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Highlights: 

• CFD model developed for ash and vapour deposition onto heat exchanger tubes 

• Pilot scale co-firing experiments conducted with 12 wt.% Miscanthus - Daw Mill Coal 

• CFD model applied using experimental boundary conditions and ash size distributions 

• Predictions and experimental data for deposition fluxes, shapes and temperatures 

Abstract 

Fossil fuels have traditionally been used in power generation systems and represent the main source of 

greenhouse gas emissions from this sector. Renewable fuels, especially biomass, are now being substituted for 

fossil fuels to reduce CO2 emissions. Co-firing biomass with coal, which has been widely practised in the UK and 

Europe, is one route to reduce the environmental impact of using coal. However, the deposition of ash particles and 

vapour species on heat exchanger surfaces during operation is a serious issue in pulverised coal and biomass fired 

power plant as this reduces the plant thermal efficiency and can cause fireside corrosion, which limits component 

lives. Deposit formation is difficult to predict as it varies with many factors including: boiler geometry, combustion 

conditions and fuel composition. 

Computational Fluid Dynamics (i.e. CFD) is one of the best modelling tools to study the flow behaviour of 

gases and particles around heat exchanger tubes and predict deposition. This work used an Eulerian-Lagrangian 

model to describe the gas flow field around tubes and the solid ash particle trajectories respectively. User Defined 

Functions (i.e. UDFs) were developed for the CFD package to enable the prediction of deposit growth, deposit 

shape and temperature gradients around superheater/reheater tubes. Deposit build up insulates such tubes from the 

flow of the hot combusted gas stream and reduces heat transfer between this gas stream and the steam coolant 

following within the tubes, thus raising the deposit temperature. The CFD-based predictions generated were 

consistent with available literature data. 
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The CFD deposition model has been applied to predict deposition on air cooled ceramic probes in a 100 1 

kWth pilot-scale, pulverized fuel (PF) combustor and compared to deposition data measured after the combustor rig 2 

runs. For modelling purposes, the geometry was simplified to a two-dimensional domain with inert spherical ash 3 

particles dispersed in air and injected at an inlet plane. Experimental data from a series of rig runs have been used 4 

to test this CFD deposition modelling approach.  5 

Keywords: Co-firing coal and biomass; particle deposition; vapour deposition; Computational Fluid Dynamics; 6 

superheaters and reheaters. 7 

Introduction 8 

Projections of electricity demand show an increase through 2050 as a direct consequence of the economic 9 

and efficiency growth [1]. The majority of energy will still be supplied by fossil fuels - mainly natural gas and oil 

while coal usage will flatten until 2050. The use of renewable will be encouraged, in fact, the exhaustion of natural 

fossil fuels and the environmental problems related to their use is pushing toward alternative fuels to reduce 

emissions and increase the boiler efficiency [1]. In this context, biomass is considered one of the most promising 

sources of renewable energy [2] and co-firing biomass with coal is a valid and cheaper option to reduce CO2

emissions and increase the energy output without drastic design plant modifications. However, deposit formation 

onto heat exchangers, also known as fouling and slagging, is one of the major issues during coal and biomass 

combustion. It can insulate the tube surface reducing the thermal efficiency and lead to tube corrosion which results 

in high maintenance costs and possibly power plant outages [3].  

Deposit formation is the direct consequence of coal and biomass transformation of extraneous and inherent 

mineral matter during combustion. They release ash particles of different diameters, and vapours of alkali species 

which can deposit on the tube surface [4]. Vapours can condense homogeneously in the gas phase or 

heterogeneously on solid particles and on heat exchanger deposit surfaces [4]. Solid ash particles can deposit 

according to a variety of mechanisms. Inertial impaction is one the main for solid ash particles (dp > 10 μm) 

impacting mainly on the upstream sides of tubes as they have enough inertia to overcome the drag force. Smaller 

particles tend to follow the flue gas streamline and hit the downstream of tubes as a consequence of the eddy 

impaction (dp < 10 μm), thermophoresis and Brownian diffusion (dp < 1 μm) [5]. Thermophoresis and vapour 

condensation are more significant when the tube surface is clean as they depend on the temperature gradient 
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between the bulk gas and the surface. However the total deposition rate is enhanced in the presence of a sticky 

layer of alkali vapours on the tube surface or chemical reactions in the deposit or in the gas phase which can lead to 

eutectic mixes with lower melting points.  

The high variability of fuels, especially biomass, whose properties change with location and climate, makes 

the deposit formation difficult to predict [6]. Moreover, the multidisciplinary nature of this subject makes its study 

more complicated and, even though many experimental data and modelling have been carried out so far, the 

number of gaps in the field is still high. In fact, several studies have been conducted on a lab scale to predict 

deposit formation which seems to be different compared with industrial scale. Moreover, many indices and 

mechanistic models have been developed in the literature to predict deposition [7], but they are specific for certain 

boilers and fuels and cannot be generalized. In addition to that, they are not able to predict the most critical areas 

where fouling and slagging occur and the dynamic effect of deposit accumulation on heat transfer [8]. For such a 

complex and multidisciplinary subject, computational fluid dynamics (CFD) has been recognized as one of the best 

tools to study deposition onto heat exchangers as it allows calculation of both gas and particle behaviour, including 

deposition flux and modelling mass and heat transfer. However, this modelling approach needs more studies to 

include the combination of different deposition mechanisms, and validation of the model with experimental data 

generated by the use of coal and biomass [9,10].  

In previous works, the deposition has been studied according to several sticking criteria based on the 

physical properties of particles and surfaces. Waclawiak et al. [11,12] studied a model for “powdery “ deposit 

which is more suitable when a dry particle hits a clean surface in low temperature regions. In this case, the 

deposition is due to a force balance that involves the particle and tube material properties, Van der Waals force and 

the gravity force. Moreover, “bonded” deposits, made from sticky or molten/semimolten ash particles, were 

predicted with sticking probability correlations based on the ash particle softening temperature or viscosity [13]. 

Yang et al. [14] took into account the sticking/rebounding particle behaviour after the impaction on tubes with an 

energy conservation analysis which includes the ash chemistry, particle and surface properties and furnace 

operating conditions. However, only a limited number of studies have investigated the vapour condensation 

contribution and one of the common issues was the prediction of material properties and constants used in the 

model equations.  
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The main objective of this paper was to study the deposition on air cooled probes during the combustion of 

Miscanthus and Daw Mill coal in a 100 kWth pulverized pilot scale combustion test rig at Cranfield University. 

Ash particle analyses were carried out using Environmental Scanning Electron Microscope (ESEM) and a Malvern 

Mastersizer 2000 Laser Diffraction instrument for ash particle size distribution. A CFD model was developed in 

Fluent® combined with User Defined Functions (i.e. UDFs) to predict deposit growth on heat exchangers. This 

allowed a combination of different deposition mechanisms to be included which could also take into account the 

stickiness of the particle and the surfaces. Experimental data were used to implement the model boundary 

conditions and generate results for the model validation.  

2. Experimental procedure 

2.1 Fuels 

The fuels used for this study were Daw Mill Coal and Miscanthus, both provided by E.ON Engineering plc 

(Technology Centre, Ratcliffe-on-Soar, Nottingham, UK). The proximate, ultimate and ash analyses of both fuels 

are shown in Table 1. Miscanthus has a higher moisture content and a lower calorific value when compared with 

Daw Mill Coal. Ultimate analysis of the fuels shows that Miscanthus has a lower carbon, sulphur and chlorine 

content but higher oxygen content than Daw Mill Coal. The fuels were pulverized and a blend of 12 wt.% 

Miscanthus balance Daw Mill Coal was used for the following study with an average fuel feed rate of about 8 

kg/hr. 

Table 1: Daw Mill and Miscanthus characterization (wt. %) on as received basis. 

Daw Mill Coal Miscanthus 

Proximate analysis (wt % AR) 

Moisture 3.20 40.00 

Ash content 12.39 2.85 

Volatile matter 27.59 - 

Calorific value (kJ/kg) 
Gross calorific value 25,300 9,740 

Net calorific value 26,290 11,440 

Ultimate analysis (wt % AR) 

Carbon 67.08 28.75 

Hydrogen 4.16 3.30 
Nitrogen 1.16 0.33 

Oxygen 10.32 24.60 

Sulphur 1.43 0.07 
Chlorine 0.23 0.11 

Fluorine 0.02 - 

Ash composiiton (wt % of total ash) 

SiO2 36.80 63.00 
Al2O3 23. 90 0.45 

Fe2O3 11.20 0.36 

TiO2 1.10 - 
CaO 12.00 7.10 
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MgO 2.50 2.85 

Na2O 1.50 0.18 

K2O 0.50 14.80 

Mn3O4 0.40 - 

P2O5 <0.30 1.75 
SO3 12.90 3.70 

BaO - - 

2.2 Pilot scale combustor test facility 

The tests were carried out in a 100 kWth capacity downward firing pulverized fuel (PF) pilot-scale 

combustion rig at Cranfield University (Fig. 1). The rig was heated up with natural gas before switching to 

pulverized fuels. A multi-fuel excess air burner was used to ensure complete combustion. The fuel was fed to the 

burner from a hopper using a pneumatic system and a nitrogen flow of 30 L/min. This system incorporated a shaker 

to prevent the fuels from slumping and agglomerating. The rig worked at negative pressure to avoid the gas 

escaping into the laboratory and a more detailed description of it is given in [15].  

Annular air-cooled ceramic probes were located in the vertical section of the combustor for the deposition 

study (as highlighted in Fig. 1 (left) and shown in Fig. 1 (right)). The ceramic was mullite, an aluminosilicate 

similar to the deposit surfaces in real power plants. The flue gas had a velocity of ~ 1.9 m/s, calculated considering 

the combustion section (300x300 mm) and the air flow rate (2450 L/min) at ~ 1273 K. Temperatures were recorded 

at different sections along the combustor with R type thermocouples, and K type thermocouples were used to 

monitor the ceramic probe temperature. Moreover, a multi –component Fourier Transform Infra-Red (FTIR) gas 

analyser was used to detect the main flue gas components (CO2, O2, H2O, SO2, CO, NO, N2O, HCl). During the test 

runs, the fuel feed rate was adjusted (7 - 9 kg/hr) to keep the oxygen concentration about 4%vol.  

Some of the experimental data (gas velocity and temperature, ash composition and ash particle size 

distribution) were used as boundary conditions in the CFD model, some others (e.g. deposition flux) for its 

validation. 
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Figure 1: Schematic of the pilot scale pulverized combustion rig (100 kWth) at Cranfield University (left) [16]; detail of 

the vertical section of the combustor where the deposition probes were located (right)). 

2.3 Deposit analysis 

In this study, three annular air-cooled ceramic probes (outer diameter, dt= 39 mm) were used to collect 

deposits after combustion of pulverized fuels. The compressed air flow rates were adjusted during the tests to keep 

the probe temperatures at ~500 ˚C in order to simulate real boiler superheaters and reheaters. 

The probes were assembled and cleaned with isopropanol before each test and thermocouples were fixed 

on the probes to record their temperatures. Several view ports were located along the combustor and they were used 

to check if the fuel was burning properly and to observe the deposit accumulation on some of the probes.  

At the end of each test, once the combustor had cooled down with an air flow, the probes were taken out 

carefully and the deposits were collected from the upstream (top), sidestream (sides) and downstream (bottom) 

surfaces whose area were previously calculated. Deposit from the different sides of probes was then weighed to 

calculate the deposition flux. Moreover, some ash samples were collected from the ports where the probes were 

located (Fig. 1 (right)) and it was assumed that this ash represented the fly ash that caused particle deposition. The 

samples were analysed to get an ash particle size distribution (conducted at Doosan Babcock - Renfrew, Scotland - 

using a Malvern Mastersizer 2000) and the results were fitted to the Rosin Rammler model to get parameters 

needed for the ash distribution required by the Fluent® model [17]. Moreover, ESEM analysis was conducted for all 

the ash and deposit samples to examine the fly ash and deposit compositions.  
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3 CFD Modelling 

3.1 Geometry and model set up 

A CFD approach was chosen to study the fluid dynamics around probes and the deposition behaviour. For 

this, Fluent® 17.1, enhanced with User Defined Functions (i.e. UDFs), was used to predict deposit growth on three 

ceramic probes in the Cranfield combustion rig.  

The geometry was simplified to a 2D domain to reduce the computational costs linked to the deposition 

flux calculations, the deposit shape and temperature predictions. The geometry was obtained by a 90˚ rotation 

anticlockwise (L= 2.45 m, H= 0.30 m) of the combustor in Fig.1, with the bend ~ 0.5 m after the probes being 

neglected to reduce computational costs. However, it was demonstrated that the presence of the bend does not have 

a significant influence on the ash particle behaviour and deposition processes on the probes (section 4.2). In Fig.2 

the flue gas enters on the left (inlet at 2 m/s and 1273 K), flows across the tubes (outer diameter, dt = 39 mm, at a 

constant Tt= 773 K) and leaves the domain at the right boundary condition (pressure outlet). The inlet was placed at 

20dt from the first tube and the outlet at 40dt from the last tube to avoid the flow reflection and allow the vortex 

shedding to be developed enough [18,19].  

Figure 2: Geometry and boundary conditions. 

A grid sensitivity study was carried out to ensure that the results were independent from the grid size and 

triangular mesh was chosen in order to simulate the deposit shape using DEFINE_GRID_MOTION UDF (which 

only works with this kind of mesh if the remeshing option is enabled [11,20]). The geometry was divided in four 

zones using three interiors (vertical lines in Fig.2) as boundary conditions. This is a method used to avoid the 

degeneration of the mesh when the domain is too big and to make the meshes finer gradually around the tubes 

(Fig.3). 
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Figure 3 Detail of the triangular mesh around probes. 

The flue gas was approximated to be air (ρg= 0.345 kg/m3, Cpg= 1,146 J/kg K, kg= 0.069 W/m K, μg= 44.07 

10-6 kg/m s) and ash particles were assumed to be inert (ρp= 2200 kg/m3, Cpp= 923 J/kg K, kp= 1.5 W/m K). 

The Reynolds number (Re≈ 610) is such that the von Kárman vortex trail is turbulent. Other parameters selected 

were: the Reynolds Averaged Navier-Stokes (RANS) approach was used for studying the flow and the turbulent 

model k-ω SST was chosen.  

Simulations were run for the fluid without any particles until the flow was developed around the tube, then 

particles were injected at the inlet surface. The mass flow rate of ash particles (~10-4 kg/s) was calculated 

considering the fuel feed rate and the ash percentage in the fuel. 

The dynamic nature of vortex shedding and deposition phenomenon led to a transient approach with a time 

step size equal to 10-3 s which ensures a Courant number < 1. The model was developed using the Discrete Phase 

Model DPM in Fluent® [21]. The Eulerian model describes the continuous phase and the Lagrangian model is used 

to describe particle trajectories. The integration of Eq. 1 allows the calculation of ash particle trajectories.  ����� = ����� − ��� +
��(�� − ��)�� + ��                   (1)

where: ����� − ��� is the drag force per unit particle mass; �� is the gravitational force; �� the additional force 

term (e.g. Brownian, Thermophoretic, Lift force etc); �� is the fluid phase velocity; �� is the particle velocity; ��
is the fluid density; and, �� is the density of the particle. The model took into consideration the force of gravity 

acting along the moving ash particles with the direction of the flue gas (x positive) and the interaction between the 

two phases. The dispersion of particles due to the turbulence in the gaseous fluid was included, using the Discrete 

Random Walk (i.e. DRW) and the Random Eddy Lifetime with time scale constant 0.15 [5,22]. This setting allows 
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a better prediction of small ash particle behaviour on the downstream. In addition, the thermophoretic force was 

enabled and the Talbot model was used [23,24].  

Inertial impact is recognized as one of the main deposition mechanisms for bigger particles that have more 

inertia to overcome the drag force and hit the upstream sides of tubes and rebound on neighbour tubes. Small 

particles instead are more likely to follow the flue gas streamlines, take part of the vortex shedding and hit the lee 

side [12,25]. 

3.2 Deposition model 

Deposition is a complex and multidisciplinary phenomenon which involves many species and mechanisms 

[26]. On a clean surface, only vapours and particles that hit the surface in a sticky condition are more likely to 

deposit [27]. The probability for a particle to sticky depends on the particle and surface properties (i.e., stickiness, 

roughness), impact angle and particle impaction velocity (Fig. 4).  

Deposition represents a major problem in boilers as it creates a resistance between the hot flue gas and the 

cooling fluid which deeply affects the heat transfer and the thermal efficiency. As a consequence of deposit 

formation, the temperature of the deposit surface increases and thermophoresis and condensation contributions 

decrease.  

Figure 4: Sticking of particles from a hot gas stream onto a cooled surface. 

In this work, deposit accretion was modelled modifying the DEFINE_DPM_EROSION UDF in Fluent®

[28]. The deposition flux can be calculated with Eq. 2 as a function of the fouling probability	��, the mass flow rate �� of particulate matter striking the deposition surface � and the impaction angle � (Fig. 5). However, it must be 

noticed that, in transient simulations, �� represents only the mass of particles impacting the surface [11]: 
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����,� = �� ����� ���(�) (2)

Figure 5: Parameters for particle impaction on tube. 

The fouling probability was calculated as a total probability 		����, function of the stickiness of the surface, 

depending on vapour condensation, and stickiness of the particle which depends on its composition [29,30].  ���� = ���1 − ��� + ��(1 − ��) + ���� (3)

where: �� is the wall stickiness probability and �� is the particle stickiness probability.  

For simplicity, Na2SO4 1 ppm was considered the only vapour component responsible for condensation and able to 

create a sticky layer on the tube surface [5].  

The probability can be calculated as it follows [5]: �� = ���,� (4)

where the constant S, with the inverse dimensions of deposition flux, was experimentally estimated on the basis of 

the maximum deposit accumulated on the probe during the experiments (~ 24000 [kg/(m2 s)]-1). 

The condensation flux of vapour i-th can be calculated using Eq. 5 [5]:  ��,�,� = �� �� − ��,�� �� (5)

with ��,�,� being the deposition flux and ��, the mass transfer coefficient of the i-th component defined as [31]: �� = �ℎ��/�� (6)�� is the diffusion coefficient of the ith component through the flue gases [32], �ℎ is the dimensionless Sherwood 

number used in mass-transfer operation, �� is the partial pressure of i-th gaseous component, � is the gas pressure 

and �� is the gas density. 
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The saturation pressure of the i-th gaseous component at surface temperature, ���, is calculated according to the 

following formula [5]: ��,�
p� = exp ��� − ��� + ���															(7)

where: �, � and C are given constants in Table 2, p� =105 Pa and T is the tube temperature.  

Table 2: Constants Ai, Bi, Ci   used in Eq. (7) [5]

Component A B C T [K] 

Na2SO4 15.03 37,452.4 0 1,150-1,800

K2SO4 18.08 39,449.6 0 1,150-1,800

KCl 11.01 17,132 -122.70 1,094-1,680

NaCl 11.68 19,315 -82.60 1,138-1,738

Moreover, the critical viscosity approach was used to take into account the particle stickiness �� which was 

calculated according to the composition � and the temperature � of the ash particles as follows [30]: 

��(�,�) =
����� 			� > ���� (8)

1			� ≤ ����					 (9)

Following this model, the particle sticking probability is a function of the particle viscosity � and a 

reference viscosity ���� [33,34]. The particle viscosity was calculated with the ash chemical composition, 

previously obtained by the ESEM analysis, and temperature of the particles using the model of Urbain [35,36], 

where ���� = 10� Pa s. 

The deposition rate in Eq. 2 considered only the contribution of ash particles; therefore, the total deposition 

flux was calculated adding also the vapour condensation flux (Eq. 10).  

���� = ���� ����� ���(�) + ��,� (10)

3.3 Grid motion 

The shape of the deposit was simulated by applying DEFINE_GRID_MOTION UDF to the probe surface 

in the CFD model. The deposition flux calculated in DEFINE_DPM_EROSION can be used to estimate the deposit 

thickness �� at each node j taking into account the deposit density ���� and the time [37].  
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The accretion direction was obtained calculating the angle θ normal to each face defined as in Eq. (11) and 

Fig. 6: � = tan��(��/��) (11)

The new coordinates of the nodes at different locations around the probe were determined with Equations 12 and 

13. 	��� = �� + �� cos�																												(12)	��� = �� + �� sin�																														(13)

Figure 6: Calculation of new node coordinates. 

3.4 Deposit temperature: 

The deposit layer formed during the combustion of coal and biomass represents an additional resistance to 

the heat transfer between the hot flue gas and the cooling fluid (Fig. 7) (ρdep= 600 kg/m3, kdep= 3 W/m K, εdep = 0.7) 

[13,38,39]. Therefore, the surface temperature of the deposit (T5,S) tends to increase with the deposit thickness and 

this reduces one of the driving forces related to vapour condensation and thermophoresis (gas-surface temperature 

differences) [39]. 

Figure 7: Effect of deposit build up on the surface temperature. 
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In this work, the deposit temperature was calculated using DEFINE_PROFILE UDF where Equations 14 

and 15 were implemented and the deposit thickness �� was obtained from DEFINE_DPM_EROSION UDF. The 

ceramic probe surface temperature was assumed to be constant (T4,S= 773 K) and the deposit temperature was 

calculated considering the external heat flux �̇��� due to the radiation and convection and the deposit thermal 

resistance �, function of the deposit thickness �� and thermal conductivity ����. ��,� = �̇��� � + ��,� (14)

� =
������ (15)

4 Results and discussion 

4.1 Deposit characterization 

Deposits were collected at the end of tests of 2.5 and 5 hours respectively (Fig. 8). Thicker deposits were 

found on the top of each probe where, the main deposition mechanism for bigger particles is the inertial impact. 

Generally, deposits looked quite powdery and sand color, thicker on the top than on the side and bottom. Despite 

possible ash loss while taking the probes out, the deposition fluxes for both tests were comparable. The thickness of 

the deposit accumulated after 2.5 hours (Fig. 8 (left)) was smaller than after 5 hours (Fig. 8 (right)) with a 

maximum thickness on the upstream of ~ 0.5 cm and ~ 1 cm respectively. It was more difficult to measure it on the 

sides and downstream where a very thin layer of ash was found, more powdery on the sidestream and stickier on 

the bottom where vapour condensation is more likely to occur.  

Figure 8: Deposits after 2.5 hours (left) and 5 hours (right) of exposure. 

Deposit was brushed off and collected from the upstream, sidestream and bottom surfaces. Once weighed, 

the deposition flux was calculated taking into account the area of each part of the tube and the exposure duration. 

As expected, the deposition flux (Fig. 14 (left)) was higher on the top than on the side and bottom. Probes 1 and 3 
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showed slightly higher values and this could be due to the presence of the furnace wall which increases the number 

of particle bounds and rebounds. 

The ESEM analysis was conducted for all the samples, images were captured from the different sides (Fig. 

9) and the ash composition was calculated based on the main oxides. Ash is mainly made up of aluminosilicates, 

however the results of chemical ash analysis are generally expressed in terms of weight % of their highest oxides 

and the main components using this convention are presented as SiO2, Al2O3, Fe2O3 (Fig. 10).  

TOP SIDE BOTTOM 

Figure 9: SEM images of deposit on different probe locations. 

Figure 10: Fly ash composition. 

An ash particle size distribution was obtained from laser diffraction analysis (carried out by Doosan 

Babcock) with a Malvern Mastersizer 2000 (Fig. 11). The volumetric distribution was used to calculate a 

cumulative particle size distribution with the Rosin Rammler model and the main parameters were: dmin= 0.43 μm, 

dmax= 535 μm, dmean= 68 μm, n= 1.07. 

100μm 
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Figure 11: Fly ash particle size distribution. 

4.2 Model prediction 

A predictive CFD model has been developed using Fluent® with UDFs for ash and vapour deposition on 

ceramic probes in a pilot scale combustion rig at Cranfield. The mesh in Fig. 3 was implemented with the relative 

boundary conditions, material properties and turbulence model. The flue gas was studied without particles until at 

least a partial convergence was reached. The Discrete Phase Model was then enabled with interaction between gas 

and solid phases and the ash particle trajectories (Fig. 12) were obtained implementing the Rosin Rammler particle 

size distribution from Fig. 11. Bigger particles tend to hit the front of the tube, smaller particles are more likely to 

follow the flue gas streamline and deposit on the sidestream and downstram. However, the presence of the furnace 

walls and the neighboring probes can increase the bound and rebound frequency from one tube to the other. This 

can be noticed by a higher concentration of bigger particles (red) on the downstream of probe 1 that may be due to 

the particle rebounding from the top side of probe 2 (Fig. 12). 

Figure 12: Ash particle trajectories (dmin= 0.43 μm, dmax= 535 μm, dmean= 68 μm, n= 1.07). 

Deposition was studied using DEFINE_DPM_EROSION UDF including the total stickiness of particles 

and vapour condensation. The probability for a particle to deposit is higher on a sticky surface or if the particle is 
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sticky, molten or semimolten because of previous chemical reactions. This effect was captured from one of the 

view ports during a test (Fig. 13). 

Figure 13: Deposit probe during test. 

The fly ash composition, previously calculated with the ESEM analysis, was used to predict the particle 

stickiness with the Urbain model using Kalmanovitch’s modifications [40], and the vapour condensation was 

included to evaluate the surface stickiness. This latter contributes to the formation of an initial layer, generally 

sticky, which is able to enhance the particle deposition. In this study, the percentage of ash particles deposited for 

previous alkali vapour condensation on a probe surface at 773 K was ~ 0.02% of the total deposition flux, but this 

value is expected to decrease with an increase of the deposit surface temperature. As a consequence, inertial 

impaction has been demonstrated to be one of the main mechanisms responsible for deposition on the air-cooled 

ceramic probe surfaces. These results confirm previous findings which demonstrated that the condensation of 

vapours enhanced the deposition of larger ash particles and is more significant in the early stages of exposures of 

cooler probe surfaces. However, the proportion of condensed vapour phase species was found to be insignificant 

when compared with the total deposition flux [4,27,30,41,42]. 

Simulations were able to correctly predict the deposition location around probes with higher amount of 

deposit on the upstream surfaces than sidestream and downstream (Fig. 14 (right)). The model seems to 

overestimate the deposition on the tops and underestimate those on the bottom of the probes. However, this can be 

explained by the uncertainty linked to the experimental measurements and by the numerical uncertainties 

associated with the predictions, which include: 2D geometry approximation, the particle sticking models and the 

deposit properties used in the current paper. 
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Figure 14: Deposition fluxes from experiments (left) and modelling (right). 

Fig. 15 compares the results of deposition flux predictions using the current model (with and without the 

bend) with the “powdery” model used by Waclawiak et al. [11] and the model used by Yang et al. [14]. Previous 

values from the literature were used to overcome the difficulties in defining the constants and material properties 

(e.g. deposit surface tension, contact angle, etc. [14]) in the equations. 

Figure 15: Comparison of the deposition fluxes between the experiments and several sticking models. 

The results show that the presence of the bend does not affect the deposition flux on the ceramic probes; 

therefore the following simulations used the straight geometry which implies less computational costs. Moreover, 

the powdery deposit [11] tends to underestimate the experimental values, while the model developed by Yang et al. 

[14] overestimates the experimental deposition flux. However, this latter model is generally used to predict 

slagging at high temperatures, rather than fouling in convective areas and it was applied using the soda-lime glass 
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properties defined in Yang et al. [14]. Therefore, future studies may include an investigation of the deposit 

properties to improve the quality and reliability of new model predictions.  

The shape of the deposit was predicted after 2.5 hours and 5 hours using Equations 12 and 13. As expected, 

the deposit looks thicker after 5 hours and only a very thin layer was found on the downstream (Fig. 16), as shown 

also in the experimental results (Figures 8).  

Figure 16: Deposit shape after 2.5 and 5 hours of exposure. 

Predictions of deposit surface temperature after 2.5 and 5 hours of exposure are reported in Fig. 17 as 

function of the angle described around probe 1. In agreement with previous results from literature, deposit 

accumulation affects the thermal resistance R which leads to increasing deposit temperature; the highest 

temperature was identified at the upstream, followed by the sidestream and downstream. 

Figure 17: Illustration of probe sides (left); deposit temperature after 2.5 and 5 hours of exposure (right). 

Conclusions 

In this work, a CFD model has been developed for deposit prediction on ceramic probes in a 100 kWth 

pilot scale combustion rig at Cranfield University. This model has been validated using data from the operation of 
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this rig using pulverized coal and biomass fuels. Fluent®, enhanced with UDFs, was the software used to simulate 

the deposit accumulation as well as its shape and surface temperature. The ash obtained during the combustion of 

Daw Mill Coal and Miscanthus was analysed to get the chemical composition and ash particle size distribution. 

These data were then used as boundary conditions in the model and predictions of the deposition flux were 

compared to the experimental results. In this work, the geometry was simplified to a 2D domain and an Eulerian 

Lagrangian approach was used to simulate the gas and ash particle behaviour around the probes.  

The deposition flux was calculated using a modification of the DEFINE_DPM_EROSION UDF where the 

stickiness of particles and surface were both taken into account. In addition, the results of these calculations were 

used to predict deposit shapes and thicknesses using a modification of the DEFINE_GRID_MOTION UDF 

procedure and the deposit surface temperature with DEFINE_PROFILE. 

Future studies will be carried out to optimize the model with further experimental results and include the 

effect of a dynamic shape and surface temperature on the deposition flux. 
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