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Where is Cranfield University?
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 Background

Methodology

• Experiments

• Modelling

 Results and Discussions

• Deposit characterization

• Model prediction

 Conclusions

Presentation Outline

Slag on superheaters tubes (www.boilers.guide)
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Background

Mineral matter transformation mechanism (Tomeczek and Palugniok, 2002)
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Consequences (Rushdi et al., 2005a; Wacławiak and Kalisz, 2012)

 Insulation of heating surfaces and deterioration of boiler thermal

efficiency.

 Corrosion of tubes leading to outages.

 High maintenance costs.

Background

Fouling in heat exchangers (http://scopewe.com)
Deposit on real superheater tubes 

(Tomeczek and Palugniok, 2004)
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Inertial 

impact

dp>10 µm

Eddy 

impaction 

(dp<10 µm)

Thermophoresis 

(dp<1 µm)

Brownian Diffusion 

(dp<1 µm)

Vapour Condensation

Chemical 

reactions 

Background
Deposition Mechanisms

Solids

Vapours
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Deposition 

probes

Gas analysis 

probe

Methodology
Experiments

Flue gas

Combustion rig at Cranfield Thermocouples



8

Methodology
Experiments

ceramic

• Fuel: Daw Mill-Miscanthus 12 wt. % 

• Probe configuration:

TPROBE = 773 K

Cooling 

air in

Cooling 

air out
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 Ash collection 

 Deposition flux [mg/(cm2 hr)] 

 Ash analysis – Scanning electron microscope

 Ash particle size distribution - Laser diffraction

Methodology
Experiments

TOP

BOTTOM

SIDES
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Methodology
CFD Modelling

2) Flow gas

3) Particle 
trajectories

4) Deposition 
models

5) Grid motion

1) Computational      

domain

Geometry 

and mesh

RANS

(Reynolds-Averaged 

Navier-Stokes)

DPM 

(Discrete Phase 

Model) 

DPM+ 

DEFINE_DPM_EROSION 

UDF

DPM+ 

DEFINE_GRID_MOTION  

UDF

6) Deposit 

temperature

1) DPM+ 

DEFINE_PROFILE UDF

Cranfield combustion rig 

geometry

UDF (User Defined Function)
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Methodology
CFD Modelling

U0 = 2 m/s 

Tin = 1273 K

Twall = 773 K

𝒅𝒕= 0.039 m

𝑹𝒆 =
𝝆𝒈𝒖𝒈𝒅𝒕

𝝁𝒈
≈ 𝟔𝟏𝟎

Flow around a cylinder

Velocity vectors
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Methodology
Modelling
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MODIFIED FLUENT UDF: DEFINE_DPM_EROSION

Deposition flux:

𝒎𝑻𝑶𝑻,𝑨 = 𝑷𝑻𝑶𝑻
𝒅𝒎𝒑

𝒅𝑨
𝒔𝒊𝒏 𝜸 +𝒎𝒄,𝑨 [kg/(m2 s)]

𝑷𝑻𝑶𝑻 = 𝑷𝑺 + 𝑷𝑷−𝑷𝑺𝑷𝑷

𝑃𝑆= surface stickiness probability= f(vapour condensation)

𝑃𝑃= particle stickiness probability = f(ash composition, ash T) → critical 

viscosity model

𝑚𝑐= condensation flux

Methodology
Modelling

𝜸

mp

A



14

MODIFIED FLUENT UDF: DEFINE_GRID_MOTION

δ𝒊 =
(𝒎𝒇,𝑨)𝒊

𝝆𝒅𝒆𝒑
∗ 𝒕

δ𝒊= deposition thickness at node i [m];

𝜌𝑑𝑒𝑝 = deposit density [kg/m3];

𝑡 = time [s].

𝒙𝒑
′ = 𝒙𝒑 + 𝜹𝒊 𝒄𝒐𝒔𝜽

𝒚𝒑
′ = 𝒚𝒑 + 𝜹𝒊 𝒔𝒊𝒏𝜽

Methodology
Modelling

• Deposit shape
• Deposit temperature
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MODIFIED FLUENT UDF: DEFINE_PROFILE

NO DEPOSIT

 𝑞𝑡𝑜𝑡 = ℎ𝑐𝑜𝑛𝑣 (𝑇5 − 𝑇4,𝑆) + ℎ𝑟𝑎𝑑 (𝑇5 − 𝑇4,𝑆)

DEPOSIT 

𝑇5,𝑆 =  𝑞𝑡𝑜𝑡 R + 𝑇4,𝑆

R =
δ𝑖
𝑘𝑑𝑒𝑝

Methodology
Modelling
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Results and Discussion
Deposition Flux

Deposit after 2.5 hours

Deposit after 5 hours

Deposition probe during test

Flue gas

DepositParticles
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Results and Discussion 
Ash Analysis

100 μm

dmin = 0.47 μm

dmax = 554 μm

dmean = 67 μm

n = 1.11

Cumulative volume fraction

Particle size (μm)

EDX - Ash components

SEM analysis
SiO2 Al2O3 CaO Fe2O3 K2O MgO Na2O   TiO2 SO3 P2O5 Mn3O4

%wt
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Results and Discussion
Modelling – Particle trajectories and deposit shape

554 μm

0.67 μm

1

3

2

Particle trajectories Deposition

0.3m

Probe 1                           Probe 2                                      Probe 3

0.039m
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Results and Discussion
Modelling – Deposit temperature

T [K]

Ѳ [degree]

D D

SS

U

773 K

1273 K



20

Results and Discussion
Model Validation

Experiment Modelling

TOP        SIDES    BOTTOM     TOTAL TOP        SIDES    BOTTOM     TOTAL
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•Daw Mill and Miscanthus 12 wt.%

•Ash composition and fly ash particle size 

distribution analyses

•Deposition flux measurements

•Deposit shapes

Conclusions

Developed CFD models

in Fluent to predict 

deposition in Cranfield 

combustion rig

Experimental 

investigation of   

deposition on heat 

exchangers in pilot 

scale testing
Model boundary 

conditions

Model validation

•Ash particle trajectories (DPM)

Modified UDFs:

•Deposition flux (DEFINE_DPM_EROSION)

•Deposit shape (DEFINE_GRID_MOTION)

•Deposit temperature (DEFINE_PROFILE)

Predictions:

Deposition fluxes, deposit shapes…
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Thank you for your attention!!!
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