 

identification of the objectives. Beside the literature review, the numerical and experimental 

details are discussed in the middle part of the thesis. The investigation results, conclusion, 

and recommendations are presented in the subsequent sections of the thesis. 

 

The first chapter presents background information about the world energy and emission 

scenarios. The motivation for this research is presented in this section, based on the global 

energy demand and emission control strategies. The need for investigating particle deposition 

characteristics in an FBSR is outlined in the last part of the background information. Finally, 

the key objective and the specific aims explored in order to fulfil the objective are presented.  

  

The literature review is presented in Chapter 2. In this chapter, different types of solar 

receiver are introduced. The review pertaining to different solar receivers helps to identify the 

importance of the FBSR. The FBSR is found to have more potential over conventional 

packed bed solar receivers in terms of heat transfer characteristics. The later part of Chapter 2 

contains the importance of window glass in sealing the working zone of the receiver and the 

literature review on strategies to mitigate particle deposition. The literature review provides 

the platform from which to identify the research gaps about particle deposition onto the glass 

window of an FBSR.  

 

To investigate the phenomenon of particle deposition onto the glass window, it is important 

to understand the flow physics in an FBSR. The turbulent flow physics of an FBSR are 

influenced by the characteristics of particles, the geometry of the receiver, turbulence 

intensity, and particle dynamics. In this investigation, numerical analysis, along with 

experimental validation, is carried out so as to understand the insights gleaned into two-phase 
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flow behaviour. The key parameters pertaining to numerical flow analysis are presented in 

Chapter 3. In addition, a hypothesis based on the research question is presented in the last 

part of this chapter.     

 

An inevitable part of the numerical study is to calculate the accuracy of the model using 

experimental data. Therefore, an experimental rig was built to measure the emerging 

turbulent flow and to identify the reliability of the numerical model. Chapter 4 presents the 

detailed discussion of the experimental setup and procedures as well as the apparatus which 

were employed to carry out the study. The flow properties were measured using a cobra 

probe, which can provide information pertaining to the three-dimensional velocity 

components of the flow. The results of the cobra probe were verified using a Pitot tube 

coupling with a Baratron pressure transducer in a well-characterised flow. The Baratron 

provided the dynamic pressure, which is then converted into velocity using Bernoulli’s 

equation.   

Chapter 5 presents the details of numerical modelling. A mesh independency test was carried 

out to minimise the computational time by taking the lowest number mesh element with no 

change in results. The boundary conditions and convergence criteria stipulated in this study 

are outlined here. The numerical results were compared with the experimental data.  

The results of the numerical analysis under various conditions are discussed in subsequent 

sections of Chapters 6 and 7. Single-phase flow analysis (Chapters 6) predicts the flow 

characteristics, which influenced the receiver parameters. An examination as to how turbulent 

flow patterns change with the introduction of particles is presented in Chapter 7. The change 

in flow patterns using window shielding jets is presented in both chapters.  

 

The final chapter (Chapter 8) presents the conclusions and suggested future work regarding 

this research. The key outcomes pertaining to mitigating particle deposition are summarised 

in this part of the thesis, which justifies the outcomes in terms of the study’s objectives.       
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Chapter 2: Literature Review 

The first section of this chapter describes the fundamental principles and configurations of 

different solar receivers, whereas the second section presents the flow behaviour and the 

techniques to mitigate particle deposition on the glass window. Figure 2.1 presents the basic 

configurations of a heliostat field and a receiver. In the heliostat field, the receiver is mounted 

on the tower, whereas the reflectors are placed on the ground. The key components of a solar 

receiver are the reaction chamber, aperture, Compound Parabolic Concentrator (CPC) and 

glass window. The aperture is a small opening through which solar radiation is introduced 

into the reaction chamber of a receiver via CPC. The function of a CPC is to augment 

reflected solar flux intensity further (Z’Graggen et al., 2006), whereas the glass window seals 

the working zone of the receiver and reduces radiation losses. A CPC is a no imaging 

secondary concentrator, which is capable of receiving direct radiation in the half-acceptance 

angle as well as diffuse solar radiation. The CPC is made of dielectric materials, therefore 

once the light incidents to the curved surface of the CPC, a large amount of light is produced 

by the total internal reflection between the dielectric material and air (Li et al., 2013). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Design parameters for (a) a heliostat field position; (b) a solar receiver (Pitz-Paal 

et al., 2011). 
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2.1   Solar receiver  

 

A solar receiver is one kind of heat exchanger, which is used to convert solar radiation into 

thermal energy (Behar, et al., 2013). Solar receivers can be broadly classified into two major 

categories. These are based on the geometrical configurations and the applications. This 

section describes three different types of solar receiver according to the features of the 

geometry, which are: a cavity receiver, a volumetric receiver and a solid particle solar 

receiver. On the other hand, packed bed and fluidised bed solar receivers are introduced 

based on their applications.    

2.1.1    Cavity receiver 

In cavity type receivers, concentrated solar radiations from the reflectors incident into the 

cavity of the receiver through an aperture. Sometimes a CPC, as a secondary concentrator, is 

mounted on the aperture to increase the concentration of the solar radiation further 

(Z’Graggen, et al., 2006). Different shapes of the cavities are investigated for optimising 

thermal absorption efficiency. These shapes are: cylindrical, spherical, conical, hetero-conical 

and elliptical (Harris & Lenz, 1985). Costandy et al., (2012) reported a comparative analysis 

for the temperature distribution and hydrogen production efficiency of both a cylindrical and 

a spherical type solar receiver. They concluded that the shape of the receivers was the 

important factor for uniform temperature distributions, which consequently affected the 

hydrogen production performance. The temperature distributions for a spherical cavity were 

significantly uniform when compared with the cylindrical cavity. Hence, the yield of 

hydrogen production from the spherical receiver was also higher. The key features of a cavity 

type solar receiver is shown in Figure 2.2.  

 

Figure 2.2: Construction of a cylindrical cavity receiver (Steinfeld & Weimer, 2010). 
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A double cavity solar receiver was designed by Wieckert et al., (2003), in order to eliminate 

direct contact between the glass window and the reactant gas. A schematic view of a double 

cavity solar receiver is shown in Figure 2.3. The secondary cavity (the upper cavity) of the 

receiver performed as a solar radiation absorber, whilst the lower cavity was considered to be 

a reaction chamber.  These two cavities were separated by an emitter plate. The emitter plate 

is directly irradiated by the concentrated solar radiation and transfer heat to the lower cavity.  

 

 

 

Figure 2.3: The geometry of a double cavity solar receiver (Piatkowski et al., 2009). 

 

 

 

Another kind of cavity receiver is a tubular reactor, which comprises a series of vertical 

graphite reaction tubes in a cavity for the purpose of absorbing concentrated solar radiations 

(Valdés-Parada et al., 2011). A configuration of a tubular reactor for the production of syngas 

is shown in Figure 2.4. A continuous flow of carbonaceous particles along with water vapour 

through the vertical tube form syngas at the outlet of the vertical tube. Concentrated solar 

radiation from the reflectors is introduced into the cavity through an aperture via CPC placed 

at the wall of the cavity. 

Gaseous products  

Lower cavity 

(reaction chamber) 

  

Packed bed  

Concentrated 

 solar radiation  

Glass window  

Carrier gas inlet  

Upper cavity 

(absorber)  



Chapter 2: Literature Review 

 

11 

 

 

Figure 2.4: A configuration of a tubular reactor for the production of syngas from a 

continuous flow of carbonaceous particles and water (Piatkowski et al., 2011). 

 

2.1.2    Volumetric  solar receiver  

 

A volumetric receiver consists of a porous structure generally made of silicon carbide or 

metal which absorbs solar radiation and converts it into heat energy. Heat energy from the 

porous materials is then transferred to the fluid following through them (Ávila-Marín, 2011). 

A volumetric receiver acts as a convective heat exchanger, which transfers heat to the fluid 

through a convective mode of heat transfer (Romero & Steinfeld, 2012). The performance of 

a volumetric receiver is largely dominated by the material properties of the porous structure.  

A combined top view of a tubular-volumetric reactor containing a porous structure is shown 

in Figure 2.5.      

 

Figure 2.5: A top view of a dual volumetric-tubular receiver (Behar, et al., 2013). 

CHxOy+H2O 

CO+H2 

Aperture 

CPC 

Cavity receiver 

Absorber 

Cold air 

Concentrated  

direct radiation  

Porous  

material Water/ 

Steam  

Volumetric receiver 

Tubular receiver 



Chapter 2: Literature Review 

 

12 

 

2.1.3    Solid particle solar receiver  

A Solid Particle Solar Receiver (SPSR) is a widely used direct absorption type solar receiver 

where a free falling particle-cloud absorbs heat energy from concentrated solar radiation 

(Kim et al., 2009; Tan et al., 2009). The schematic view of an SPSR is shown in Figure 2.6. 

In a directly irradiated SPSR, concentrated solar flux is introduced into the receiver through 

an open aperture. The problems associated with this technique are particle outflow and 

radiation losses through the absorption of environmental air, which can be controlled by a 

glass window or air curtain (Meier, 1999). However, the losses due to window glass 

reflection are sometimes equal to the convection losses and must be taken into account for 

designing a solar receiver. A number of research projects (Tan et al., 2008; Tan, et al., 2009) 

have been conducted on the behaviour and feasibility of an aerodynamic curtain to prevent 

particle deposition in SPSRs.  

 

 

Figure 2.6: Schematic view of a solid particle solar receiver (Siegel et al., 2010). 

2.1.4    Packed bed and fluidised bed solar receiver  

 

Based on the bed types, solar receivers can be classified as a packed bed or a fluidised bed. 

The solar radiations are introduced into these receivers either directly or indirectly. The 

method of introducing solar radiation directly into the receiver cavity through an aperture is 

called a directly irradiated solar receiver (DISR). On the other hand, when, solar radiation is 

introduced into the main cavity of the receiver through a secondary wall, this is known as an 

indirectly irradiated solar receiver (IISR) (Wieckert, et al., 2003).  
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In a packed bed receiver, the particles do not move from the bed of the receiver. The packed 

bed receiver can be operated easily and a wide range of feedstock sizes and shapes can also 

be used. The packed bed solar receiver is used for a number of applications, including high-

temperature gas heating (Flamant & Olalde, 1983), gasification (von Zedtwitz & Steinfeld, 

2005) and thermal storage (Zanganeh et al., 2012). A comprehensive heat transfer model was 

developed by von Zedtwitz & Steinfeld (2005) for the steam gasification of coal in a packed 

bed solar receiver. The correlations for a heat transfer coefficient between the glass window 

and the coal particles were developed using a numerical model. The results implied that in a 

packed bed, the temperature along the bed gradually increases due to the conduction heat 

transfer within the bed. The main limitations of this receiver are the lower rate of heat and 

mass transfer and ash build-up (agglomeration), which result in sintering and slagging, 

especially when using high ash content feedstock (Lucas, et al., 2010; Osinga et al., 2004).  

 

The key principle of a fluidised bed receiver is that the particles of the bed are suspended on 

the reactant gas which flows through the bed. Numerous studies (Flamant & Olalde, 1983; 

Gokon, et al., 2012) have reported that FBSRs have been favoured over conventional packed 

bed solar receivers for combustion or simple heat transfer purposes. A comparative analysis 

was conducted between the packed bed and fluidised bed solar receivers for high-temperature 

solar gas heating (Flamant & Olalde, 1983). The fluidised bed showed significantly higher 

solar thermal energy conversion efficiency when compared with the packed bed. As has been 

observed, the surface temperature of the packed bed receiver was found to be 400 K as 

compared with 700 K for a fluidised bed. The rise in temperature for fluidised beds was 

nearly constant after the first quarter of the bed. Above the first quarter of the bed, the 

average temperature was around 1000 K. In addition, the temperature gradient was very 

small. On the other hand, in the case of packed bed receiver, a sharp increase from 400 K to 

1300 K was observed from the bottom to the top of the bed. The temperature profiles of the 

study revealed that the temperature distribution along the bed of the fluidised bed receiver 

was much more homogeneous when compared with the packed bed.    

 

Fluidised beds are broadly classified as (i) a Bubbling Fluidised Bed (BFB) and (ii) a 

Circulating Fluidised Bed (CFB) (Basu, 2006). The features of a CFB which distinguish it 

from a BFB are: the particles in a CFB are repeatedly returned to the bed by a draft tube or an 

external loop and the fluidisation velocity is 3.5 - 5.5 times higher than for a BFB (Peña, 

2011).  
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Figure 2.7 shows the comparison between Internally Circulating Fluidised Beds (ICFB) and 

Bubbling Fluidised Beds (BFB) with regards to the gasification performance (CO production 

rate) and light to chemical energy conversion efficiency (Gokon, et al., 2012). The 

experiments for both types of receivers were conducted under same operating conditions. A 

high-powered sun-simulator with three Xenon-lamps with a capacity of 6-KW each was used 

for the investigation. It can be seen that, in general, a decreasing pattern is observed for both 

the CO production rate and the light to chemical energy conversion rate, throughout the 

operating time.    

 

Noticeably, the CO production rate and the light-to-chemical energy conversion rate in 

ICFBs are significantly higher than those for the conventional BFB receiver, except for the 

small decrease between the operation times at 10 to 20 min. The performance of a fluidised 

bed solar receiver is influenced by different parameters, including the receiver shape and 

dimensions, superficial gas velocity, particle diameter, void fraction, properties of the solid 

fuels and so forth. The capital cost for a CFB is higher than that for a BFB (Peña, 2011). In a 

CFB, some extra parts such as a circulating loop and a cyclone for separation of the product 

gases and the bed materials are required. In addition, a CFB requires a higher inlet flow rate 

as compared to a BFB, which increases the corresponding capital cost. Furthermore, the 

maintenance cost of a CFB is higher than that of a BFB.  

 

 

Figure 2.7: Comparison of the CO production rate and light-to-chemical energy conversion 

efficiency of an ICFB reactor and conventional fluidised bed reactor using Xenon-lamps; (a) 

CO production rate (RCO); (b) Xe light irradiation-to-chemical energy conversion efficiency 

(Gokon, et al., 2012). 
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A case study conducted by DeFusco et al., (2010) reported that a CFB requires a 15% higher 

capital cost when compared with a BFB. The BFB is used for small-scale applications, 

whereas the CFB is used for large-scale applications. 

 

The key parameters affecting the heat transfer characteristics in solar receivers are the initial 

bed temperature, mean particle diameters, particle void fraction, emissivity of the receiver 

materials, superficial gas velocity, and minimum fluidisation velocity for the FBSR. At low 

and high temperatures, the heat transfer trend is different. However, the radiative heat transfer 

is increased by increasing the bed temperature. It is also found that the difference in the trend 

of heat transfer is increased with increasing particle sizes (Mathur & Saxena, 1987). On the 

other hand, Costandy et al., (2012) reported that increasing the aperture area of the receiver 

decreases the system efficiency considerably because of the high rate of heat loss due to 

reflection. The losses due to emission and convection were not considered for that 

investigation, which may be because of their small effects, when compared with the effects of 

reflection.   

 

In order to seal the receiver working-zone, it is necessary to incorporate a glass window at the 

top of the receiver, especially for a fluidised bed receiver. The importance and materials used 

for a glass window are described in the next section.  

 

2.1.5        Glass window of a solar receiver  

 

Solar receivers are used for many thermal applications and many of those are involved with 

chemical reactions which may need to operate under different pressures, rather than simply 

atmospheric pressure. Even reactors operating with atmospheric pressure need to be sealed to 

stop hazardous chemicals from escaping into the environment. In addition, it is also important 

to isolate the process in a solar receiver from interfering with the atmospheric air. Therefore, 

the receiver must be operated in a sealed enclosure, provided with a glass window, to permit 

solar radiation admission into the receiver cavity (Kogan & Kogan, 2002). 

 

Solar receiver windows are made of fused silica or quartz glass. Fused silica only consists of 

pure SiO2, whilst quartz glass is composed of some impurities along with SiO2. The 

composition and structure of these materials lead to their properties being superior to other 
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normal glass for the application of high temperatures and pressures. Different properties of 

glass materials are shown in Table 2.1. Before selecting the glass window, it should have 

excellent mechanical and optical properties, along with a low production cost (Mande, 2011).     

 

The key properties of a window glass are as follows:  

 

 The ability to retain its properties at high temperatures with low thermal 

expansion 

 The ability to transmit radiation with a wide range of wavelengths  

 Low absorption and reflection coefficients 

 Excellent elasticity and chemical stability. 

 

Table 2.1: Properties of different glass materials (Rayotek, 2015; UDEL, 2015) 

 

        Properties 

 

Glass type 

Density 

(kg/m3 ) 

Ultimate  

tensile 

Strength 

(MPa) 

Coefficient of 

thermal 

expansion 

(cm/cm/°C) 

Temperature 

range (°C) 

Refractive 

index 

Quartz glass 2.2 x 103 48 5.5 x 10-7 900 - 1200 1.45 

Fused silica 2.2 x 103 50 5.1 x 10-7 - 1.46 

Low-iron glass 2.4 x 103 175 89 x 10-7 - 1.51 

Borosilicate 

glass 

2.23 x 103 280 32.5 x 10-7 230 - 490 1.47 

 

 

2.2 Flow behaviour in a solar receiver  

The main objective of this study is keeping the window glass free from any particle 

deposition. This section of the literature review is focused on reviewing receivers with 

different flows and techniques of mitigating particle deposition onto the glass window. 

Particular attention is paid to the performance of window shielding jets in order to quantify 

the amount of mass flow which needs to be injected from the jets. 
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 2.2.1   Gas-particle flow with vortex/cyclone flow configuration 

 

A vortex flow confined solar receiver is proven to be excellent, especially for particle laden 

flow (Alonso & Romero, 2015). This type of flow provides a high heat transfer efficiency, as 

the particles are directly exposed to high solar flux, while progressing from the inlet to the 

outlet of the receiver. The cross section of a vortex flow solar receiver is shown in Figure 2.8. 

In this receiver, window shielding jets were injected radially across the glass window to 

protect the window from particle deposition. It was found that the vortex flow configuration 

helps to increase the particle residence time.  

 

A number of studies have been conducted to determine the turbulence flow patterns for 

particle-laden flows in swirling flow configurations (Jaya Krishna & Ozalp, 2013; 

Shilapuram et al., 2011). Different factors influence the turbulence flow patterns, including 

the particle mass loading, particle diameters and types of particle in terms of physical 

properties. 

 

 

Figure 2.8: Gas-particle vortex flow receiver for the steam gasification of coke (Z'Graggen & 

Steinfeld, 2008). 

 

A number of techniques have been used by different authors for characterising gas-particle 

flow behaviour in vortex flow configuration. For example, Liu et al., (2010) and Apte et al., 

(2003) used large eddy simulation techniques to investigate gas particle swirling flows. The 
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gas and particles were injected with the same velocity but the majority of the particles did not 

flow with the expansion and deceleration of the jets. It was observed that the particles with a 

small diameter were thrown out in the radial and azimuthal direction from the central part of 

the cylinder due to the swirling motion, whereas the large-scale particles continued to travel 

through the central region. Even further upstream of the cylinder, the velocities of the small-

scale particles were found to be negative, owing to the small particles being re-trapped in the 

central part, which were reflected from the cylinder wall (Apte, et al., 2003).  

 

A numerical investigation using a Reynolds Averaged Navier–Stokes approach for gas-

particle flows, revealed that the motion of the particles is determined by viscous and 

gravitational forces (Kartushinsky et al., 2014; Kartusinsky et al., 2009). The investigation of 

different particle sizes appeared to show that an increase in the size of the particles leads to 

the reduction of the axial velocity lag. The fine particles, as opposed to the coarse ones, 

dispersed more uniformly in the core of the channel due to the higher coefficient of turbulent 

diffusion, which is a phenomenon of mixing the particles with the fluid owing to the eddy 

motion (Gold, 1987). The same phenomena also observed in the case of higher mass loading 

condition. The increasing mass loading leads to decrease the turbulent intensity, which is 

known as turbulence attenuation. 

 

In a cyclone/vortex reactor, a tangential inlet is used to obtain the swirling motion in the flow. 

The swirling flow from the tangential inlet pushes the particles towards the wall of the reactor 

due to the centrifugal force acting on them. In addition, the turbulence in the gas-particle flow 

disperses the particles from the flow and increases the chance of entrainment (Utikar et al., 

2010). In a cyclone reactor, the spinning motion of the gas-particle flow creates the radial 

pressure gradient in the reactor, which provides a curvature for the gas and particle flow 

along the trajectory towards the wall as shown in Figure 2.9. According to Figure 2.9, it can 

be seen that the smaller particles exit through the inner core of the receiver, whereas the 

particles with larger diameters exit towards the periphery of the receiver. The pressure drop 

occurs in the cyclone reactor due to the geometric configuration of the receiver and the 

friction losses. The wall friction coefficient is directly proportional to the total pressure loss, 

which contributes to reducing the velocity magnitude. In addition, increasing the mass 

loading in the cyclone flow decreases the swirling velocity and pressure drop in the flow 

(Hoffmannc et al., 1992).  
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Figure 2.9: Particle trajectories with lines coloured by particle diameters (µm) for a flow rate 

of 10 L/min (Jaya Krishna & Ozalp, 2013).  

 

2.2.2    Window shielding jet to mitigate particle deposition 

 

A window shielding jet is an effective method for preventing particle deposition at the inner 

surface of the glass window (Kogan & Kogan, 2002). However, to date, this method is not an 

efficient method, as it requires a significant amount of gas to clean the glass window. 

Steinfeld et al., (1998) used window shielding jets in a gas-particle solar reactor in a vortex 

flow configuration to produce Zinc and synthetic gas simultaneously from ZnO and natural 

gas. The diameter and length of the reactor were 100 mm and 200 mm, respectively. At the 

top of the cylindrical cavity, an aperture with a diameter of 60 mm was included in order to 

introduce solar radiation into the receiver cavity. The top of the aperture was equipped with a 

converging concentrator with a length of 70 mm. A glass window was mounted at the top of 

the concentrator. The main gas stream was introduced tangentially, while two auxiliary flows 

across the aperture and window were injected radially and tangentially, respectively. A 

numerical analysis was conducted to optimise the amount of auxiliary flow required to 

prevent particle deposition onto the glass window. The results show that an estimated 83% of 

the mainstream flow needs to be injected in order to prevent any deposition onto the glass 

window. In addition, because of this window shielding gas, the reactor wall temperatures 

were reduced by 150-200 degrees near the injection of the receiver. The injection of 83% 
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auxiliary gas is a large parasitic loss, which reduces the efficiency and cost effectiveness of a 

solar receiver. The velocity contour of the numerical analysis is shown in Figure 2.10.  

 

A study conducted by Kogan & Kogan (2002), investigated the effectiveness of window 

shielding jets for different solar reactor configurations using smoke flow visualisation. The 

general assembly of the reactor model is shown in Figure 2.11. The reactor was divided into 

two parts using an annular disk. The upper part of the receiver was called a buffer zone, while 

the lower part was called a reaction cylinder, which was where the main gas stream was 

introduced tangentially. An auxiliary gas stream as a window shielding jet was introduced 

into the buffer zone tangentially. Both gas streams escaped from a port at the bottom of the 

receiver. The test results demonstrated that 30% of the mainstream gas from an auxiliary jet 

is required to eliminate particle deposition from the buffer zone. Thus, the model was 

modified to reduce the auxiliary gas stream percentages. In the modified model, the main gas 

stream was a swirling flow, introduced into the reaction chamber in a direction away from the 

glass window, whilst the auxiliary flow was radial. The results from the modified model 

showed that having only 5% of the mainstream gas as an auxiliary gas stream is sufficient to 

eliminate particle deposition. The window shielding gas created a negative pressure gradient 

through the free vortex flow.  

 

Figure 2.10: Calculated contour of the axial velocity component in the receiver. The main 

flow at the back inlet port = 27.8 l/min; the radial jet flow at the aperture = 13.9 l/min; the 

tangential flow at the window = 9.3 l/min and the particle mass flow rate = 8.4 g/min. 

Outward values are for the left to right direction (Steinfeld, et al., 1998). 
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Figure 2.11: Reactor model studied by Kogan & Kogan (2002). 

 

 A number of studies (Kogan et al., 2007; Kogan et al., 2004, 2005; Kogan & Kogan, 2003) 

have been conducted for the production of hydrogen and carbon from methane gas, where 

window-shielding jets were used to protect the receiver glass window. Different types of 

reactors and flow configurations were used for the purpose of reducing the auxiliary gas flow 

rate. The tests were conducted for both elevated and room temperatures. The tornado flow 

configuration from the mainstream flow was found to be effective. Argon and helium were 

used as window shielding gases for different cases. Helium gas showed more potential to 

allow the window to remain free from deposition. In contrast, the effectiveness of  H2 and Ar 

as wall screening gases was shown by Ozalp et al., (2013). The wall screening flow, using H2, 

was disturbed by the main cyclone flow; while using argon as a wall screening produced no 

disturbance in the main cyclone flow. It was concluded that Ar gas should be favoured as a 

wall screening gas for eliminating particle deposition because of its heavier molecular 

weight.  

 

More recently, some numerical studies have been carried out by a group of researchers from 

Texas A&M University in Qatar (Jaya Krishna & Ozalp, 2013; Ozalp & Kanjirakat, 2010). 

One of these studies (Ozalp & Kanjirakat, 2010) showed flow and particle deposition 

characteristics using a Lagrangian numerical approach. The geometry of the model is shown 
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in Figure 2.12 (a). Different inlet flow angles including 30°, 45°, 60°, 75° and 90° were 

investigated. An injection angle of 90 degrees is considered to be a radial flow, whereas the 

change in angles with respect to the radial flow is defined as the tangential flow (Figure 

2.12a). The axial velocity patterns for these different inlet flow conditions are shown in 

Figure 2.12 (b). The outward axial velocity along the y-axis represents the flow towards the 

glass window, whereas "x" and "R" indicate the radial distance from the center of the receiver 

to the wall and the radius of the cylindrical receiver, respectively. The results from the 

analysis revealed that increasing the inlet flow angle decreases the outward axial flow 

towards the glass window.  

 

 

Figure 2.12: (a) Modelled geometry of the receiver, (b) Axial velocity pattern for different 

inlet flow angles: 30° is the most swirling flow while 90° is the radial flow (Ozalp & 

Kanjirakat, 2010).  
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In addition, increasing the main flow rate decreased the area weighted average particle 

deposition concentrations. The decrease in the particle deposition concentration arose 

because of the increased swirling strength, as a result of increasing the main flow rate, as 

shown in Figure 2.13. 

 

Figure 2.13: Particle deposition on the reactor window calculated by a Discrete Particle 

Model for (a) 3 m/s (b) 6 m/s, and (c) 9 m/s (Ozalp & Kanjirakat, 2010). 

 

A study conducted by Litterst (1992) used window shielding jets for a fluidised bed solar 

receiver. Different attempts were taken to eliminate particle deposition on the glass window, 

including changing the position of the glass window and fluid flow directions. For example, 

the glass window was placed adjacent to the side wall laterally and air was supplied along the 

wall of the window section, parallel to the mainstream flow. This system was called a 

“parallel version” test as shown in Figure 2.14. However, this test was not suitable for 

mitigating the particle deposition substantially. Therefore, another approach (the T-type 

version) was considered, where the glass window was placed in a T-branch of the fluidised 

bed column. The compressed air was introduced radially near the inner section of the glass 

window. The investigation results from different sets of air flow configurations showed that 

30-50% of the mainstream gas, as a window shielding gas, was required to protect the glass 

window completely.  

 

More recently, (Gokon, et al., 2012) used a novel internally circulating fluidised bed solar 

receiver for gasification of coal cokes where CO2 was used as a reactant gas. A draft tube was 

used to recirculate the bed materials. As the experiment processed, after 15-20 min of 

irradiation, the light to chemical energy conversion efficiency reduced significantly. One of 

(c) (a) (b) 
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the important causes of the reduction in efficiency was white coloured ash particle 

accumulation onto the glass window. The particle accumulation on the glass window reduced 

the transmittance of incident light into the receiver cavity, although the amount of reduction 

over time was not reported. As a preventive measure for this problem, a window purging gas 

(CO2) was injected towards the glass window, as shown in Figure 2.15. Furthermore, the 

amount of window purging gas required to prevent particle deposition onto the glass window 

was not quantified, since the main objective of the experiment was CO2 gasification using 

coal coke. 

 

Figure 2.14: Window shielding jet parallel to the main flow direction in the riser of the 

fluidised bed (Litterst, 1992). 

 

 

 

Figure 2.15: An internally circulating fluidised bed reactor for CO2 gasification, using coal 

coke particles (Gokon, et al., 2012). 
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2.3 Summary of the literature review  

In the light of the above literature, concentrated solar radiation is used in a solar receiver 

either directly or indirectly. During the operation of a directly irradiated cavity type solar 

receiver, a layer of particles is deposited on the transparent glass window, which reduces the 

solar flux intensity into the receiver cavity. Therefore, a double cavity Indirectly Irradiated 

Solar Receiver (IISR) was developed to eliminate the direct contact between the reactant gas 

and the glass window. However, this method reduced the efficiency of the receiver by 

increasing the radiation loss. 

 

Based on the literature review of the window shielding jets, it is observed that window 

shielding jets help to eliminate particle deposition onto the glass window for particular cases. 

However, this technique required a significant amount of mass flow from the mainstream 

flow to prevent any particle depositon. In addition, this auxiliary flow from the window 

shielding jet absorbs heat energy, which is considered to be a major loss (Kogan & Kogan, 

2003). Steinfeld et al., (1998) reported that the reactor wall temperatures, where the auxiliary 

and reactant gases are mixed, were typically 150-200 degrees lower than those of the center 

of the reactor. Therefore, the losses due to an extra mass flow and heat absorbed by the 

auxiliary gas affect the performance of the receiver. The amount of jet required to keep the 

glass window clean is different for different flow and receiver configurations. Apart from the 

study conducted by Litterst (1992), no quantitative results on the amount of window shielding 

jets are available in the literature for fluidised bed receivers. Most of the studies related to 

window shielding jets have been conducted for free falling particle receivers.  

 

Some investigations have been carried out using vortex/cyclone flow configurations, aiming 

to increase the residence time and mitigating particle depositions. However, these studies 

were conducted for a cavity receiver with the outlet at the opposite end of the glass window. 

Therefore, the inlet flow was not flowed towards the glass window directly. However, in 

fluidised bed applications, both fluids and particles flow directly towards the glass window. 

Thus, the chances of particle deposition onto the glass window are higher.  

 

Based on the literature review, the problem associated with particle deposition on the glass 

window of a solar receiver have been reported for different types of receiver. However, the 

number of investigations for fluidised bed receiver (CFB and BFB), where the reactant fluid 
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flows directly towards the glass window, are very limited. Although the study conducted by 

Gokon et al.,  (2012) had the flow towards the glass window, no data were reported regarding 

particle deposition and window shielding jet flow. Hence, a lack of understanding is observed 

regarding the particle deposition mechanisms for fluidised bed solar receivers. Furthermore, 

the flow pattern is obscured while using window shielding jets in an FBSR. 
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Chapter 3: Analysis of the flow behaviour & problem description  

 

In this investigation, both single and two-phase flows have been considered in order to 

determine the effect of particles on flow patterns. In addition, the focus of this investigation is 

mitigating particle deposition onto the glass window of a fluidised bed solar receiver where 

the number of phases is two.  

 

In fluidised beds, the particles which are placed on the bed are carried by the gas introduced 

from the bottom of the bed. In a broad sense, this flow phenomenon is a two-phase flow. 

However, in precise consideration of two-phase flows, the phase is identified as a group of 

particles which have similar inertial responses to the flow. For example, if the sizes of 

particles on the bed are not same, then the group of particles with the same size, which have 

similar dynamic responses, can be considered as a particular phase (Birzer et al., 2004). For 

simplicity, most of the gas-particle flow prediction was carried out by averaging non-uniform 

particle sizes using different correlations, such as the Rosin-Rammler distribution (Eq. 3.1) 

(Jaya Krishna & Ozalp, 2013).  

n
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    (3.1) 

where, 
dY  = the cumulative fraction of the diameter greater than 

p
d , 

p
d = the mean diameter 

of the particle and n = the spread parameter. 

3.1 Forces acting on the particles  

 

Particle trajectories in the FBSR can be explained by the particles’ equation of motion. 

Forces acting on the particles suspended in the fluid in an FBSR are outlined by the following 

graphical presentations in Figures 3.1 and 3.2. 

 

  

 

 

Figure 3.1: Vertical forces on the particle.
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The axial velocity is determined by the upward drag (FD) and buoyancy (FB) forces, while the 

gravitational force due to the weight of the particle is indicated by FG (Pabst & Gregorova, 

2007). In the case of a spherical particle, the equation for gravitational and buoyancy forces 

can be outlined as 

g  r 
 

F ppG  3

3

4
  

     (3.2) 
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F gpB  3

3

4
  

     (3.3) 

 

where, rp is the radius of the spherical particle, p  and g are the density of the particle and 

gas respectively and g is the gravitational acceleration. 

 

Two other components of the velocity are determined by the tangential and radial 

components, as described in Figure 3.2. 

 

 

 

Figure 3.2: Motion of the particle in a curvature path. 
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The drag, lift, gravity and electrostatic forces are found to be the key forces to act on particles 

in a vertical receiver flow (Yao, 2004). The boundary layer decreases the gas velocity and 

corresponding drag force on the particle in the near wall region. Along the progression of the 

flow, the boundary layer (BL) continues to develop along the circumference of the channel 

(i.e., receiver) up to a certain length from the inlet. The axial distance at which the boundary 

layers from the opposite sites merge at the centre of the channel is called the entry length. 

Downstream of the entry length, the velocity profile still continues to develop with very small 

change and when this change diminishes, the flow is considered to be fully developed. The 

region from the inlet to the point of fully developed flow is called the entrance region (Du 

Plessis & Collins, 1992). The physical interpretation of entrance length and fully developed 

flow is shown in Figure 3.3. This study used a honeycomb to make the flow uniform, while 

an entrance pipe with the same diameter as the test section is added to make the flow towards 

fully developed flow. 

 

 

Figure 3.3: Physical interpretation of entrance length and fully developed flow (Du Plessis & 

Collins, 1992). 

 

3.1.1   Drag force  

 

 The drag force which has the maximum demonstration on the particle (Yao, 2004), can be 

expressed as 
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For spherical particles above equation can be written as  
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where g and   
gu


 are the density and translation velocity of the gas respectively whereas, p

, pm , pd  and 
pu


 are the density, mass, diameter and translation velocity of the particle, 

respectively. The term is a coefficient of drag and can be expressed as  
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where, pRe  is the particle Reynolds number and is expressed as  

g
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 here, g is the dynamic viscosity of the gas. 

 

3.1.2    Saffman lift force  

 

The force, which acts on the particle in the direction perpendicular to the drag force, is known 

as the lift force.  In a gas-particle flow, the significance of lift force is demonstrated by the 

particles’ diameters. The lift force carries a significant importance if the particles move in a 

shear field. The lift force in this condition is known as the Saffman lift force (Saffman, 1965). 

Predominantly the Saffman lift force, which is generated around the particles flowing in a 

viscous fluid, is different from the aerodynamic lift force. The physical mechanism of the 

Saffman lift force is described graphically in Figure 3.4. The Saffman lift force is indicated 

by the dotted lines, whereas the aerodynamics lift is shown by the vertical line. According to 

Sebesta (2012), the expression for the Saffman lift force can be written as 

0.5
ppgpglift  Saff )(Re )uu( d  161.  F  0  (3.10) 

where, lift  SaffF  is the Saffman lift force, g is the dynamic viscosity of the gas in the shear 

flow, dp is the particle diameter, ug and up are the gas and particle velocity respectively and 

pRe is the particle Reynolds number in the shear flow. 
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The Saffman lift force is only applicable for large particle Reynolds numbers and small void 

fractions (Mei, 1992). In addition, the magnitude of the lift force is directly proportional to 

the void fraction. 

 

 

 

 

 

 

 

Figure 3.4: Schematics of a particle in a shear flow (Tu et al., 2012). 

 

3.1.3    Brownian force 

 

Another force which acts upon the particles due to the intermolecular attraction is called the 

Brownian force and is defined based on the Gaussian random number and spectral density (Li 

& Ahmadi, 1992). The Brownian force is described as 
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whereas, the spectral intensity is expressed as 

 

Brown

iF is the Brownian force, Gi
mp  = Gaussian number, S0 = the spectral intensity, kb = Stefan 

Boltzmann constant; T = temperature; S = the density ratio between the fluid and particle and 

Cc = the Cunningham correction factor. 

 

3.1.4   Virtual mass and Basset forces 

 

In addition to the drag and lift forces, two other forces such as the Virtual mass and Basset 

forces arise due to the relative acceleration of the particles in the fluid (Sebesta, 2012). An 
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added drag force is generated due to the acceleration in the surrounding fluid caused by the 

particles. The Virtual mass force can be calculated as 

 

where, vmF  is the virtual mass, gV is the volume of the displaced gas, g is the mass density 

of the gas in a continuous phase, ug and  up are the velocity of the gas and particle respectively 

and 
Dt

D
represents the material derivative. 

 

The Virtual mass force is generated as a result of the acceleration of the fluid, whereas the 

Basset force is generated owing to the viscous effect of the fluid (Sebesta, 2012). In addition, 

due to the Basset force, a lagging boundary layer is developed, as discussed by Crowe et al., 

(2011). The magnitude of the Basset force can be calculated by the following equation  

 

 

where, BassetF  is the Basset force, dp is the particle diameter, g is the viscosity of the gas in a 

continuous phase and t is the time. 

 

 

Hence, the equation of motion for a particle related to this present study can be written as 
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An important way to characterise particles is through the Stokes number (
kS ), which affects 

the gas-solid flow behaviour significantly. The Stokes number determines the influence of 

turbulence on each particle’s motion (Crowe et al., 1988). 

 

3.2  Stokes Numbers 

 In gas-solid two-phase flow, the Stokes number (
kS ) and mass loading affect the flow 

pattern significantly. The Stokes number (Eq. 3.17) is defined as the particle’s aerodynamic 

response time ( p ) to the appropriate turbulent time scale or fluid time ( f ).  
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The particle time constant for a particle flowing in a uniform manner having a Reynolds 

number (Rep) of less than one, can be expressed as 
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According to Stokes (1851), if the density of the particles is much denser than the fluid, the 

above equation can be simplified as 
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where, p and pd are the density and diameter of the particle and  is the dynamic viscosity. 

The fluid time scale can be expressed as 
U

L
f  , where L refers to the characteristic length of 

the flow and U refers to the characteristic velocity of the flowing fluid. In this study, the 

characteristic length is defined as  the hydraulic diameter of the flow flowing through the 

receiver and the characteristic velocity refers to the flow velocity. Therefore, the Stokes 

number can be written as  
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3.3  Problem description 

 

The key principle of a fluidised bed solar receiver is that the particles are suspended in the 

carrier/reactant gas. These particles are dispersed within the flow, against the gravitational 

force. A glass window is mounted at the top of the receiver to seal it from the atmosphere. A 

small opening (aperture), close to the glass window, allows solar radiation to be introduced 

into the receiver cavity. Fundamentally, the flow in a fluidised bed solar receiver is turbulent. 

During the operation of an FBSR, a layer of particles is deposited in the vicinity of the glass 

window, consequently the radiation intensity tends to reduce significantly. After a certain 

period, this glass window is blocked by the particles completely and this blockage prevents 

solar radiation from entering the cavity. Hence, the issue of particle deposition must be 

addressed for the continuous operation of an FBSR. 

 

3.4  Hypothesis to solve the problem  

 

This study used a swirling flow at the outlet region of the receiver cavity aiming to generate 

vortices, which may help to prevent the axial flow into the CPC. Furthermore, the 

geometrical configuration may play a vital role in the flow behaviour. Therefore, the 

interdependency of the velocity components is assessed for different geometrical 

configurations and dimensions of the receiver.  

 

In this study, two tangential outlets were used. The idea behind the tangential outlets is to 

generate a swirling motion in the flow. The flow patterns play a significant role in 

characterising the behaviour of the flow. In addition, the potential of the window shielding 

jets across the glass window is already proven. Understanding as to how to minimise the 

amount of shielding gas for a fluidised bed device is improved through further investigation. 

These hypotheses can help to obtain a detailed understanding of the reasons behind particle 

deposition and flow patterns in an FBSR. 

 

3.5 Description of the receiver for current study  

A preliminary numerical study was conducted by considering the small-scale geometry in 

order to achieve the aim on potential geometrical configurations.  The shape and dimensions 

of the solar receiver for the preliminary study are shown in Figure 3.5. The receiver consists 
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of a vertical cylindrical cavity and a converging-diverging frustum. The throat of the frustum 

was considered the aperture. The vertical cylindrical cavity consists of an inlet and two 

outlets. The outlets are located at the top of the cylinder tangentially, with a diameter of 24 

mm each.    

The diameter of the vertical cylinder is 120 mm, whilst the heights of the cylindrical part and 

frustum are 210 mm and 80 mm, respectively. The diameter of the aperture is set to 50 mm, 

through which solar radiation is introduced into the receiver cavity. Since a solar receiver is 

used for heat transfer, combustion or gasification using high solar flux, when designing the 

receiver, the absorptance of solar radiation should be taken into consideration. Absorption of 

solar radiation is affected by the ratios between the cavity diameter to the aperture diameter, 

and the receiver depth to the aperture diameter. In the preliminary study, the diameter ratio 

between the receiver cavity and the aperture was equal to 2.4, while the ratio between the 

depth and the aperture diameter was 4.2. These dimension ratios of the receiver result in 

absorbance greater than 0.95 (Z’Graggen, et al., 2006). The diverging frustum above the 

aperture is termed a CPC and is used to augment solar radiation concentration.  

 

Figure 3.5: The geometry and dimensions of the CFD model for the preliminary study. 

 

In order to see the effect of the aperture’s axial positions on the flow pattern, it was placed at 

three different heights above the top of the cylindrical cavity, concentric with the lower 

cylinder, for the different case studies. The distances of the aperture from the outlets are 10 

 (Dimensions are in mm) 
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mm, 20 mm and 30 mm. To introduce the concentrated solar flux into the receiver, a quartz 

glass, having a thickness of 3 mm, is mounted on the top of the CPC. Two tangential jets, 

having a diameter of 10 mm, are placed adjacent to the window. The purpose of these jets is 

to create an aerodynamic shield in order to protect the window from particle deposition. 

These jets also serve the purpose of cooling the glass window.  

After achieving an outline idea of turbulent flow behaviour and the potential shape of the 

geometry from the preliminary numerical study, an experiment was conducted to validate the 

numerical model. The modified receiver geometry of the model is shown in Figure 3.6.  The 

length of the geometry from the preliminary study was extended in the experimental study, 

aiming to make the flow towards fully developed flow. In a laboratory, it is hard to make the 

flow fully developed, as it requires a significant distance to flow in the channel. In the 

modified geometry, apart from increasing the length of the receiver, three other components 

were added: a fan, an expander to join the fan and receiver inlet, and a honeycomb.  

 

 

Figure 3.6: Cross-section of the modified geometry for numerical modelling ;dimensions are 

in mm. 

 

The diameter of the cylindrical section is 120 mm, having a length of 1800 mm. The upper 

part of the receiver was considered as a CPC. The CPC is a diverging frustum with an 

aperture at the bottom. The top of the CPC was closed by a lid (the glass window) using 

screw fittings. Two tangential outlets, having a diameter of 25 mm, were located at the top of 

the cylindrical section. Two series of holes, having a diameter of 10 mm each, were created 
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along the receiver at an angle of 90 degrees, in order to insert the cobra probe. The span 

between any two consecutive holes was 60 mm. The measurements were conducted from 

1766 mm upstream from the inlet of the receiver. The inlet diameter of the expander was 72 

mm in order to connect with the fan.  
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Chapter 4: Experimental apparatus 
 

The flow behaviour of a solar receiver was analysed experimentally in the Propulsion 

Laboratory at the University of Adelaide. An experimental rig was constructed using acrylic 

plastic and all experiments were conducted on that rig. The experimental rig was designed 

and constructed to measure the air flow properties in the receiver. The rig was placed on a 

table horizontally at the laboratory, as shown in Figure 4.1. Firstly, a cobra probe was used to 

measure the flow properties, including 3-D velocity components, local pressure and 

turbulence intensity at different axial locations of the receiver. Secondly, a capacitance 

manometer (Baratron) was employed to verify the results from the cobra probe. An axial fan 

attached with a honeycomb was used to obtain the inlet flow. This chapter describes the 

conditions under which the measurements were undertaken, as well as an explanation of the 

apparatus used so far.  

 

 

Figure 4.1: Experimental set up. 

 

4.1  Cobra probe analysis 

 

A cobra probe is a four-holed pressure probe, which can be used to measure the flow 

properties for the velocity range of 2-100 m/s, with an accuracy of 0.3 m/s. The cobra probe 
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has a linear frequency response of 2000 Hz and measures velocity vectors using dynamic 

pressure similar to a pitot tube. The cobra probe is an intrusive instrument, and because of its 

existence in the flow, it further increases the turbulence and errors. The errors due to the 

disturbance in the flow are minimised by using a long experimental test section, a small 

diameter probe and careful positioning of the probe. The measurements were conducted at the 

upper part of the scaled FBSR, where the inlet and outlet flows were axial and tangential 

respectively. Figure 4.2 shows the cobra probe insertion holes for measuring the flow 

properties. The cobra probe was positioned using a manual traverse and moved through the 

drilled holes radially from the centre to the wall of the receiver. Data from the cobra probe 

were transferred to a laptop using a data acquisition (DAQ) process, which is termed as an 

analogue to digital converter. Data obtained from the DAQ were further processed by the TFI 

software. The experimental flow diagram is shown in Figure 4.3.                        

 

Figure 4.2: Experimental arrangement for measuring flow properties (3-D velocity, local 

pressure and turbulence intensity) using a cobra probe; dimensions are in mm. 
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Figure 4.3: Experimental flow diagram. 

 

A typical measurement of the total velocity, using a frequency of 1000 Hz and a sampling 

time of 6.5 seconds, is shown in Figure 4.4. This frequency is an example to show how the 

cobra probe measures the velocity.  According to the Figure, during the sampling time, the 

total number of samples collected was 6500 with a maximum, minimum, and average 

velocity of 0.6, 8.5 and 3.33 m/s respectively.     

 

 

Figure 4.4: Typical total velocity measurement using a cobra probe. 
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the streamline in the small diameter tube. This static pressure is then recorded by a pressure 

transducer and, by subtracting the atmospheric pressure from the flow, the dynamic pressure 

is obtained. Based on Bernoulli’s equation, the calculating principle of the Pitot tube is as 

follows   

Total pressure = static pressure + dynamic pressure 

Constantvpp st  2

2
1   (4.1) 



)pp(
v st 

2
 

(4.2) 

where, tp = the total pressure, tp = the static pressure, v = the fluid velocity,  = the density 

of the fluid. 

 

A Dwyer 160 stainless steel Pitot tube was used in this study. The internal and external 

diameters of the tube were 0.5 mm and 1mm respectively. It is crucial to have the diameter of 

the tube as small as possible in order to ensure minimum disturbance in the flow. The small 

diameter Pitot tube was connected to the Baratron pressure transducer via a silicon tube with 

an internal diameter of 1/8"(1.25 mm), as shown in Figure 4.5. A Baratron pressure 

transducer is a vacuum gas pressure transducer designed to provide accurate dynamic 

pressure. 1-Torr (133.322 Pa), MKS 398 Baratron pressure transducers are able to measure 

pressure differences across 0-133 Pa. The obtained pressure difference was then converted 

into velocity, using Equation 4.2.  

 

 

Figure 4.5: A Pitot tube coupled with a Baratron pressure transducer. 
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4.3    Cobra probe calibration 

 

In order to calibrate the cobra probe, a wide range of axial velocity from 2 to 20 m/s, with an 

interval of 2, was measured using the cobra probe and Pitot tube at the outlet of the receiver. 

First a theoretical flow rate was used from the inlet; thus the outlet velocity became around 2 

m/s and the velocity was measured by a Pitot tube experimentally and a velocity of 2.1m/s 

was found. Thereafter, the cobra probe was used to measure the velocity for the same flow 

rate and the velocity of 1.95 m/s was found. The experimentally measured data from the 

cobra probe and Pitot tube were plotted in the horizontal and vertical axes, respectively.  

 

The graph presented in Figure 4.6 shows the linear relationship between the data obtained 

from the two instruments. A variation of 0.1-0.3 m/s between the cobra probe and Pitot tube 

can be considered as the variation due to errors in the devices and positional accuracy. Facing 

the cobra probe precisely towards the flow was critical and small positional variations led to 

errors in the results, particularly in the case of measuring an individual velocity component. 

The uncertainty effects of different instruments are presented in Table 4.1.  

 

 

Figure 4.6: Calibration of the cobra probe, using a Pitot tube. 

 

Table 4.1: Experimental uncertainty. 

 

 

 

 

Device Uncertainty (%) 

Cobra probe for velocity measurement 0.5 

Cobra probe for pressure measurement 0.3 

Pitot tube for dynamic pressure 0.3  

 

 

45° line 
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4.4    Summary 

 

In summary, this chapter described the experimental apparatus used to conduct the 

experiments. Since the experiment was carried out to analyse single-phase flow, the geometry 

was placed horizontally and the effect of gravity on the flow pattern was assumed to be 

negligible. As described, all the experiments were carried out using a cobra probe and a Pitot 

tube was used to verify the results from the cobra probe. Alongside these two key 

instruments, some associated devices such as a DAQ and a Baratron pressure transducer were 

introduced.  The limitations of using the cobra probe and Pitot tube are explained in terms of 

analysing the errors and uncertainties. Every possible step was taken to minimise the errors in 

the experiment. The major problem was to face the instruments exactly towards the flow. The 

results from the cobra probe in particular are very sensitive to its position. Therefore, a 

number of attempts were made to ensure the correct positioning of the device. 
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Chapter 5: Numerical model description and validation 

 

In this numerical study, a simplified form of an FBSR was chosen for analysing the turbulent 

flow phenomena and particle deposition behaviour. The thermal behaviours of an FBSR are 

not taken into consideration, as the main focus of this study is to analyse the velocity patterns 

of single and two-phase flows in cold conditions. Of course solar radiation and fluidisation 

parameters have a significant impact on flow patterns. However, analysing the flow pattern in 

this simplified geometry and cold flow conditions creates a pathway to understanding the 

particle deposition phenomena on the glass window of an FBSR. This study validated the 

single-phase flow behaviour experimentally. For gas-particle flow analysis, dilute phase two-

way coupling is used.   

 

5.1    Mesh dependency test 

 

This investigation used an unstructured tetrahedron/triangle mesh, which automatically 

allowed for the refinement the mesh in the critical region of the receiver. This type of mesh 

can also be used to adapt an inflation layer in the near wall zone, easily. Additionally, the 

time required to generate this type of mesh was significantly lower for than the structured 

mesh. The sensitivity of the computed results on the number of mesh elements was tested by 

simulating the model with several mesh elements. The details about the meshing are 

presented in Table 5.1. Five sets of elements, starting from 600,000 to 1,000, 000, with an 

interval of 100,000 were chosen for the mesh independency test.  

 

Table 5.1: Parameters used for meshing the model. 

 

 

 

 

 

As seen in Table 5.2, from 800,000-1,000,000 cell elements, no significant change is 

observed in the total velocity (𝑉𝑡,= √𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2: here 𝑣𝑥, 𝑣𝑦 𝑎𝑛𝑑 ,𝑣𝑧, are the radial, axial and 

Parameter  Value 

Mesh type  Automatic  

Number of nodes  300,000 

Number of elements  800,000 

Inflation layer  11 

Growth rate  0.8 

Grid type  Fine 
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tangential velocity components respectively) at the outlet and the aperture sections. Further 

increasing the number of elements from 800,000 led to an increase in the computational time. 

Therefore, 800,000 elements were used for the computation throughout the study.  

 

Table 5.2: The mesh independency test for a different number of mesh elements using  

Re = 18000. 

 

 

 

 

 

 

 

5.2    Gas phase modelling  

 

Based on the Reynolds number (Re = 18,000, 22,000 and 26,000), the flow in this study is 

considered as fully turbulent. Reynolds numbers were selected based on the flow rate 

required to achieve the minimum fluidisation velocity, which is the minimum velocity 

required to fluidise the particles. The RANS-based turbulence model RNG k-ε was used in 

this study. The RNG k-ε model considered the effects of swirling motion on the turbulent 

flow, which provides high accuracy in the case of swirling flow analysis. In addition, 

Renormalised theory provides a formula based on the analytical solution for the effective 

eddy viscosity caused by the low Reynolds number effects. Hence, a higher accuracy can be 

achieved by using an RNG k-ε model as compared with a standard k-ε model when dealing 

with flow with a swirling, rotational, recirculation, separation and boundary layer (Ozalp & 

JayaKrishna, 2010). 

 

5.2.1    Governing equation for gas phase modelling 

Fluid dynamic behaviour is determined by the conservation laws. The principle of 

Computational Fluid Dynamics (CFD) is to conserve some measures such as mass, 

momentum, and energy in a control-volume. This control-volume is a geometrical domain. 

Number of 

elements 

Total velocity at the 

outlet (m/s) 

Total velocity at 

the aperture (m/s) 

600,000 24.90 0.81 

700,000 25.10 0.77 

800,000 26.25 0.91 

900,000 26.20 0.95 

1000,000 26.30 0.93 
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According to Wang et al.,  (2013), the  partial differential form of the mass and momentum 

conservation are as follows: 

The partial differential form of mass conservation is 

𝜕

𝜕𝑡
(𝜌𝑔𝛼𝑔) + ∇ ∙ (𝜌𝑔𝑢𝑔𝛼𝑔) = 0           

(5. 1) 

 

here, 𝛼 is the volume fraction  

The conservation of momentum for the gas phase is defined by  

𝜕

𝜕𝑡
(𝜌𝑔𝑢𝑔) + ∇ ∙ (𝜌𝑔𝑢𝑔𝑢𝑔) = 𝜌𝑔𝑔 + ∇�̿� − ∇𝑝𝑔 + 𝑘𝑔𝑠(𝑢𝑠 − 𝑢𝑔) 

(5. 2) 

 

where, 𝑢𝑔 and 𝜌𝑔 are the velocity and density of the gas phase, 𝜎 is the Reynolds stress 

tensor, 𝑝𝑔 and 𝑔 represent the gas pressure and gravity and the term  𝑘𝑔𝑠 is the momentum 

transfer coefficient between the gas and solid phases. 

 

5.2.2    Turbulence models 

 

To investigate the turbulence flow behaviour of an FBSR in single and two-phase flow 

conditions, the momentum equation needs to be averaged with respect to time. By 

implementing appropriate operations on the momentum equation, the details about the time-

averaged properties such as mean pressure and velocity of the flow can be obtained. Three 

different forms of k-ε models based on RANS are available in FLUENT: Standard, Realizable 

and RNG k-ε models. The k-ε model is based on the turbulent kinetic energy (k) and its 

dissipation rate (ε) (Tian, 2006). The turbulent quantity (𝑘) and the rate of dissipation (ε) in 

the flow can be expressed in Cartesian co-ordinates as  

𝑘 =
1

2
𝑢𝑖𝑢𝑖̅̅ ̅̅ ̅ 

(5. 3) 

 

and 

휀 =
𝜇

𝜌
(
𝜕𝑢𝑖

𝜕𝑥𝑗
)

̅̅ ̅̅ ̅̅ ̅̅
(
𝜕𝑢𝑖

𝜕𝑥𝑗
)

̅̅ ̅̅ ̅̅ ̅̅
 

(5. 4) 
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from these terms of turbulent quantity and dissipation rates, the local turbulent viscosity can 

be calculated as  

𝜇𝑡 =
𝐶𝜇𝜌𝑔𝑘2

휀
 

(5. 5) 

 

The turbulence kinetic energy k, and its rate of dissipation, ε, can be outlined as the equations 

below (Escue & Cui, 2010). 
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In these equations, Gk represents the generation of turbulent kinetic energy due to the mean 

velocity gradients, Gb is the generation of turbulent kinetic energy due to buoyancy, YM 

represents the contribution of the fluctuating dilatation in compressible turbulence to the 

overall dissipation rate, Cε1, Cε2, and Cε3 are constants. Sk and S ε are user-defined source 

terms.   

 

The key difference between the standard and RNG k-ε models are the turbulent viscosity and 

an additional strain rate (R) in the dissipation rate for the RNG model. The RNG shows 

superior performance in the case of rapid strain and streamline curvature (Escue & Cui, 

2010). The additional strain rate, R can be expressed as 

 

𝑅 =
𝐶𝜇𝜂

3(1 −
𝜂

𝜂0
⁄ )휀𝑔

2

(1 + 𝛽𝜂3)𝑘𝑔
 

(5. 8) 

 

 

where, 𝛽 𝑎𝑛𝑑 𝜂0 are constant, having the values of 0.015 and 4.38, respectively.  
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5.3  Gas-particle model 

 

This study used the Eulerian-Lagrangian discrete particle model (DPM) for analysing gas-

particle flow patterns. The governing equations (Azadi, 2011) for gas and solid phases can be 

written in the following ways. 

The continuity equation for solid phase is 

𝜕

𝜕𝑡
(𝜌𝑠𝛼𝑠) + ∇ ∙ (𝜌𝑠𝑢𝑠𝛼𝑠) = 0           

(5. 9) 

 

where 𝛼𝑠, 𝜌𝑠 and 𝑢𝑠 are the volume fraction, density and velocity of the solid phase 

respectively. 

 

The momentum conservation for the solid phase is defined by 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝑢𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑢𝑠𝑢𝑠) = ∇𝜎𝑠 + 𝛼𝑠𝜌𝑠𝑔 + 𝑘𝑔𝑠(𝑢𝑔 − 𝑢𝑠) + ∑ 𝑘𝑛𝑠(𝑢𝑛−𝑢𝑠)

𝑁

𝑛=1,𝑠≠𝑛

 

   

(5.10) 

 

where 𝑘𝑔𝑠 and 𝑘𝑛𝑠 are the gas-solid and solid-solid phases’ momentum exchange 

coefficient, ∇𝜎𝑠 is the solid phase stress tensor and s = 1, 2, …, N. 

 

 

The DPM model is simpler than granular flow model (GNF), which is based on a Eulerian-

Eulerian approach. The DPM model is capable of characterising a few hundred thousand 

particles without much complexity and time consumption. The required information on 

particle interaction and solid phase rheology are available in DPM model (Hamzehei & 

Rahimzadeh, 2009). 

 

ANSYS FLUENT predicts the trajectory of a discrete phase particle by integrating the force 

balance on the particles, which is written in a Lagrangian reference frame. This force balance 

equates the particle inertia with the forces acting on the particle (Tian, 2006), and can be 

written for the Cartesian coordinates as 

 

 

𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(�⃗� 𝑔 − �⃗� 𝑝) +

𝑔(𝜌𝑝 − 𝜌𝑔)

𝜌𝑝
    

(5.11) 
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where, 𝐹𝐷(�⃗� 𝑔 − �⃗� 𝑝) is the drag force per unit mass of the particle, �⃗� 𝑔 and 𝜌𝑔 are the velocity 

and density for the gas phases respectively, whereas  �⃗� 𝑝 and 𝜌𝑝 are the velocity and density 

for the particle phase respectively. The details of the drag force can be found in Section 3.1.1. 

 

The CFD solver FLUENT deals with particle dispersion by integrating the trajectory equation 

for individual particles with the help of instantaneous fluid velocity (Tian, 2006). The 

numerical procedure for single and two-phase flow analysis is shown in Figure 5.1. 

 

 

Figure 5.1: Solution procedures for (a) single and (b) two-phase flow (Tian, 2006). 

 

5.4  Phase coupling 

 

In gas-particle flows, the interaction between the gas and particle phases are determined by a 

number of couplings; these are a one-way coupling, a two-way coupling and a four-way 

coupling (Elghobashi, 1994). These couplings are categorised based on the influence of the 

particles on the flow and vice versa. When the mass loading is very low, such that the particle 

(a) (b) 
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volume fraction (𝛼𝑝) is less than 10-6, then the coupling is considered to be a one-way 

coupling and in this state the particles’ momentum transfer is not significant. On the other 

hand, in the case of two-way couplings, the particles’ volume fraction is in the range of 10-6 < 

𝛼𝑝 < 10-3. In two-way couplings, the momentum transfer from the particles to the fluid is 

large enough to change the structure of the turbulence. The final term is a four-way coupling, 

where the particle volume fraction (𝛼𝑝) is significantly large (> 10-3). Thus, the four-way 

coupling is termed as a dense suspension where both the particles and the fluid phases have 

influence over each other (Sebesta, 2012).    

 

5.5 Boundary conditions and convergence criteria  

 

The solar receiver was simulated using the commercial CFD software ANSYS FLUENT 

14.5. The turbulence modelling was conducted based on the steady-state condition, whereas 

an unsteady particle tracking system available in FLUENT solver was used for particle 

treatment. In the unsteady particle tracking system, each particle was advanced according to 

the specified time set in the solver. The domain of the geometry was divided into a finite 

number of elements. A set of momentum and continuity equations is solved by this model for 

the fluid flow. Discrete particle modelling (DPM) is used for particle tracking. All the 

governing equations are discretised by the finite volume method. The discretisation is a 

method whereby the partial differential equations (PDE) are converted into algebraic 

equations in order to achieve a numerical solution since a computer cannot solve the PDE 

(Patankar, 1980). The second-order upwind technique is used for the discretisation to achieve 

higher accuracy, as compared with the first order. This technique uses Taylor series 

expansions in order to achieve higher-order accuracy at cell faces (Fluent theory guide, 

2012). 

This study considered 3-D geometry for the numerical analysis. Due to tangential outlets of 

the geometry, an axisymmetric modelling was not considered. A steady-state pressure-

velocity coupling was stipulated using the SIMPLE algorithm (Escue & Cui, 2010). 

“Velocity-inlet” and “pressure-outlet” boundary conditions were imposed as inlet and outlet 

boundary conditions respectively. A standard no-slip boundary condition was applied 

between the fluid domain and the wall. 
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For DPM modelling, the simulation was conducted for nonreactive flow since the particles 

are assumed to be inert. For all modelling, atmospheric air was used as the inlet fluid, as well 

as the window shielding jet. The temperature and pressure of the inlet air were assumed to be 

300 K and 1 atm, respectively. A range of inlet flow velocities (i.e. 7, 8, 9 m/s) was set to 

understand the effect of Reynolds numbers on the flow pattern. The flow conditions referred 

to the Reynolds numbers of 18,000, 22,000, and 26,000. The detailed conditions applied for 

the DPM modelling are shown in Table 5.3. The term length factor used in Table 5.3 is the 

time step size controlling parameter, which determines the required number of time steps for 

a particle to pass a computational cell (Fluent user's guide, 2012). In addition, the Stokes-

Cunningham law in Table 5.3 was selected as a drag law from the several drag laws available 

in the FLUENT solver. According to this law, a correction factor (Cc), which is known as a 

Cunningham correction factor is used for calculating the drag force:
cpp

D
Cd

F
2

18




 . 

 

Table 5.3: Conditions applied for the DPM gas-particle modelling. 

 

Parameters  Value/conditions 

Particle type Carbon 

Particle density  2000 kg/m3 

Particles’ diameter range 1-600 µm 

Number of diameters 10 

Particle’s mean diameters 100 µm, 250 µm and 500 µm 

Mass loading  0-12% (dilute suspension) 

Physical models used from the DPM model Brownian force, Saffman lift and Stokes-

Cunningham law 

Maximum number of steps  5000 

Length factors 10 

 

Different values of the convergence criteria from 10-3 to 10-6 were examined for the residual 

components. High values of the convergence criteria reduced the computational time, 

however significant deviations in the results were observed when compared with the results 

having a convergence criterion as low as 10-5. Therefore, the residual convergence criterion 

for the model is set at 10-5. 
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5.6    Numerical model validation  

 

The numerical model was validated against the experimental results. Three different locations 

upstream from the inlet of 1766 mm, 1826 mm, and 1886 mm were selected to measure 

three-dimensional velocity components experimentally using a cobra probe. The main focus 

of this study is to investigate the flow pattern in the receiver, especially in the upper part 

(outlets and CPC) of the receiver, since the axial outward flow and corresponding particle 

deposition onto the glass window is mostly dominated by the velocity pattern in this section. 

Hence, the measurement was conducted far upstream, that is, at 1766 mm from the inlet of 

the receiver. The measurement by the cobra probe was started 5 mm away from the wall, as 

the velocity at the wall of the receiver was assumed to be zero. Due to the symmetric 

geometric conditions of the receiver, the measurement was carried out from the near wall to 

the centre of the receiver.   

 

5.6.1   Turbulence model validation without window shielding jets  

 

Figure 5.2 shows the axial velocity versus the radial position at axial location y =1766 mm of 

the receiver for the Reynolds numbers 18,000, 22,000 and 26,000. These Reynolds numbers 

were selected based on the flow rate required to achieve the minimum fluidisation velocity. 

The coordinate system for the receiver is shown in Figure 4.3 of Chapter 4. The error bars 

with the experimental data points represent the errors in the experimental results, which are 

calculated using the standard deviation technique. The errors in the turbulent flow 

measurement occur for two main reasons: firstly, errors due to measurement accuracy and 

secondly, turbulence components as a result of the unsteadiness of the flow (Raffel, 2007).  

The numerical results show good agreement with the experimental results. As can be seen 

from Figure 5.2, at low Reynolds numbers of 18,000 and 22,000, the numerical results 

matched with the experimental results closely, except at the near wall region. The 

experimental data at the near wall region are not shown in the Figures. Since, in the 

experiment, the cobra probe could not capture the effect of the boundary layer, a higher error 

rate was observed. Flow with a high Reynolds number of 26,000 showed a higher error rate, 

because of the more unsteady nature of the flow.  
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Figure 5.2:  Axial velocity versus radial position at axial location y = 1766 mm. 

 

 

The velocity profiles from the numerical analysis illustrate that at the middle part of the 

receiver, the maximum axial velocity is 2.25 and 2.65 m/s for Re = 18,000  and Re = 22,000 

respectively, which was almost stable until x/R = 0.8. However, from x/R = 0.8, the axial 

velocity tends to increase, due to the tangential outlets located upstream of the measured 

location. The boundary layer caused a sudden decline in the velocity profile at the near wall 

region, starting from approximately x/R = 0.9 for both the numerical and experimental 

analyses. In the case of Re = 26000, the steady velocity profile, having a maximum velocity 

of 3.3 m/s at the middle part of the receiver, tends to increase slightly until x/R = 0.6. It can 

be deduced that, obviously, in the case of higher Reynolds numbers (Re = 26,000) the axial 

velocity magnitude is higher when compared with the lower Reynolds numbers.  

Figure 5.3 shows the axial velocity versus radial position at y = 1826 mm of the receiver for 

different Reynolds numbers of 18,000, 22,000 and 26,000. Almost identical profiles are 

observed for the numerical and experimental velocity profiles. The velocity profiles for Re = 

18,000 and 22,000 are almost identical and remain unchanged in the core of the receiver, with 

a slight increase before they decline dramatically from x/R = 0.9. Because of the higher 

turbulence intensity for Re = 26,000, the numerical results show some discrepancy with the 

experimental data, especially at the near wall region.  
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Figure 5.3: Axial velocity versus radial position at axial location y =1826 mm. 

 

Figure 5.4 shows the axial velocity versus radial position of the receiver for different 

Reynolds numbers at y = 1886 mm. At the middle part of the receiver, the maximum axial 

velocities are 2.4 m/s, 2.5 m/s and 3.35 m/s for the Reynolds numbers 18,000, 22,000, and 

26,000. Similar velocity profiles are observed for different Reynolds numbers.  

 

 

Figure 5.4: Axial velocity versus radial position at axial location y =1886 mm. 
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At y = 1886 mm, closer to the tangential outlets, the results show the steady velocity profile 

at the middle part of the receiver, which tends to increase after x/R = 0.4. Noticeably, it can 

be seen that the velocity magnitude has started to increase from x/R = 0.4 in the case of y = 

1886 mm, while in the cases of y = 1766 mm and 1826 mm, the increase in velocity profile 

started at approximately x/R = 0.8. The reasons for the change in velocity profile in the case 

of y = 1886 mm is the closer outlet position when compared with the other two measured 

positions.  

 

The comparison of the mean velocity between the numerical and experimental results shows 

that the numerical results are well matched with the experimental results, especially in the 

central part of the receiver. However, some discrepancies were observed between the 

numerical and experimental data, especially at the near wall region. This variation between 

the numerical and experimental results can be explained as the error in the experimental data, 

due to the positional accuracy and the formation of the boundary layer. All possible steps 

were taken to face the cobra probe towards the flow and avoid any kind of vibration, aiming 

to minimise the error in the experiment. Nonetheless, due to the high sensitivity of the cobra 

probe, some errors occurred. A small variation in the positional accuracy led to a large error 

in the experiment.  

 

Furthermore, a boundary layer was formed in the near wall region of the receiver and the 

cobra probe is not capable of capturing the effect of the boundary layer. Thus, some errors 

occurred and consequently the variations between the experimental and numerical results are 

observed. In addition, a higher accuracy from the numerical analysis could be achieved by 

increasing the number of nodes and corresponding numbers of elements from the meshing of 

the model. However, at this stage of the research, these errors are assumed to be acceptable.       

 

Figure 5.5 shows the velocity profile for the mean velocity versus the radial position, using 

different Reynolds numbers of 18,000 and 26,000. The velocity profiles show that the flow is 

developing towards the fully developed flow. The effect of the boundary layer is observed 

from the experimental and simulation results in the near wall region. The boundary layer is 

caused by the viscous share force due to the fluid velocity until the flow become fully 

developed and this region is termed as a hydrodynamic entrance region. Since the cobra 
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probe is not capable of capturing the effect of a boundary layer, some data points at the near 

wall region are not shown.  

 

 

Figure 5.5: Mean velocity versus radial position using different Reynolds numbers : a) 18,000 

and b) 26,000. 

 

5.6.2   Numerical model validation with shielding jets 

 

Figure 5.6 shows the numerical and experimental axial velocity versus the radial position at y 

= 1826 mm for the Reynolds number of 26,000, using two tangential window shielding jets, 

aiming to restrict the upward axial flow in the CPC region. 5% (
𝑚𝑗

⋅

𝑚𝑖
⋅  = 0.05) and 10% (

𝑚𝑗
⋅

𝑚𝑖
⋅  = 0.1) 
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of the inlet mass flow were used as a window shielding jet, and were tested both numerically 

and experimentally. Error bars represented in the experimental data show that the numerical 

results do not fall in the limit of the error after x/R = 0.6. The unsteady behaviour of the flow 

due to the high turbulent intensity and the effect of the boundary layer caused by the viscous 

shear force, results in some variations between the numerical and experimental results. 

Overall, a good agreement is found between the experimental and numerical results, 

especially in the core of the receiver. Likewise, without jet conditions, a flatter velocity 

profile is observed at the middle part of the receiver, which tends to increase from x/R = 0.4, 

and then decreases sharply towards the wall of the receiver from x/R = 0.8. The velocity 

profile in Figure 5.6 can be divided into three main groups: x/R = 0 - 0.4, provides a flatter 

velocity profile; x/R = 0.4 - 0.8, an increasing velocity profile and x/R = 0.8 - 1.0, a 

decreasing velocity profile.  

 

 
Figure 5.6: Axial velocity versus radial position at axial location y =1826 mm, using the 

window shielding jets for Re = 26,000. 

 

 

5.7 Summary 

 

Obtaining accurate results from a cobra probe depends on the critical issue of its positional 

accuracy. Every possible step has been taken to face the cobra probe exactly toward the flow. 
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Despite this, some errors, which cannot be avoided, occurred and the range of error for every 

data point is shown by the error bars. The experimental errors were analysed using standard 

deviation. Three sets of data were taken for a particular point. Data were measured at six 

radial distances (5 mm, 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, and 60 mm) from the wall 

of the receiver. The data for any particular point were then averaged and the standard 

deviation was calculated. 

 

The comparison between the numerical and experimental data confirms the validation of the 

model. Some variations between the experimental and numerical results were found, 

especially for the higher Reynolds number and the near wall region, which may be because of 

the unsteady behaviour of the flow and the boundary layer, respectively. Overall, it is 

justified to claim that the numerical model for axial and mean velocities is validated with a 

difference of less than 5% for most of the data points. Following model validation, this study 

conducted a range of parametric studies considering the geometry of the receiver, flow 

conditions and gas-particle flow. The results of the numerical study are discussed in the next 

two chapters. 
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Chapter 6: Single-phase flow analysis 

Numerical analyses of this study have been carried out at two different stages. In the 

preliminary stage, prototype geometry and flow with low Reynolds numbers were chosen, 

based on the literature review. The model and different conditions for the numerical studies 

discussed earlier are summarised in Chapter 5. The purpose of such a preliminary study was 

to achieve rough dimensions for the potential geometry, flow patterns, and effectiveness of 

window shielding jets. After achieving the core framework, an experimental study was 

conducted to validate the model. In the experimental study, some modifications were done to 

the geometry and then the numerical study was conducted, based on the dimensions of the 

experimental study. The comparison between the experimental and numerical results showed 

that the numerical model is valid. Once the model was validated, further parametric studies 

were conducted using the modified geometry. A brief summary of the preliminary results and 

detailed final numerical results for single-phase flow are presented in subsequent sections of 

this chapter. 

 

6.1 Single-phase flow analysis for the prototype geometry and low Reynolds numbers 

 

Firstly, turbulence modelling was conducted with the low Reynolds numbers of 4,000. The 

total length of the receiver was 320 mm, including the CPC section. The numerical 

investigation was carried out for both single and two-phase flow conditions. Thereafter, the 

results of the single-phase flow were compared with the two-phase flow conditions, which 

determined the effect of particles on the flow pattern.  

6.1.1    The effect of aperture positions on the axial velocity and mass flow into the 

CPC  

 

The geometry of the receiver was changed by placing the CPC at three different heights from 

the outlets as shown in Figure 6.1. The aperture was placed at 10 mm, 20 mm and 30 mm 

above the outlet in each case. The FLUENT workbench was used to modify the geometry of 

the model. The dimension of the aperture was kept constant at 50 mm for each case.  

A time step configuration of a swirling flow, considering a fluid element leaving the reactor, 

is shown in Figure 6.2. In a swirling flow reactor, the fluid element requires a different length
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 of time (i. e., t1, t2, t3, t4) for travelling different lengths of swirls. According to Figure 6.3 

both positive and negative axial velocity patterns are observed at the aperture surface of the 

receiver. The negative velocity pattern is the evidence of reversing the flow, which leads to 

generate the vortex structure (Ozalp, et al., 2013). It can also be seen that the steady-state 

axial velocity pattern at the aperture surface is not axisymmetric, which may be because of 

the oscillation of the core. 

 

Figure 6.1: Dimensions of the receiver for different CPC geometries. 

 

 

Figure 6.2: Time steps of a swirling flow structure (Shilapuram, et al., 2011). 

According to Figure 6.3 (a), the axial velocities are in the range of - 0.045 to 0.035 m/s. 

Similarly, for Figure 6.3 (b) and Figure 6.3 (c) the axial velocities are observed with a 

magnitude of - 0.018 to 0.013 m/s and ~ ± 0.012 m/s, respectively. The results from the 

Figures show that, as the distance between the aperture and the outlet is increased, the 

outward axial velocity magnitudes decrease. In addition, the surface area covered by the 
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outward axial velocity decreases with the increasing distance between the aperture and 

outlets. It can also be seen that the negative axial velocity is higher along the outlet of the 

receiver.  

Figure 6.4 shows the percentages of the inlet mass flow entering the CPC cavity with respect 

to the aperture position. The outward mass flow represents the flow towards the glass 

window, while the inward indicates the flow towards the cavity of the receiver. The mass 

flow for all numerical results was calculated based on the outward axial velocity, which 

refers to the flow toward the glass window.  

 

 

 
Figure 6.3: Colour map of the axial velocities at the aperture plane with respect to the CPC : 

(a) ∠ 15°, (b) ∠ 30°, (c) ∠  40°. 

 

The outward axial velocities from the aperture plane are then averaged and multiplied by the 

surface area covered by the outward axial velocities and the density of air. The surface area 

covered by the outward axial velocity was calculated by the iso-clip surface method available 
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in FLUENT solver. A maximum of 1.75 % inlet mass flow enters into the CPC when the 

aperture is placed at a 15 degree cone angle. The mass flow entry into the CPC is reduced 

substantially with the increased angle. As observed, a 15 degree cone angle allows 1.75 % of 

inlet mass flow into the CPC, whilst angles of 30 and 40 degrees allow 1.25 % and 0.5%, 

respectively. The higher mass flow into the CPC, with a lower aperture angle, is due to the 

lower volumetric area between the outlets and the aperture for the recirculation of the flow 

towards outlet when compared with higher aperture angles.  

 

 

Figure 6.4: Percentages of inlet mass entering into the CPC, with respect to the aperture cone 

angle. 

 

6.1.2   Effectiveness of window shielding jets 

 

A number of research studies on window shielding flows have been undertaken using 

different types of gas such as H2, N2, Ar, and fresh air. Figure 6.5 shows the colour map of the 

axial velocities on the aperture section for the aperture position at a 40 degree cone angle, 

along with the addition of window shielding jets. In Figure 6.3, the outward axial velocity 

decreases with the increasing distance between the aperture and the outlet. However, the 

outward axial velocity at the aperture section was not completely nil. Therefore, certain 

percentages of inlet mass flow are used as a window shielding jet across the window. The 

addition of 0.5% of the inlet mass flow as a window shielding jet eventually prevents all the 

outward axial velocity at the aperture section. The outward axial velocity (+ve) indicates that 
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the flow is going to the CPC, whereas the inward axial velocity (-ve) means that the flow is 

going towards the receiver cavity. The colour map of the axial velocities shows that the axial 

velocities are inward in the range of  0 - 0.019 m/s, whilst no flow is observed towards the 

CPC. The window shielding gas creates a negative pressure gradient through a free vortex 

flow (Rodat et al., 2009). Thus, the axial velocities are restricted from reaching the window 

through the aperture.  

 

Figure 6.5: Axial velocity distributions at the aperture section when the aperture is placed at a 

40 degree cone angle (30 mm away from the outlets) with the addition of tangential window 

shielding jets (0.5% of the inlet mass flow). 

 

6.1.3    Inlet mass flow required from window shielding jets  

 

Figure 6.6 shows the dimensionless mass flow rate as a function of the percentage of the 

window shielding jet. As observed, the dimensionless mass flow decreases with the 

increasing amount of jet for different aperture positions. In the case of 40 degree cone angles, 

0.5% of the inlet mass is required as a window shielding jet to get the zero outward mass 

flow at the aperture section. In the case of 30 and 15 degree cone angles, 1.25% and 1.75% of 

the inlet mass are required, respectively. The application of window shielding jets creates a 

negative drag force, which restricts the flow from entering the CPC. However, the optimum 

amount of mass is supplied from jets that will ensure the inlet mass balance at the aperture 

section.  
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Figure 6.6: Percentage of inlet mass required to balance the inlet mass flow at the aperture 

section for different cases. 

 

6.2 Single-phase flow analysis for large geometry and high Reynolds numbers flow 

 

After deriving the basic idea of the flow from the small geometry using the low Reynolds 

numbers, the investigation is reproduced using long geometry and high Reynolds number 

flows, after the validation of the model. The objective of using long geometry in the 

experiment was to make the flow towards fully developed flow. The geometrical 

configuration for the modified model is shown in Figure 3.6 of Chapter 3. The total length of 

the geometry was 2165 mm and the diameter of the receiver was the same as the preliminary 

dimension of 120 mm.  

 

Figure 6.7 shows the axial velocity profile for different inlet flow conditions based on the 

Reynolds numbers. An almost symmetric velocity pattern was observed in all the cases. In 

every case, the magnitude of the axial velocity increased further upstream in the receiver. The 

effect of the boundary layer is clearly seen for all the cases. For the low Reynolds number 

flow of 18,000, the velocity profile at the core of the receiver is nearly constant. On the other 

hand, for the flow with higher Reynolds numbers, the mean velocity magnitude along the 

outlets are much higher than that of the core of the receiver, which may be because of the 

higher suction pressure from the outlets in the later cases. Furthermore, no dramatic change in 

velocity pattern is observed by changing the Reynolds numbers from 22000 to 26,000. 
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Figure 6.7: Axial velocity versus radial position at different axial positions in the receiver, for 

different Reynolds numbers : a) Re = 18,000, b) Re = 22,000, c) Re = 26,000.  

 

 

Figure 6.8 shows the colour map of the axial velocity for different turbulent flow conditions 

at the aperture section. As seen from the colour map of the Figures, the outward axial velocity 

increases with the increase in Reynolds number. The maximum outward axial in the case of 

Figure 6.8 (a) is found to be 0.68 m/s, which is increased to 1.28 and 1.30 for Figures 6.8 (b) 

and Figure 6.8 (c). This can be attributed to the fact that a higher superficial velocity leads the 

flow to be introduced into the CPC region. A significant change in the colour map is 

observed when the Reynolds number is increased from 18,000 to 22,000 and 26,000. In the 

cases of Re = 22,000 and Re = 26,000, although the maps of the axial velocities are almost 

identical with each other, the surface area covered by the outward axial velocity is higher in 

the case of Re = 26,000, when compared with Re = 22,000.  
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Figure 6.8: Colour map of the axial velocity at aperture section : a) Re = 18000, b) Re = 22000, 

c) Re = 26000. 

 

Figure 6.9 shows the differences in radial velocity patterns at the aperture section for flows 

with different Reynolds numbers. It is clear from the Figure that in the case of lower 

Reynolds numbers (Re = 18,000), the outward radial velocity appears to be zero, whereas at 

high Reynolds numbers of Re = 22,000 and Re = 26,000, comparatively higher radial velocity 

is observed. Noticeably, a higher Reynolds number changes the flow pattern completely, as is 

evident from the colour maps.  

The colour map of the tangential velocity for different Reynolds numbers, presented in Figure 

6.10, shows the opposite phenomenon of radial velocity, as expected. It can be seen that the 

tangential velocity decreases with an increase in Reynolds number. The maximum outward 

velocity of 1.47 is observed for the Reynolds number of 18,000; this is followed by 0.64 and 

0.30 m/s for the Reynolds numbers of 22,000 and 26,000, respectively. 

 

 
Figure 6.9: Colour map of the radial velocity at aperture section : a) Re = 18000, b) Re = 

22000, c) Re = 26000. 

(a) (c) (b) 

(a

) 

(c) (b) 



Chapter 6: Single-phase flow analysis 

 

67 

 

 
Figure 6.10: Colour map of the tangential velocity at aperture section : a) Re = 18000, b) Re = 

22000, c) Re = 26000. 

 

 

6.2.1    Effect of window shielding jets on the axial velocity  

 

Figures 6.11 and 6.12 show the axial velocity pattern of without jet (WJ), 5% window 

shielding jet (
𝑚𝑗

⋅

𝑚𝑖
⋅  = 0.05) and 10% window shielding jet (

𝑚𝑗
⋅

𝑚𝑖
⋅  = 0.1), for the flow having 

Reynolds numbers of 22,000 and 26,000.  The calculation for the window shielding jet is 

shown in Equation 6.1. From the window shielding jets, the mass flow rate was kept constant, 

while the momentum was reduced by increasing the number of jets with the same diameter. 

According to the Figure, both outward and inward velocity profiles are observed for different 

cases. It can be seen that window shielding from two jets is not able to prevent outward axial 

velocity, especially in the central part of the aperture. The tangential window shielding jet 

made the axial velocity inward at the near wall region of the aperture, while the outward axial 

velocity increased significantly. This phenomenon can be explained, as the tangential 

window shielding jet increased the dynamic pressure at the near wall region, while the 

pressure is decreased in the central part of the receiver. In addition, increasing the 

percentages of the window shielding jet increases the outward axial velocity at the core of the 

aperture section. 

𝑊𝑖𝑛𝑑𝑜𝑤 𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 (𝑘𝑔/𝑠) =
𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑖𝑛𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 (𝑘𝑔/𝑠) × 𝑥

100
 

 (6.1) 

here, 𝑥 = percentages of mass as a window shielding jet.  

(a) (b) (c) 
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Figure 6.11: Axial velocity versus radial position with window shielding jet at the XY plane 

of the aperture section for Re = 22,000.  

 

From Figure 6.12, it is clear that increasing the Reynolds numbers from 22,000 to 26,000 

does not change the outward and negative velocity magnitude significantly. Therefore these 

results reveal that increasing the Reynolds number after a certain level does not affect the 

velocity profile and magnitude significantly.  

 

 
Figure 6.12: Radial velocity profiles for the axial velocity with window shielding jets at the 

XY plane of the aperture section for Re = 26,000. 
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6.2.2    Interdependency of receiver geometrical parameters 

 

In order to check the interdependency of the receiver’s geometrical configurations, the 

dimensions and the locations of the outlets are varied for different case studies, as shown in 

Figure 6.13. Figure 6.14 shows the variation in the colour map of the axial velocity at the 

aperture section for different area ratios between the outlet and inlet when the outlets are 

placed at y/d = 15. It can be seen that the maximum outward axial velocity decreases from 

0.87 m/s to 0.30 m/s when the area ratio between the outlets to inlet increases from 0.4 to 0.5. 

Interestingly, further increases in area ratio from 0.5 to 0.6 increase the maximum outward 

velocity to 0.64 m/s. Of course, the outlet section area with respect to the inlet has a 

significant effect on the outward axial velocity. However, it is to be noted that any decrease 

in the outward maximum axial velocity does not confirm a lower mass flow into the CPC. 

The other factors, such as the average velocity, the surface area covered by the outward axial 

velocities, the position of the outlets (y/d) and the aperture to receiver diameter ratios, should 

also be taken into consideration. 

 

 
Figure 6.13: Schematic diagram of the changes of (a) outlet positions and (b) diameter of the 

outlets. 
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Figure 6.14: Effect of area ratio between the outlet and inlet on the axial velocity at the 

aperture section, when the outlets are placed at y/d=15: a) 0.4, b) 0.5, c) 0.6, d) 1.0. 

 

 

Figure 6.15 shows the axial velocity pattern for two different outlet positions of y/d  = 14 and 

15, with respect to two different outlet to inlet ratios (Aout /Ain).  It can be seen that decreasing 

the y/d ratios from 15 to 14 decreases the outward magnitude of the axial velocity 

considerably in the case of Aout /Ain = 0.4, while no significant change is observed in the case 

of Aout /Ain = 0.5. According to Figures 6.15 (c) and 6.15 (d), the maximum outward axial 

velocity is found to be similar. However, this does not necessarily mean that the mass flow 

introduced into the CPC would be the same for these cases. In the case of y/d = 15, shown in 

Figure 6.15 (c), the surface area covered by the outward axial velocity is almost doubled as 

compared with y/d=14, which results in more mass flow entering through the aperture. The 

effectiveness of decreasing the y/d ratio is observed here.  However, it is desirable to keep the 

outlet position as close as possible to the aperture in order to gain more heat by the reactant 

gas and solid fuels from solar radiation.  

 

 

(a) 

(d) (c) 

(b) 
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Figure 6.15: Axial velocity at the aperture section for different conditions : a) y/d=15, b) y/d= 

14 for Aout /Ain = 0.4; and c) y/d =15, d) y/d = 14 for Aout /Ain = 0.5. 

 

Figure 6.16 shows the non-dimensional mass flow rate through the aperture section for 

different outlet diameters and axial locations. In the case of an outlet diameter of d = 25 mm 

and the length to diameter ratio y/d = 15, the mass flow ratio between the CPC to the inlet is 

0.012, compared with 0.006 for d = 30 mm.  Further increasing the outlet diameters from 30 

mm to 35 mm and 50 mm, increases the mass flow rate in the CPC. Likewise, in the case of 

the length to diameter ratio y/d = 14, the mass flow rate in the CPC is increased by increasing 

the outlet diameter, except for the diameter of 30 mm, although the rate of increment is not 

significant. In the case of y/d =13, the mass flow rate in the CPC increases with increasing the 

outlet diameters without any exception. The overall results of this analysis reveal that the 

mass flow rate from the outlet diameter of 30 mm is greater than the other outlet diameters. 

Therefore, the mass flow into the CPC for the case of an outlet diameter of 30 mm is lower 

than other outlet diameters. Furthermore, it is observed that decreasing the length to diameter 

ratio decreases the mass flow rate into the CPC for all cases, which is potentially due to the 

large volumetric area to recirculate the flow towards the outlets.       

Based on the sensitivity analysis of two different parameters: (i) the area between the outlet 

to inlet (Aout /Ain) and (ii) length over the diameter ratio (y/d), it can be seen that an Aout /Ain 

ratio of 0.5 is found to be the most effective in terms of reducing the mass flow entering the 

a) b) 

d) c) 
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CPC. In the case of different y/d ratios, it is observed that decreasing the y/d helps to decrease 

the mass flow into the CPC, however, it is crucial to consider the radiation absorptance issue. 

 

Figure 6.16: Effect of outlet diameters on the normalised mass flow rate at the aperture 

section when the outlets are placed at y/d=13, 14 and 15. 

 

The number of effective outlets retaining the same surface area is shown in Figure 6.17. 

According to the Figure, increasing the number of outlets from two to four for Aout /Ain = 0.5 

increases the maximum velocity from 0.3 m/s to 0.57 m/s. In addition, the aperture surface 

area covered by the outward velocity is roughly equal. Thus, the possibility of the mass flow 

rate at the aperture section is greater in the case of using four instead of two outlets. 

 

 
Figure 6.17: Axial velocity at the aperture section when the outlets are placed at y/d =15 , a) 2 

outlets and b) 4 outlets for Aout /Ain=0.5. 

 

(a) (b) 
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Figure 6.18 shows the normalised mass flow rate for different Aout /Ain ratios with respect to 

the number of outlets. In this study, the number of outlets was increased but the total cross 

sectional area of the outlets was kept constant by reducing the diameter of the outlets for a 

higher number of outlets. Thus, the momentum in the outlet was increased by increasing the 

number of outlets. As seen in the Figure, when Aout /Ain = 0.4 and 0.6, the mass flow rate into 

the CPC using two outlets is higher than for using four outlets, especially in the case of Aout 

/Ain = 0.4. Using the area ratio of Aout /Ain = 0.5 and the number of outlets as two, showed a 

reduction in the mass flow rate into the CPC. However, further increasing the Aout /Ain = 0.6 

tends to increase the mass flow rate. In contrast, using four outlets was found to decrease the 

mass flow rate at Aout /Ain = 0.6. Thus it can be concluded that, overall, it is more beneficial to 

use higher numbers of outlets except in the case of Aout /Ain = 0.5. 

 

 

Figure 6.18: Normalised mass flow rate at the aperture section when the outlets are placed at 

y/d = 15. 

 

Figure 6.19 shows the potential of window shielding jets for different conditions. Figure 6.19 

(a) represents the case for without window shielding jet conditions for comparison purposes, 

while Figure 6.19 (b) and Figure 6.19 (c) represent the colour map of axial velocity using a 

5% window shielding jet from two and four jets, respectively. It can be seen that the mass 

flow from two jets leads to an increase in the outward axial velocity and corresponding mass 

flow into the CPC, while using four jets helps to make the outward axial velocity and 

corresponding mass flow to be zero.  This phenomenon can be explained due to the fact that 

the mass flow from four jets prevents the inlet flow from entering the CPC completely. On 

the other hand, when two jets were used, the mass flow from the jets passed through the 
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surrounding wall of the receiver and generated a suction pressure in the aperture section. 

Therefore, introducing mass from two jets increased the outward axial velocity significantly, 

especially in the core of the receiver. 

 

 

Figure 6.19: The axial velocity at the aperture section when the outlets are placed at y/d = 15 ;  

a) without jets b) 5% of the inlet mass through 2 jets c) 5% of the inlet mass through 4 jets. 

 

Figure 6.20 shows the comparison between two and four window shielding jets with respect 

to normalised mass flow rates into the CPC at different Aout /Ain ratios. From this Figure, it 

can be seen that injecting the mass flow from four window shielding jets is much more 

favourable than two in terms of reducing the mass flow into the CPC. Furthermore, the most 

effective Aout /Ain ratio for both cases is found to be 0.5. Noticeably, at Aout /Ain = 0.5, the mass 

flow rate into the CPC is absolute zero. Since the inlet diameter of the receiver was constant 

and only the outlet diameter was varied, probably the momentum required to leave the entire 

mass of the receiver was obtained from the outlet diameters at the condition of Aout /Ain = 0.5.  

 

Figure 6.20: Normalised mass flow rate in the CPC with respect to different Aout /Ain ratios 

and the number of jets. 

(a) (b) (c) 
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Figure 6.21 shows the variation of the axial velocity pattern for different aperture to receiver 

diameter ratios (da/dr). Based on Figure 6.21, increasing the aperture size from 40 mm (da/dr 

= 0.33) mm to 50 mm (da/dr = 0.41) decreases the outward axial velocity magnitude slightly 

and further increases the size of the aperture, increasing the outward axial velocity magnitude 

markedly, especially in the near wall region. It is expected that the mass flow rate will be 

decreased for the aperture diameter of 50 mm, since the outward axial velocity is lower. 

However, in fact, the mass flow was increased slightly because a greater surface is covered 

by the outward axial velocity, as evidenced by Figure 6.22. Obviously it is common to have 

more mass flux introduced into the CPC as the surface area is increased in the case of da/dr = 

0.41, when compared with da/dr = 0.33.  

Alongside mitigating particle depositions, radiation factors must be taken into account when 

dimensioning the receiver aperture diameter. Based on the observation by Z’Graggen et al., 

(2006), the optimum ratio between the diameter of the aperture and the cylindrical part of the 

receiver is 0.41, considering the radiation factor. Among three different da/dr ratios (0.33, 

0.41 and 0.50) studied in this study show that the ratio between the aperture to the receiver 

diameter (da/dr) of 0.41 is the most effective one, considering axial velocity and 

corresponding particle deposition onto the glass window of the receiver.  

 

Figure 6.21: Axial velocity at the aperture section when the outlets are placed at y/d = 15 ;  a) 

da = 40 mm, b) da = 50 mm, c) da = 60 mm. 

 

The relationship of normalised mass flow rates and mean velocities with respect to the 

aperture diameter shows the linear response for all the cases, as shown in Figure 6.22. 

Noticeably, an increase in mass flow and mean velocity by increasing the aperture diameter 

from 40 mm to 50 mm is not significant when compared with increasing the diameter from 

50 mm to 60 mm.  

(a 
(b) 

(c) 
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Figure 6.22: Normalised mass flow in the CPC and the mean velocity at the aperture with 

respect to the aperture diameter. 

 

6.2.3   Flow pattern analysis using vectors 

Figure 6.23 shows the mean velocity pattern at different sections of the receiver. Significant 

changes in flow pattern have been observed at three different zones, such as immediately 

after the inlet, nearby the outlet area and the CPC zone.  According to Figure 6.23 (a), the 

vectors seem to have detached from the streamline, especially near the wall. In addition, a 

clear sign of flow separation and the formation of a boundary layer are observed. A small 

vortex ring is observed at the core of the receiver at y/d = 3. Some eddies are formed near the 

wall of the receiver because of the swirling flow, which are marked by the arrows.  

The second part of the receiver where the flow pattern changes, was near the outlets section, 

as shown in Figure 6.23 (b). As can be seen, two vortices were generated at the middle part of 

the receiver, which can be explained by the pressure drop. In addition to that, the flow begins 

to separate from the core of the receiver just after y/d = 15 and flows towards the tangential 

outlets. The flow enters the CPC through the periphery of the receiver, where the outlets are 

located, as is indicated by the arrow lines. After entering the CPC, the flow follows the wall 

of the receiver and forms two main vortices at the upper corner of the CPC. Flow returns to 

the receiver cavity section through the middle part of the aperture, as is shown clearly in 

Figure 6.23 (c). The vortices at the upper part of the receiver cavity create a suction pressure, 

which leads the flow through the central part of the aperture from the CPC. It is clear from 

the flow patterns of the receiver without window shielding jets, that some parts of the flow 
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enter into the CPC and eventually impinge on the glass window. Therefore, it can be assumed 

that as the flow moves towards the glass window, particles carried by the carrier gas will 

certainly be deposited on the glass window, and these particles will form a layer of particles 

and prevent solar radiation from being introduced into the receiver. 

 
Figure 6.23: The mean velocity vectors at without jet condition: a) the bottom part, b) the 

middle part and c) the CPC. 

 

 

The effectiveness of injecting air jets across the window was investigated and the flow 

pattern is shown in Figure 6.24.  The idea of injecting jets is to create an aerodynamic shield 

across the glass window and prevent the flow from reaching onto the glass window. The idea 

of window shielding jets has been implemented in a number of investigations in cavity type 
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solar receivers (Ozalp & Kanjirakat, 2010). However, the flow of the reactant gas was not 

towards the glass window.  

Figure 6.24 shows the mean velocity pattern using vectors for 5% inlet mass as a window 

shielding jet from two and four jets. In the small scale analysis, the window shielding mass 

flows of 0.25 % - 1.75 % of inlet were examined in order to see whether the injection across 

the glass window is effective or not for this particular geometrical configuration. Other than 

that, the small scale analysis does not have any effect on the large scale. 

According to Figure 6.24 (a), when air was injected from two jets, a significant fraction of the 

flow still enters into the CPC cavity. Using two jets is not sufficient to restrict the upward 

flow but a detrimental effect is clearly seen. Injecting tangential mass flows from two jets 

creates suction pressure in the central part of the CPC, thus the main inlet flow enters the 

CPC and impinges on the glass window. It is clear that the flow pattern in the upper part, 

including the CPC of the receiver, changes with the implementation of the jets.  

 
Figure 6.24: The total velocity vector using an outlet diameter of 30 mm, a) 5% of the inlet 

mass using 2 jets, b) 5% of the inlet mass using 4 jets. 

As observed in the case without jet injection, the flow followed the wall of the receiver to 

enter the CPC and returned the flow through the central part of the receiver. However, in the 

case of the addition of jets, the flow was introduced into the CPC through the central part of 

(a) (b) 
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the aperture and returned close to the wall of the receiver. This change can be attributed to the 

generation of dynamic pressure at the wall of the CPC because of the tangential jet flows. A 

number of vortices are observed, particularly at the upper corner of the CPC. 

Figure 6.24 (b) represents the flow pattern when the number of jets is increased from two to 

four, equidistant around the CPC adjacent to the glass window. Although the mass flow was 

not increased from 5% of the inlet, it seems that the main flow was restricted from entering 

the CPC. Increasing the number of jets from two to four was favoured as the dynamic 

pressure from the low velocity flow was reduced, which prevented the formation of suction 

pressure in the central part of the receiver. Another fact is that increasing the number of jets 

helped to generate bigger vortices in the CPC, thus the return flow occupied a large surface 

area rather than flowing through a narrow streamline. Therefore, it can be said that the focus 

of injecting jets is to cover all the surface area of the aperture, in order to balance the inlet 

mass flow rate at the aperture section. Successful implementation of these two factors may be 

able to restrict the upward flow from entering the CPC. 

.  
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Chapter 7: Two-phase flow analysis 

 

After analysing single-phase flow behaviour in the receiver, the investigation was extended to 

examine the flow pattern and particle deposition behaviour using gas-particle two-phase flow. 

A range of parameters pertaining to gas-particle flow were varied and the changes are 

discussed in detail in the subsequent sections of this chapter. 

 

7.1    Two-phase flow analysis with prototype geometry and low Reynolds numbers 

 

A numerical study was performed for two-phase (air and particle) flow conditions to observe 

the effect of particles on flow patterns. In this part of the investigation, the effect of window 

shielding jets on flow behaviour for two-phase flow was studied numerically. Figure 7.1 

represents the colour map of axial velocities, along with the direction at the aperture section 

for the following conditions: (a) without window shielding jets and (b) with window 

shielding jets (0.5% of the inlet mass flow). Greater outward axial velocities with a large 

section area covered by the axial velocity component are observed when window shielding 

jets are not used. The main mechanisms that act with the velocity profile are drag and 

Saffman lift forces (Yao, 2004). Some other mechanisms such as Brownian force and 

electrostatic force also play a minor role which can be neglected (Armenio, 2001). This study 

considered three physical models such as Brownian force, Saffman lift and Stokes-

Cunningham laws for DPM particle modelling as discussed in Table 5.3 of Chapter 5. 

 

The magnitudes of both outward and inward axial velocities are shown in Figure 7.1. In the 

case of the window shielding jet, the features are clearly distinguished. The outward 

magnitudes of the axial velocities are lower and the surface area covered by the outward axial 

velocities is also smaller. This result can be explained, as the negative drag force generated 

by the window shielding jet acts on the particles.  From the colour map, it is found that the 

maximum axial velocity for the first condition is 0.024 m/s, whereas it is 0.015 m/s using the 

window shielding jet. It should also be noted that the greater mass flow for window shielding 

jets is required to make the axial velocity absolutely nil for this two-phase flow condition. As 

observed earlier for single-phase flow conditions, a mass flow of 0.5% of the inlet mass as a 

window shielding jet was sufficient to balance the mass at the aperture section. However, in 
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the case of two-phase flow, 0.5% of the inlet mass flow is not enough to balance the mass at 

that section, which may be due to the higher drag force exerted by the particles. 

 

 
Figure 7.1: Colour map and the direction of the predicted axial velocities at the aperture 

section: (a) without window shielding jet and (b) with window shielding jet (0.5% of the inlet 

mass flow). 

 

7.2    Two-phase flow analysis with large geometry and high Reynolds numbers 

 

Figure 7.2 shows the effect of gravity on the axial velocity and DPM particle concentration at 

the aperture section of the receiver. The detailed conditions applied for the DPM gas- particle 

modelling are shown in Table 5.3. The calculation for mass loading is shown in Equation 7.1. 

Fluidised bed solar receivers are operated vertically and thus the gravitational effect carries 

significant importance for axial velocity and particle deposition concentration. This study 

investigated the effect of gravity and computed the results in the aperture section. The idea 

behind taking all the data at the aperture section is to understand the flow and particle 

properties in the CPC section, as the CPC begins from the aperture.  

The outward axial velocity shown in Figure 7.2(a) represents the flow, which is flowing 

towards the glass window and causes the particle deposition onto the window. The negative 

velocity magnitude means the flow is coming to the cavity of the receiver. It is clear from the 

axial velocity (Figure 7.2a)  and the particle deposition concentration (Figure 7.2b) that the 

gravitational effect has a significant impact on gas-particle flow analysis. This effect has been 

brought into the numerical modelling as a result of the second part (
𝑔(𝜌𝑝−𝜌𝑔)

𝜌𝑝
) of the equation 

in gas-particle modelling, as shown in Eq. 5.11 of Chapter 5 (Ozalp & Kanjirakat, 2010).  As 

(a) (b) 
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can be seen from the Figure, the particle concentration at the aperture section is doubled 

when the model was simulated without taking the gravitational effect into account. The 

gravitational force, is directly opposite from the flow acted-on particles, resulting in lower 

particle deposition on the aperture section. Therefore in gas-particle flow analysis, it is 

crucial to take gravity into account for accurate flow and particle characterisation when using 

a particle diameter of above 100 µm (Ozalp & Kanjirakat, 2010).  

𝑀𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%) =
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠

𝐹𝑙𝑢𝑖𝑑 𝑚𝑎𝑠𝑠 + 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠
× 100 

 (7.1) 

 

 
Figure 7.2: Gravitational effects on predicted axial velocity and DPM particle concentration 

for the condition of 12% mass loading and mean particle diameter of 100 µm. 

 

Figure 7.3 shows the colour map of the axial velocity in the aperture section for mass 

loadings of 0 to 10% with an interval of 2.5%. According to the colour maps, it is clear that 

the axial velocity was not changed significantly by increasing the mass loading. This is 

because of the low volume fractions between the particles and the gas (Elghobashi, 1994). 

 

The volume fraction of particles used in this study was 10-5, as increasing the volume fraction 

eventually increases the mass loading ratios. According to the FLUENT user guide, the 

limitation of the DPM model is that it works under a mass loading of less than 12%, which is 

a very dilute suspension and two-way coupling. Therefore, the effect of particle-particle 

interaction and volume fraction on the gas phase are negligible, resulting no significant 

changes in the magnitude of axial velocity for gas-particle flow. 

(a) 
(b) 

x/R 
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Figure 7.3: Predicted colour map of the axial velocity pattern at the aperture section for a 

mass loading of a) 0%; b) 2.5%, c) 5%; and d) 10%, and mean particle diameter of 100 µm. 

 

Figure 7.4 shows the colour map of the DPM particle concentration on the aperture section 

for the cases of 2.5%, 5% and 10% mass loading conditions and a mean particle diameter of 

100 µm. This map shows the density of the discrete phase in a continuous cell. The DPM 

particle concentration from the numerical results provides an approximate estimation of the 

density of the particles in a particular region based on the equation integrated to DPM model, 

as shown in Equation 7.2 (Jaya Krishna & Ozalp, 2013). The colour map shows the region of 

the surface with a high deposition of particles and the white zone in the Figure represents the 

glass surface with no particle deposition. According to the Figure, it is clear that increasing 

the mass loading also increases the deposition concentration. Not only a higher magnitude but 

also a greater surface area was deposited by the particles in the increased mass loading 

conditions, as was made evident by the other studies in gas-particle flows (Kulick et al., 

1994). Furthermore, the chance of depositing particles in the near wall region is greater in 

both cases.    

(d) 

(a) (b) 

(c) 
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dt
V

m

t cell

p

DPM 


  
 (7.2) 

here, pm is the particle mass flow rate and 
cellV  is the cell volume. 

 
Figure 7.4: Predicted particle concentration on the aperture section for a mass loading of a) 

2.5%, b) 5% c) and 10% and a mean particle diameter of 100 µm. 

 

Figure 7.5 shows the streamwise axial fluid and particle velocity at different axial positions  

(i.e., y/d = 0, 5 10, 15 and aperture) for a particle mass loading ratio of 12%. At y/d = 0, the 

particle axial velocity is slightly higher than the fluid velocity due to the deceleration of the 

fluid velocity as a result of the expansion of the receiver diameter (Kubik & Kleiser, 2007). It 

is to be noted that an expander was used to connect the fan with the larger diameter receiver. 

Further upstream of the inlet (i.e.  y/d = 5 and 10), the positive slip velocity of the particles 

was diminished. This can be explained by the fact that, due to the swirling action of the flow 

and generation of centrifugal forces on the particles, they are forced towards the wall of the 

cylindrical receiver and as the flow progresses, the particles were returned from the wall and 

trapped in the central part of the receiver (Apte, et al., 2003).  At y/d = 5 the axial velocity of 

the fluid and the particles is shown to obtain an asymmetric profile, whilst tending to be 

symmetric further upstream at y/d = 10, showing the characteristics of a normal channel flow 

by approaching the flow yet to be fully developed.  

 

At y/d = 15, a fluctuation in the particle velocity (the negative slip velocity) occurred. This 

can be explained by the fact that the particle-phase started to dominate the fluid phase. In 

addition, the tangential outlets close to the y/d = 15 made the flow more unsteady. 

Noticeably, at the aperture section, the velocity of the particles was considerably higher than 

for the fluid, which developed a positive slip velocity. This positive slip velocity can be 

(a) (b) (c) 
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explained as the diverging shape of the CPC, starting from the aperture section. Furthermore, 

the domination of particle-phase over fluid phase is significant at the aperture section. 

Streamlines of the particles were crossed in the aperture section and they developed a higher 

outward axial velocity along with an asymmetrical velocity pattern. Additionally, a higher 

local drag force was developed by the slip velocity. The deposition onto the glass occurs due 

to the particles carried by the axial flow velocity. Therefore, if the axial velocity up to the 

glass window exists, the deposition will occur, no matter whether there are outlets further 

upstream of the aperture or not. Surely, then, the mass flow will return towards the outlets 

after striking the glass window. 

 

The separate fluid and particle velocities presented here confirmed that the axial velocity 

pattern of the designed receiver has three distinguishing features: the first is at the entrance of 

the receiver, which is a slightly higher slip velocity, the second is in the long cylindrical 

section where the slip velocity is almost zero, representing normal channel flow; and the third 

is at the aperture section, where the particles’ velocities are much higher than the fluid 

velocity.

Figure 7.5: The predicted axial velocity for fluid and particles versus the receiver’s radial 

position with a mass loading of 12%. 
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7.3    The effect of particle diameter on turbulent flow properties  

 

Figure 7.6 shows the effect of particle diameters on the DPM particle concentration. Three 

sets of carbon particles having a mean diameter of 100 µm, 250 µm, and 500 µm and a 

density of 2000 kg/m3 were studied. Ten sets of particle diameters were selected and the 

Rosin- Rammler particle distribution was used for averaging the particles, as stated earlier in 

the numerical analysis section. Particles were injected from a surface just above the fan and it 

was assumed that the injection was uniform. The results implied that increasing the particle 

diameter led to a decrease in the particle mass concentration on the aperture section. The 

clear zone of the colour maps represents no particle deposition. As can be seen from Figure 

7.6, when the particles’ mean diameter is 100 µm, the maximum concentration is 0.37 kg/m3, 

which is decreased by 8.64 times to 0.032 kg/m3 for a particle diameter of 250 µm, further 

increasing the diameter of the particle (500 µm), leading to the particle concentration 

becoming almost nil. This can be attributed to the gravitational effect, as the higher the 

diameter of the particle, the larger is the effect. Thus, it can be predicted that smaller particles 

have a higher tendency to flow toward the glass window of the receiver when compared with 

the larger diameter particles.    

 

 
Figure 7.6: Predicted colour map of the axial velocity patterns at a) the aperture section; mass 

loading: 10% and mean particle diameter: a) 100 µm, b) 250 µm and c) 500 µm. 

 

Table 7.1 shows the particle deposition concentration, dynamic pressure and axial velocity at 

the aperture surface for different particle diameters. It can be seen that increasing the 

particles’ diameter decreases the dynamic pressure and corresponding axial velocity. In the 

case of a particle diameter of 100 𝜇𝑚, the dynamic pressure is found to be 0.18 Pa, which 

decreases to 0.16 Pa and 0.11 Pa, when using a particle diameter of 250 𝜇𝑚 and 500 𝜇𝑚 

(a) (c) (b) 
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respectively. Likewise, an axial velocity of 0.0038 m/s is observed for a particle diameter of 

100 𝜇𝑚, this is followed by 0.0037 m/s and 0.0034 m/s for diameters of 250 𝜇𝑚 and 500 𝜇𝑚, 

respectively. This study used a dilute suspension for the gas-particle analysis, therefore the 

effects of increasing the particles’ diameter on axial velocity are not significant (Elghobashi, 

1994). On the other hand, increasing the particles’ diameter leads to a considerable decrease 

in the deposition concentration. As observed, increasing the diameter twice leads to 

decreasing the deposition concentrations by ~12 times. Particles with greater diameters tend 

to generate large local vortices below the aperture, which prevent the particles from flowing 

towards the glass window through the aperture. 

 

Table 7.1: Effects of particles’ mean diameter on different area weighted average turbulent 

and DPM parameters. 

 

 

 

 

 

 

 

7.4    Flow pattern analysis using vectors for different mass loading conditions 

 

Figure 7.7 shows the mean velocity pattern at the bottom part of the vertical receiver, for 

different mass loadings and a mean particle diameter of 100 µm. In the simulation, the 

receiver was oriented vertically in order to keep its resemblance with the fluidised bed 

applications. However, during the experiment for single-phase flow analysis, the receiver was 

placed horizontally, since it was hard to measure the turbulence parameters using the cobra 

probe whilst keeping a 2 m long receiver vertical in the laboratory. As can be seen, the key 

difference between the single (0% mass loading) and two-phase flow patterns is the 

formation of vortices. The single-phase flow, as shown in Figure 7.7 (a) generates very small 

vortices at the core of the receiver, while under mass loading conditions, the formation of 

vortices is quite significant. 

 

Mean Particle 

diameter, 𝜇𝑚 

Particle 

deposition  

concentration, 

kg/m3 

Axial velocity, m/s Dynamic 

pressure, 

Pa 

100 0.005 0.0038 0.18 

250 0.00045 0.0037 0.16 

500 0.0000365 0.0034 0.11 
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In addition, increasing the mass loading from 0 to 10% with an interval of 2.5%, leads to an 

increase in the size of the vortices. The result of this larger vortex at a higher mass loading 

condition tends to make the flow more unsteady. For no mass loading conditions, the 

streamlines of the flow are quite uniform. However, at mass loading conditions (two-way 

couplings) the momentum transfer from the particles to the fluid is significant, which 

consequently changes the flow pattern. Increasing the surface area of the particulate phase by 

increasing mass loading results in increasing particle Reynolds numbers and response times, 

which in turn, increases the turbulent energy. Thus, vortex shading takes place and the flow 

become chaotic (Elghobashi, 1994). Presumably, the unsteady behaviour of the flow at higher 

mass loading conditions leads to the higher particle deposition on the glass window. 

 

 

Figure 7.7: Effect of mass loading on the predicted mean velocity pattern at the cylindrical 

bottom section of the receiver for the following mass loadings: a) 0%, b) 2.5% c) 5% and d) 

10% and a mean particle diameter of 100 µm. 

 

7.5    Effect of particle diameter on the flow pattern 

 

Figure 7.8 shows the flow pattern for different particle mean diameters. The formation of 

vortices for all particle diameters (100 µm, 250 µm and, 500 µm) is clearly seen. The key 

difference observed in the vectors for different conditions is the unsteadiness in the flow. As 

the diameter of the particles increases, the flow becomes more unsteady at the bottom part of 

the cylindrical receiver.  

d) c) a) b) 
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The flow patterns in the upper part of the receiver are also quite distinctive (Figure 7.9). The 

formation of numbers of local vortices in the near outlet region is observed for all cases, 

especially at the larger particle diameters of 250 µm and 500 µm, due to the effect of gravity. 

As observed in Figure 7.6, the particles with smaller diameters result in a higher particle 

deposition on the aperture surface when compared with the larger diameters, which may be 

because of the formation of vortices below the aperture section, as shown in Figure 7.9.       

 

  

Figure 7.8: The effect of particle diameter on predicted mean velocity patterns at the 

cylindrical bottom section of the receiver: a) 100 µm, b) 250 µm and c) 500 µm. 

c) a) b) 
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Figure 7.9: Effect of particle diameter on predicted mean velocity patterns at the top section 

of the receiver: a) 100 µm, b) 250 µm and c) 500 µm. 

c) 
a

) 
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Chapter 8: Conclusions and future work 

8.1 Conclusions  

In this study, single and two-phase flow behaviour is investigated numerically, aiming to 

prevent particle deposition on the glass window of a fluidised bed solar receiver. Numerical 

results of the flow behaviour in an FBSR show that flow behaviour is affected by the 

geometrical configuration, mass loading, and particle diameter. Based on the study, the 

following conclusions can be drawn: 

 The outward axial velocity at the aperture surface is decreased by increasing the axial 

distance between the outlet and the aperture. The aperture surface area covered by the 

outward axial velocities and the corresponding mass is higher when the aperture is 

placed closer to the outlets. This result may be because of the small volumetric area 

between the outlets and the aperture to recirculate the flow towards the outlets.   

 Based on the sensitivity analysis of the two different parameters; (i) the area between 

the outlets to the inlet (Aout /Ain) and (ii) the length over diameter ratios, it was found 

that the Aout /Ain ratio of 0.5 is most favourable in terms of reducing the mass flow 

entering the CPC. 

 In this study the number of outlets was increased but the total cross sectional area of 

the outlets was kept constant by reducing the diameter of the outlets for higher 

numbers of outlets. It is found that using four outlets, instead of two, helps to 

minimise the mass flow entering the CPC except for an Aout /Ain ratio of 0.5. 

Increasing the number of outlets with a lower diameter eventually increases the 

momentum in the outlet, which results in less mass flow into the CPC. 

 Three different outlets’ axial positions (y/d) such as y/d = 13, 14, and 15 are studied 

for different Aout /Ain ratios.  It is observed that the minimum and maximum mass flow 

introductions into the CPC are in the cases of y/d = 13 and 15, respectively. The 

reason for the lower mass flow at the lower y/d ratio can be predicted because of the 

higher axial distance between the outlets and the aperture, which allows more 

volumetric space for the circulation of the flow.  
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 Considering the solar radiation absorptance and outward axial velocity magnitude at 

the aperture section, it is found that effective design ratio for the aperture diameter to 

the receiver diameter (da/dr) is equal to 0.41. 

 When using tangential jets to prevent particle deposition on the glass window, the 

mass flow from two jets was not effective in restricting the upward flow into the glass 

window. In fact, injecting a tangential mass flow from two jets generates suction 

pressure in the central part of the CPC, thus the main flow enters the CPC and 

impinges on the glass window. Therefore, the number of jets was increased to four 

whilst keeping the same mass flow rate, which prevents the formation of suction 

pressure in the central part of the CPC. 

 When maintaining the mass flows from the window shielding jet as constant, higher 

numbers of jets are favourable as the dynamic pressure from the jets is reduced. At the 

same time, increasing the number of jets helps to generate the vortices in the CPC, 

thus the flow from the jets occupies a large surface area rather than flowing through a 

narrow streamline. Therefore, it can be said that the focus of injecting the jets should 

be covering all the surface area of the aperture, in order to balance the inlet mass flow. 

Successful implementation of these two factors may restrict the upward flow from 

entering the CPC.   

 In a gas particle flow analysis in a fluidised bed receiver, it is crucial to take gravity 

into account for accurate flow and particle characterisation. This study shows double 

particle deposition when gravity is taken into account for a particle diameter of 100 

µm, and this effect is higher for larger particles such as 250 µm and 500 µm. 

 

 The numerical results of the effects of particles on flow behaviour in an FBSR show 

that, under the same operating conditions, in the case of two-phase flow, the average 

outward axial velocity is slightly higher than that for a single-phase flow, which is 

potentially due to the higher drag force exerted by the particles in two-phase flow.  

 

 In the gas-particle flow analysis, increasing the mass loading leads to an increase in 

the particle deposition concentration in the aperture section. Increasing the mass 

loading leads to an increase in the size of the vortices in the receiver. In addition, at 
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higher mass loadings, the number of particles is essentially higher, therefore the 

particle deposition concentration becomes correspondingly higher.     

 The separate fluid and particle velocities confirmed that the axial velocity pattern of 

the designed receiver has three distinguishing features: (i) a slightly positive slip 

velocity at the entrance of the receiver; (b) an almost zero slip velocity in the long 

cylindrical section, and (c) a much higher particle velocity at the aperture section. 

 

 The effects of the particle diameter on the deposition concentration are investigated in 

this study and found to have an inversely proportional relationship, as increasing the 

particle diameter leads to a decrease in the particle mass concentration at the aperture 

section. Based on the present study, increasing the diameter twice leads to decreasing 

the deposition concentrations by ~12 times. Increasing the diameter also leads to 

decreasing the area weighted average axial velocity and dynamic pressure. However, 

these changes are not significant, as can be seen in Table 7.1.  

 

 The flow pattern comparison between the single and two-phase flow shows that, for 

two-phase flow, vortices are generated immediately after the entrance and near the 

outlets and in the CPC of the receiver. Increasing the mass loading leads to an 

increase the size of the vortices. In addition, increasing the mass loading from 0-10% 

with an interval of 2.5 lead to the flow becoming more unsteady.  

 

 The higher gravitational effect on the larger particles results in the formation of 

vortices closer to the outlets, which may help to decrease the depositions at the glass 

window of the receiver.  

Finally, it can be concluded that, the objectives of the project have been achieved along with 

some useful outcomes. The single-phase flow behaviour analysis under the first aim shows 

that the flow behaviour in the FBSR depends on a numbers of factors. These factors include: 

the outlet and inlet diameter ratios, the number of outlets, the position of the outlets and the 

aperture to receiver diameter ratios. The effective design configurations found in this study 

are outlined in the bullet points above.  
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Under the second aim of the project, the effects of particles in the flow pattern are 

investigated and the distinguishing features between the single and two-phase flows are 

clearly noticeable. The gravitational effect on gas-particle flow is significant for the particle 

diameters of 100 µm, and this effect is even higher for larger particles (i.e., 250 µm and 500 

µm). In addition, the mass loading also plays a significant role in changing the flow pattern 

and particle depositions. The generation of vortices below the aperture helps to reduce the 

particle deposition on the glass window. 

The effectiveness of window shielding jets is investigated under the third aim of this project. 

The window shielding jets help to minimise the axial outward velocity at the CPC section, 

however, their numbers are crucial. Based on the current study, it is observed that 5% of the 

inlet mass as a window shielding jet from four jets instead of two jets is capable of preventing 

any particle deposition at the aperture section.    

Careful selection of the interdependent parameters investigated in this study will potentially 

mitigate the particle deposition on the glass window of an FBSR and will retain the properties 

of the glass window for a longer time. 

 

8.2  Suggested future work 

 

The following additional analyses are required to understand the flow pattern and particle 

deposition characteristics in a fluidised bed solar receiver in greater detail. For this it will be 

necessary to:  

 

 Conduct gas-particle flow analysis whilst considering different numerical approaches.  

The DPM model, which is based on the Eulerian-Lagrangian approach, is used in this 

analysis. However, the limitation of the DPM model is that it works under a mass 

loading of less than 12%, and lower numbers of particles can be investigated. In 

addition, the DPM model is preferably used for a dilute suspension. Therefore, a 

Eulerian-Eulerian multiphase flow model can be used for better understanding of the 

flow and particle deposition phenomena.    

 Investigate more inlet, outlet, and jet flow conditions. 
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This study used axial inlet flows, whilst the tangential flow condition is used for both 

outlet and window shielding jets. However, the other flow conditions such as radial or 

different angular flow conditions for the flow can also be tested in the future.    

 Investigate the effect of solar radiation through a gas-particle flow analysis. 

The effect of solar radiation on the flow pattern was beyond the scope of this project. 

However, solar radiation certainly has a significant impact on the flow and particle 

deposition characteristics. Therefore, discrete ordinate or P1 radiation models can be 

used for the analysis.     

  Investigate the flow and deposition characteristics by varying the particles’ physical 

properties. 

This study used only carbon particles for the investigation of gas-particle two-phase 

flows. However, there are a number of solid fuels, which are used for gasification in 

FBSRs: therefore, further investigation could be carried out considering other 

particles with a variety of physical properties.   

 To conduct particle image velocimetry (PIV) analysis to measure the flow inside the 

receiver. 

This study is devoted to understanding flow patterns using quantitative data obtained 

from the cobra probe. The cobra probe is an intrusive instrument, which creates 

disturbance because of its existence in the flow and is likely to introduce errors into 

the results with small variations of its positioning. Therefore, for better accuracy and 

to achieve qualitative images of the flow patterns and particle deposition, a PIV 

investigation is highly recommended.  

 Full-scale analysis for the FBSR is required. 

The geometry used in this study was a simplified form of an FBSR, which provided 

an understanding of flow and particle deposition behaviours. However, it is 

recommended to take full scale and actual fluidisation phenomena into account for 

better understanding of all elements of the flow.  
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