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ABSTRACT  
 

The ubiquity and complexity of the unsteadiness of fouling and multiphase flows in various engineering 

systems signify the need to develop advanced numerical methods to study the underlying phenomena of two-

phase particle-laden fluid flows in heat exchanger systems such as, compact electronics cooling (i.e. heat 

sinks) and HVAC&R systems. Fouling is omnipresent in many industries such as power generation, chemical, 

petroleum, among others. The mechanisms governing fouling coupled with multiphase foulant-laden fluid 

flow in porous heat exchangers, such as metal foams, are very complex and poorly understood. This 

investigation forms the basis for addressing the implications of fouling for a myriad of industrial processes. 

This study will discuss the development of a coupled finite volume method and discrete element method 

(FVM-DEM) numerical framework to investigate the mechanisms governing particulate fouling in an 

idealized metal foam heat exchanger. This study resolves four-way and two-way coupled interactions based 

on poly-disperse cohesive foulants in fluid-saturated foam. The significance stems from the inclusion of 

cohesiveness between particle-particle and particle-wall contacts which play a decisive role in the foulant 

aggregation process prevalent in particles with a diameter smaller than 50 µm.  The present results show that 

the cohesive foulants exhibit strong tendency to aggregate with time and form chain-like projections. A rigid 

aggregate stack is formed which alters the fluid velocity of the fluid-filled foam. Quantitative analysis of the 

foulant count and time-averaged aggregate count is discussed.  The presented results and the numerical 

framework could potentially be used to optimize heat exchanger designs by considering operating conditions 

and foam morphology (i.e. pore diameter, ligament thickness, porosity) that is most susceptible to particulate 

fouling. 
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1. Introduction 
 

Fouling in heat exchangers is ubiquitous in a myriad of industries such as chemical, dairy and food processing, power 

generation, among others. Heat exchanger is constantly subject to fouling over long periods of time, thereby leading to 

high financial losses, maintenance costs, safety hazards, and reduction in thermal efficiency. Fouling of the heat transfer 

surfaces in the dairy industry has an adverse effect on the safety and quality of dairy products (Bansal & Chen, 2006; 

Visser & Jeurnink 1997). Process intensification techniques that employ microstructure devices may encounter a decline 

in the peak operating capacity in the presence of unwanted particulate foulants or non-pure fluid flows (Schoenitz et al., 

2015). Membrane bioreactors (MBR) are gaining extensive popularity in wastewater treatment and encounter an average 

growth rate of 11 % per annum. However, fouling is responsible for a significant portion of the operating costs of this 
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state-of-the-art technique (Drews A., 2010). Fouling of preheat exchangers (PHT) for crude oil distillation units (CDU) 

has a negative impact on the process economics and the environment (Mozdianfard & Behranvand, 2015). In particular, 

the U.S. Department of Energy (2006) enunciated the potentially high fuel savings could be achieved by improving 

existing operating practices and capital equipment in refineries. Particulate fouling in indoor and outdoor environments 

are responsible for degrading the performance of heat exchangers in heating, ventilation, air-conditioning, and 

refrigeration systems (HVAC&R) (Inamdar et al., 2016). Recent technological advancements in electronics cooling 

have seen an increase in the compactness of heat sink fins (Moore D.A., 2009); however, it is worth mentioning that the 

dust particles have a detrimental effect on these very small and dense heat sinks. Clearly, fouling is a multifaceted 

problem encountered in a myriad of industries. The global heat exchanger market is expected to reach US $ 78 billion 

by 2020. Moreover, heat exchanger fouling may play a role in generating 1-2.5 % of the global carbon dioxide emissions 

while the economic penalties account for about 0.25 % of the gross domestic product (GDP) of industrialized nations 

(Müller-Steinhagen, H. et al., 2013). Therefore, the development of energy efficient and effective heat exchange 

technologies is of paramount importance.  

 

Metal foams are a class of disordered porous media that exhibit a number of unique thermo-physical properties such as 

high surface area to volume ratio, high heat transfer potential, low weight, high strength, and resistance to high 

temperature and humidity (Han et al., 2012). Open cell metal foams are manufactured by powder metallurgy moulding 

whereas closed cell metal foams are commonly made by mixing or injecting gas and foaming agent through molten 

metal (Fraunhofer IFAM, 2015; Krar & Gill, 2003). The stochastic and highly irregular structure of open-cell metal 

foams provide excellent thermal management solutions due to the metal foam’s inherent ability to induce fluid mixing, 

promote turbulence, and augment the heat transfer rate. Metal foams are gaining extensive popularity in the research 

arena and are seen as a viable alternate to fin-based heat exchangers under certain operating conditions (Bhattacharya 

& Mahajan, 2002; Chen et al., 2015; Huisseune et al., 2015; Rad et al., 2015; Seyf & Layeghi 2010). Schampheleire et 

al. (2013) performed a comparative assessment of the thermal hydraulic performance of aluminium metal foams and 

louvered fins in HVAC applications. Firstly, they found that louvered fins perform better than 10 PPI metal foams at air 

velocities greater than 2 m/s; however, the metal foam is superior to fins in a purely convective flow. Secondly, a brazed 

foam heat exchanger achieved similar performance results with the louvered fins due to the fact that brazing, a type of 

bonding method used in foams, significantly increases contact resistance by up to 44%. It is not known whether a dual 

fin-foam heat exchanger system exhibits similar performance issues. It is noteworthy that no studies were conducted 

using aluminium and copper foams of various PPI’s, and foam height, which could potentially have higher thermal 

conductivities that could form the basis for compensating a high contact resistance. Clearly, the use of foams is not 

perfectly suited for every application. Tongcai et al. (2014) successfully enhanced waste heat recovery in a 

thermoelectric generator system by up to 83.56% when using porous metal foams; this achievement will be beneficial 

in the electric power industry. Metal foam heat sinks are seen as an attractive alternative to fin-based heat sinks for 

CPUs. In particular, Mahdi et al. (2006) experimentally investigated the thermal performance of aluminium-foam CPU 

heat exchangers. The thermal resistance was found to be about 70 % lower compared to fin-based CPU exchangers. Li 

et al. (2016) concluded that porous metals offers a comparatively better performance than solid metals in pin fins in 

rectangular mini-channels. Sauret, Abdi & Hooman (2014) used numerical and experimental methods to examine a 

partly-filled porous metal foam heat exchanger for waste heat recovery applications. Separation regions were identified, 

and a varying interface velocity is experimentally observed. Yang et al. (2016) integrated experiments, genetic 

algorithm, and computational fluid dynamics (CFD) to perform optimization studies of porous pin fins in rectangular 

channels. It was found that the porous pin fin height has a relatively larger influence on pressure drop than the pitch of 

the pin fins. Furthermore, rearranging the pin fin showed very miniscule change in the overall heat transfer efficiency. 

Yucel & Guven (2007) numerically examined cooling performance of heated elements and porous inserts in a parallel 

plate channel. It was found that the natural convection is the predominant at low-Reynolds number flows, whereas at 

high-Reynolds number flows, forced convection prevails; moreover, mean Nusselt number increases with increasing 

Darcy number thereby mitigating the maximum dimensionless temperature of the blocks. Hung et al. (2013) numerically 

studied the thermal-hydraulic performance of a sintered porous micro-channel heat sink (MCHS) by varying the 

pumping power, foam porosity, foam geometry, and foam permeability.  One of the key findings is that at a pumping 

power of 0.8 W, a maximum of 76.6 % improvement in cooling performance of the porous MCHS is observed when 

the foam porosity increases from 60 % to 85 %.  
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A myriad of the aforesaid studies investigated porous metal foam heat exchangers; however, the existing literature on 

these fibrous metal foams are based on several major limiting assumptions which raises questions about the veracity of 

the true potential of metal foam heat exchangers. In particular, most existing studies are purely based on single phase 

flow (Bai et al., 2011; Della Torre et al., 2014; Ranut et al., 2014; Yongtong et al., 2017; Xu et al., 2011; Ejlali et al., 

2009; Kamath et al., 2014; Yang et al., 2013; Lotfizadeh et al., 2015) which is not the norm in passive heat exchangers 

such as heat sinks or even in energy generation industries (Traore et al. 2015; Kuruneru et al., 2016). Additionally, the 

existing studies on these fibrous structures are based on foam porosities greater than or equal to 95 % (Bayomy et al., 

2016; Diani et al., 2015; Kuruneru et al., 2016; Yucel & Guven 2007) which are structurally weak, in some cases, 

provide only moderate increase in heat transfer, and may not be suitable for specific thermal applications (Dukhan 

2006). In fact, the existing literature is almost devoid of information, such as single-phase flows, for porous foams of 

70-90 % porosity. Furthermore, few researchers have studied multiphase solid-gas flows and particulate fouling in metal 

foams of porosities greater than 90 % (Kuruneru et al. 2017; Sauret et al., 2014). However, these multiphase flow studies 

that assumed mono-disperse foulants, which are based on identical foulant diameter, contrast with the stark reality that 

heat exchanger fouling comprises foulants of various diameters and densities. Additionally, the investigation of the 

cohesiveness or stickiness of foulants, which are prevalent in very small particles (i.e. 1 to 20 μm), in porous media, is 

not established in the literature. Highly cohesive particles could potentially play a role in the fouling process which is 

related to the cohesion energy density between particle-particle and particle-wall contacts. This could also play an 

important role in the heat exchanger efficiency. To the best of the authors’ knowledge the existing literature is devoid 

of information pertaining to unsteady multiphase particle-laden fluid flow and particulate fouling in low-porosity fibrous 

metal foam heat exchangers based on poly-disperse cohesive foulants.  

 

The objective of this work is to develop a coupled Finite Volume Method (FVM) and Discrete Element Method (DEM) 

numerical method to examine the transient evolution of multiphase foulant-laden air flow and poly-disperse cohesive 

particulate fouling and aggregation in low-porosity fibrous foams. In this work, two-way coupling (particle-fluid 

interactions) and four-way coupling (particle-particle and particle-wall interactions) is taken into account. This paper is 

organized as follows. First, we cover the numerical methodology in § 2.1. The computation domain, mesh, and boundary 

conditions are discussed in § 2.2. An outline of the numerical cases studies based on various foulant properties is 

presented in § 2.3. The main results covering grid independence test, model validation, and key findings of solid-gas 

flows are discussed in § 3. Finally, the conclusions drawn from the main results are given in § 4.  

 

2. Methodology 

 

2.1. Numerical Model 

 

The study of multiphase particle-laden fluid flow and particulate fouling in a porous structure is achieved by 

developing a coupled finite-volume method (FVM) and discrete-element method (DEM). Herein is presented 

a summary of the numerical framework to account for fully resolved solid-gas non-reactive interactions in a 

porous configuration consisting of arrays of circular cylindrical obstructions. The full details of the deployed 

numerics is presented in Kuruneru et al. (2017), and is not repeated here. The working fluid in this study is 

air which is assumed to be laminar, incompressible, and isothermal and governed by the volume-averaged 

Navier-Stokes equations: 

 

,0)( 



ff

f
v

t



 (1) 

,)()(
)(

gFpvv
t

v
fffpffffff

fff








 (2) 

 

where vf is the fluid velocity, εf is the gas-phase fraction within a finite-volume computation cell which 

accounts for the fraction of solid particles in every computational cell, g is gravitational acceleration, τ is the 

fluid viscous stress tensor, and ρf  is the carrier fluid density. The two-way coupling interaction term which 
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accounts for the momentum transfer between the discrete solid particles (hereinafter called “foulants”) and air 

is given by Fpf, 
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where vi is the particle velocity, Vi is the particle volume, and Vcell is the volume of a computational cell for 

all particles I, vi is the solid foulant velocity, and vf|i is the air velocity interpolated to the position of the foulant. 

In this study, the inter-phase momentum exchange term η is based on the drag closure formulation of 

Gidaspow, which is commonly referred to as the Ergun-Wen-Yu drag model (Gidaspow, 1994). Secondly, the 

transportation of the discrete solid foulants is governed by Newton’s second law of motion: 
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The evaluation of the angular momentum of a discrete particle is given by 
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where ωi is the rotational velocity, Ti is the torque, and Ii is the moment of inertia. An Euler-implicit integration 

scheme is deployed for the particle equations. The discrete particles are assumed to be spherical, smooth, rigid, 

and isothermal. The density of solid foulant ρi is assumed to be significantly greater than the density of air ρf 

(ρi >> ρf); as such, only drag forces and gravity force is considered. A soft-sphere discrete element method 

(DEM) is deployed in this study which is based on a non-linear spring-slider-dashpot model and is used to 

model the discrete particulate phase (Tsuji et al., 1992). The interested reader is referred to Tu et al.(2012) for 

a summary of the linear and non-linear contact models for DEM simulations. 

 

A cohesion model is introduced to account for cohesiveness between particle-particle and particle-wall 

contacts (DEM Solutions, 2010b; Qian et al., 2013; Romani Fernandez & Nirschl 2013). The cohesive force 

accounts for the cohesive energy density of the solid particles  and the contact between the particles Acontact, 

given by:  

 

contactCED AF   (6) 

 

The number of collision resolution steps is set to 30 and the time-step is set to 1 × 10-4 for the fluid phase. The 

simulation is executed from 0 s to 1.00 s and the solid particles (i.e. foulants) are injected at the inlet plane 

from 0.10 s to 1.00 s. The fluid is quiescent, in other words, Uinlet = 0 m/s. Particle initialization velocity is set 

to 0 m/s. A generalized geometric-algebraic multi-grid (GAMG) solver and a Gauss-Seidel smoother is used 

to obtain the discretised pressure equations. Additionally, a bi-conjugate gradient stabilized (PBiCGStab) with 

a diagonal incomplete-Cholesky symmetric and incomplete-LU asymmetric preconditioner (DILU) is 

deployed to obtain discretised velocity equations. The PBiCGStab is a variant of the biconjugate gradient 

method (BiCG) (Van der Vorst, 1992; Barrett et al., 1994). Trial numerical results have shown that the results 

are very similar regardless of whether a smoother symmetric Gauss-Seidel (sGS) or a PBiCGStab-DILU is 

used for obtaining the discretised velocity equations. The residuals for the pressure and velocity are, 

respectively, 1 × 10-6 and 1 × 10-5. The density of the solid sandstone particles is 1250 kg/m3 (Hilton & Cleary 
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2013). In this study, the coefficient of friction is assumed to be, respectively, 0.50 and 0.30 for particle-particle 

contacts and particle-wall contacts. For particle-wall contacts, the particle is assumed to adhere upon impact 

on the surface (metal foam ligament); in other words, the particle-wall collisions are assumed to be perfectly 

inelastic. The restitution coefficient for particle-particle is 0.50. This assumption based on 100 % sticking 

probability for various heat transfer equipment, such as HVAC&R, is used by various authors (Inamdar et al., 

2016; Muyshondt et al., 1998, Siegel 2002, Siegel & Nazaroff, 2003; Yang et al., 2012). The cohesion energy 

density and adhesion energy density between the particle-particle and particle-wall contacts is, respectively, 

50000 J/m3 (Qian et al., 2013). The solid-gas flow profiles and particulate fouling deposition characteristics 

based on various particle injection rates are studied. The enabling of the momentum predictor showed 

negligible difference in the numerical results and is usually not enabled for (very) low-Reynolds number fluid 

flows or multiphase flows. A dual SIMPLE-PISO (PIMPLE) algorithm is deployed for the fluid flow to 

achieve a stable pressure-velocity coupling and is used in conjunction with the discrete particulate phase. 

Several key controls are introduced: non-orthogonal correctors, correctors, outer-correctors, relaxation factors, 

and a PIMPLE residual control. Numerical sensitivity analysis study showed minuscule discrepancy in the 

results using either the standalone PISO or dual SIMPLE-PISO algorithm. OpenFOAM software (OpenFOAM 

v4.1), an open-source customizable CFD C++ program, is used to numerically couple the carrier fluid phase 

and discrete phase. 

 

2.2. Geometry  

 

The developed numerical framework is deployed to study solid-gas multiphase laminar flows and particulate 

fouling in a porous structure which consists of a cubical array of cylindrical struts, as shown in Fig. 1. Low-

porosity foams have a more circular ligament shape (Bhattacharya et al., 2002). The dimensions of the 

geometry is 0.50 mm × 0.50 mm. The circular cylindrical obstructions which connote the metal foam 

ligaments have a diameter of 0.175 mm. A CFD-DEM analysis of particle-laden gas flows in an actual metal 

foam geometry obtained through X-ray micro CT scans is extremely complex and computationally 

demanding. As such, the first step is of the authors’ intention to simulate a simplified and repeated 

configuration while retaining the macroscopic quantities of a metal foam such as porosity and fibre thickness. 

Many authors evaluated heat transfer correlations for high-porosity aluminium foams based on the assumption 

that the foams form an idealized pattern, namely, a cylindrical array of cylinders (Dukhan 2005; Fuller et al., 

2005; Ghosh 2009; Hooman et al., 2012; Tamayol & Bahrami 2011), as shown in Fig.1 for example. In 

particular, Wang et al. (2017) used a cylindrical array of two cylinders to numerically model fouling 

characteristics of H-type heat exchangers. It is of the authors’ intention to unravel the dynamics of solid-gas 

flows and fouling in an idealized model of cylindrical circular arrays prior to studying real metal foam 

structures. This idealized geometry consists of multiple ordered circular cylindrical arrays; however, in this 

study, only one ligament (cylinder) is studied due to the symmetrical nature of the problem. Moreoever, the 

focus is on the investigation on the cohesive behaviour of foulants at the pore-level. As such, one 2D 

cylindrical array is selected as the computational domain.  A velocity inlet, U∞ = 0 m/s, is assigned at the top 

plane, and a pressure outlet (0 Pa) is assigned at the bottom plane; additionally, symmetry boundary conditions 

are applied to the left and the right planes, as shown in Fig. 1. It is assumed that symmetry left and right planes 

are permeable to the solid foulant particles. The geometry and the corresponding hexahedron mesh in the form 

of quadrilateral grids is designed in ANSYS (ANSYS v18, 2016). The simulation is executed in OpenFOAM 

(OpenFOAM v4.1, 2016). ParaView (ParaView v4.1.0, 2014) is used to post-process the numerical results. 

The porosity of a metal foam is approximated by, 
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where df and dp are, respectively, the ligament diameter and the pore diameter. A foam porosity ε, based on a 

ligament diameter of 0.175 mm and pore diameter of 0.50 mm, of 71.15 % is registered. The number of pores 

per inch (PPI) in this study is 52. The PPI is evaluated as: 
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(a) (b) 

Figure 1. (a) Computation domain and boundary conditions (b) Computational grid. 

 

A grid independent test on single-phase fluid flow is performed using three different grids: 272 nodes (which 

is based on Fig. 1b), 480 nodes, 744 nodes. Mesh is refined using the sizing option, namely the relevance 

centre, smoothing, span angle centre. Successive mesh refinement shows no alteration in the global pressure 

drop at 272 nodes. This is arguably due to the simplicity of the domain. Therefore, Grid 1 is used for the 

computation studies. It is worth mentioning that the use of the unresolved CFD-DEM numerical method 

presented herein precludes the use of extremely fine fluid grid cells relative to the size of the DEM particles, 

which could lead to numerical stability and accuracy issues (Banerjee & Agarwal 2015; Kloss et al., 2012). 

As such, the mesh at the wall is not refined. The use of the resolved CFD-DEM method which is based on the 

fictitious domain method is to be used if the DEM particle is significantly greater the CFD mesh cell (i.e. 

extremely fine mesh) or when dealing with complex geometries (Hager et al., 2012).  

 

2.3. Case Studies 

 

The numerical investigation is based on poly-disperse solid cohesive foulant particles, as shown in Table 1. 

The poly-disperse solid foulants are injected at the inlet plane based on a normal Gaussian size distribution 

with a minimum particle diameter of 5 μm, maximum diameter of 20 μm, mean diameter of 10 μm, and 

variance of 25. The dust diameter and densities are based on the American Society of Heating, Refrigerating 

and Air-Conditioning Engineers (ASHRAE) standard test dust (Inamdar et al., 2016). Furthermore, the 

particulate fouling patterns is investigated based on various particle injection rates, which is based on the total 

number of particles injected per second (pps) at the inlet plate. 

 

Table 1 CFD-DEM case studies.  

Case Foulant density (kg/m3) Particle Injection Rate (pps) 

1A, 1B, 1C 1250, 500, 2500 50 

2A, 2B, 2C 1250, 500, 2500 150 
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3A, 3B, 3C 1250, 500, 2500 250 

4A, 4B, 4C 1250, 500, 2500 350 

 

Firstly, the solid-gas flows and foulant aggregation and foulant deposition characteristics based on solid 

particles of 1250 kg/m3 density is investigated. Afterwards, the foulant aggregation profiles based on a lower 

density (500 kg/m3) and higher density (2500 kg/m3) is investigated. Moreover, we examine the solid 

aggregation profiles based on various particle injection rates or the number of particles injected into the 

domain per second (pps).  

 

3. Results & Discussions 

 

3.1. Numerical Model Validation 

 

The bouncing motion of a solid particle onto a glass wall filled with air is used as a benchmark for validating 

the numerical model. Initially, the particle, at a specified height from the glass wall, is at rest together with 

the ambient fluid. At the start of the simulation, the particle is released from rest and settles to the bottom wall 

under the action of gravity. The particle then bounces off the bottom wall and attains a specific height at time 

t. 

 

 
Figure 2.  Comparison of present results against numerical results from Luo et al. (2016) and experimental 

data from Gondret et al. (2002): (a) height attained by particle (b) particle velocity 

 

The solid particle is based on a 0.006 m teflon bead impacting a soda glass wall enclosed in a 120 mm × 120 

mm × 120 mm cuboid. The particle density is 2150 kg/m3. The quiescent fluid is air with a density of 1.225 

kg/m3 and kinematic viscosity of 1.6 × 10-5 m2/s. The particle is placed at the centre of the cuboid without any 

particle initialization velocity. The mesh cell size to particle diameter ratio is 2.5:1. The restitution coefficient 

and friction is set to 0.80 and 0 respectively. The numerical results are compared against the experimental 

findings of Gondret et. al. (2002) and numerical results of Luo et al. (2016). The maximum height the teflon 

ball attains at a specified time point is shown in Fig. 2a and the particle's velocity corresponding to the 

particle’s height attained is shown in Fig. 2b. Good agreement is observed between the present numerical 

results and the findings by Luo et al. (2016) and Gondret et al. (2002) thus lending credence to the numerical 

model.  
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3.2. Solid-Gas Flow and Fouling Profile 

 

The time series of foulant-laden air flow and particulate deposition and particulate aggregation pertaining to 

1250 kg/m3 foulants at 250 pps is shown in Fig. 3. Particle injection commences at 0.100 s. The interactions 

between the neighbouring foulants and particle-wall interactions (four-way coupling) and particle-fluid 

interactions (two-way coupling) are resolved. As time elapses, the foulants traverse in the quiescent fluid 

towards the outlet by means of gravitational sedimentation. Traces of foulants sediment on the surface of the 

circular obstruction (ligaments), and a number of the solids adhere to the region surrounding the apex of the 

upper half of the cylinder. However, the particles that settle at or near the apex of the upper half of the cylinder 

eventually slide over and detach from the cylindrical surface. This is because the incoming particles impact 

the settled particles in that region thereby unshackling any aggregate matter causing them to slide and attain a 

non-zero velocity. The influence of solid foulants on the fluid velocity field is realized; the fluid velocity 

remains constant bearing 0 m/s from 0 s to 0.100 s whereas the fluid velocity profiles vary with time due to 

the presence of solid foulants. The foulant aggregate comprises a semi-rigid structure of multiple layers of 

stationary foulants stacked together forming chain-like projections some of which are attached to the wall and 

some are away from the walls, which is clearly observed in Fig. 3f as a typical example. These chain-like or 

caterpillar-like projections are clearly denoted by the dashed circular lines shown in Fig. 3f, say. It is worth 

mentioning that Mousel & Marshall (2010) observed similar phenomenon pertaining to the formation of chain-

like adhesive aggregates through a micro-nozzle. The particle size in their study is 20 μm. The evenness of 

the foulant aggregate height on the cylinder is clearly observed throughout the simulation; however, the 

aggregate height amplifies from 0.500 s and reaches its peak at 0.600 s. The aggregate clearly projects 

outwards away from the cylinder at 0.600 s before becoming unstable and collapses due to the aggregate 

weight which is observed at 0.700 s.  

 

The foulants adhere to the circular walls thereby artificially increasing the surface roughness of the cylindrical 

ligaments. Moreover, the continuous accumulation of particles ultimately alters the porosity of the 

configuration. This could potentially reduce the overall heat transfer performance of the porous structure 

depending on the thermal conductivity of the solid particles and the circular ligament walls. The velocity of 

the foulants increase upon reaching the symmetric walls because zero normal gradient is enforced for any 

variable apart from the normal velocity which is zero.  

 

     

(a) t = 0.10 s (b) t = 0.20 s (c) t = 0.30 s (d) t = 0.40 s (e) t = 0.50 s 

     

(f) t = 0.60 s (g) t = 0.70 s (h) t = 0.80 s (i) t = 0.90 s (j) t = 1.00 s 
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Figure 3. Time evolution of foulant-gas flows and foulant aggregation of 1250 kg/m3 foulants at 250 pps. 

 

Traces of particles of various diameters are consistently scattered in the system throughout the entire 

simulation, and although a number of particles exit the domain through the outlet, few particles remain in the 

system for some time forming aggregates. The cohesive forces are capable of binding the solid particles into 

chains of aggregates such as those observed in Fig. 3f, 3g, 3h. Numerical simulations have shown that the 

1250 kg/m3 particles has shown no aggregate formation at 50 pps.  However, it is noteworthy that although 

the number of aggregates remain invariant, for example, from 0.25 to 0.45, the total number of particles 

attached to each of the aggregates differs substantially. For examples, at 0.550 s, one aggregate comprises a 

maximum of 12 attached particles, whereas at 0.250 s, there is a maximum of three attached particles in one 

aggregate.  

 

  

(a) (b) 

  

(c) (d) 

 

Figure 4. Number of aggregates (a) 1250 kg/m3 foulants (b) 2500 kg/m3 foulants (c) 500 kg/m3 foulants (d) 

time-averaged aggregate quantity 

 

The time evolution of the foulant aggregate quantity is shown in Fig. 4. The 1250 kg/m3 and 2500 kg/m3 

foulant particles do not exhibit any aggregation process at 50 pps; however, traces of aggregation of 500 kg/m3 

particles is profound at certain time-points at 50 pps, as shown in Fig. 4. The reason is because the heavier 

particles, namely 2500 kg/m3, settle to the outlet plane rapidly, whereas the lighter 500 kg/m3 particles settle 

at a comparatively slower pace which promotes a greater probability for these particles to aggregate. The 

number of particles present in the system from 0 s to 1 s is shown in Fig. 5. A high particle injection rates 

leads to an increase in the number of particles in the system thereby increasing the chances of the occurrence 

of particle aggregation at the cylinder surface or away from the cylinder surface. The time-averaged quantity 

of foulants based on four different injection rates is shown in Fig. 6. According to Fig. 6, the 1250 kg/m3 and 
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500 kg/m3 show a steady increase in the number of particles with time at 350 pps but quantity of the heavier 

2500 kg/m3 foulants remain resolutely steady commencing 0.50 s. However, all particle densities do not show 

any significant change in the number of particles from 0.20 – 0.30 s at 50 pps and 150 pps. All three particle 

densities exhibit a linear increase in the time-averaged number of particles with increasing particle injection 

rate. Several cases have shown traces of chain deposition phenomenon where incoming particles impact the 

wall-attached foulants and causes the aggregate height to increase to a certain extent. The maximum height at 

which an aggregate achieves under this phenomenon largely depends on the fluid flow conditions and particle 

properties. This chain deposition phenomenon is prevalent in a number of the presented studies, such as Fig. 

3 and Fig. 5. The lower half of the cylinder represents a shadow like region where particle-wall cohesion is 

scarcely observed for very few particles such as 5 μm. The few particles that deposit in this region ultimately 

detach from the cylinder walls due to the collision by larger individual particles or groups of particles in the 

form of aggregates.   

 

Another interesting phenomenon is shown in Fig.5. After the aggregate slides towards the apex of the 

midsection of the cylinder, the aggregate eventually detaches from the cylinder surface while retaining the 

cohesive bonded aggregate structure, as shown by the dashed circle in Fig. 5b. Afterwards, the aggregate 

continues to remain chained as a single aggregate from the moment it leaves the cylinder to the time it slowly 

drifts towards the outlet plane, as shown in Fig 5c. Another aggregate is formed in a similar fashion denoted 

by the bold circle in Fig. 5. This chain aggregation phenomenon due to the presence of the wall is notably 

prevalent in a number of cases. The break-away conditions of aggregate bonds, length of aggregate, and the 

duration of aggregates is linked to the competition between the solid-solid and solid-wall cohesive forces and 

hydrodynamic solid-gas interactions. An increase in the particle injection rate has a greater tendency to 

increase aggregate numbers and aggregate process. However, the larger injection rates have a higher frequency 

of particle-particle collisions and the incoming particles or neighbouring particles could impact and dismantle 

the large chain aggregates. In other words, it can be inferred that the large chain aggregates have a greater 

tendency to be broken off to smaller aggregates due to the higher collision frequency between incoming 

particles or neighbouring particles or aggregates.  

  

   

(a) t = 0.600 s (b) t = 0.750 s (c) t = 0.820 s 

 

Figure 5. Aggregate profile of 1250 kg/m3 foulants at 350 pps at various time-points 
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(a) (b) 

  

(c) (d) 

Figure 6. Number of particles in system (a) 1250 kg/m3 foulants (b) 2500 kg/m3 foulants (c) 500 kg/m3 

foulants (d) time-averaged foulant quantity 

 

The presence of the cylinder is primarily responsible for the creation of very large chain aggregates. The 

heavier 2500 kg/m3 exhibit a lower tally of aggregates. The lighter 500 kg/m3 particles have a higher residence 

time thereby creating a higher likelihood for particles to collide with each other; moreover, this long aggregate 

structure captures some of the incoming particles from the inlet, as shown in Fig. 7.  According to Fig. 4, the 

2500 kg/m3 particles exhibit the least number of aggregates. The smaller foulants exhibit stronger 

adhesiveness; the followability of these particles are slightly lower than the heavier particles. Interestingly, 

traces of highly conductive foulants, such as copper dust, could potentially accentuate heat transfer 

performance in certain applications. This could play a role in the overall heat transfer performance of a porous 

material.  

 

  

(a) t = 0.600 s (b) t = 0.800 s 

Figure 7. Aggregate profile of 500 kg/m3 foulants at 350 pps at 0.600 s and 0.800 s. 

 

4. Conclusions 

 

A coupled finite-volume (FVM) and discrete element (DEM) is developed to numerically examine the 

transient nature of cohesive poly-disperse foulant-laden air flow, foulant aggregation, and particulate fouling 

in a cylindrical array. A comparative assessment of the solid-gas profiles based on various foulant densities 

and foulant injection rates are investigated. The particle diameter in this study is less than 20 µm which 

necessitates the deployment of a model that accounts for cohesiveness of particle-particle and particle-wall 
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contacts. As such, the crucial aspect of this study is the inclusion of the cohesion model to account for the 

cohesive behaviour of foulants.  The simulation considers two-way and four-way interactions between the 

solid foulants, the viscous fluid, and circular ligament wall. The time-averaged aggregate count increases with 

time regardless of the injection rate and foulant density. Smaller particles are shown to exhibit stronger 

cohesiveness and remain in an aggregate for substantial time. Heavier particles aggregate at certain time-

points, but will break off upon impact with an incoming single particle or incoming neighbouring aggregate. 

Importantly, the presented numerical model permits one to better optimize compact and light-weight heat 

exchanger designs by altering foam geometrical properties by taking into account regions of high 

concentration of foulants. In the next step, the authors will investigate non-isothermal solid-gas flows and 

thermal effects on the aggregation process.  
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