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Abstract

This thesis presents a computational framework that models the coupled behavior
between sand deposits and their surrounding fluid. Particle deposits that form in gas
turbine engines and industrial burners, can change flow dynamics and heat transfer,
leading to performance degradation and impacting durability. The proposed coupled
framework allows insight into the coupled behavior of sand deposits at high temperatures
with the flow, which has not been available previously. The coupling is done by using a
CFD-DEM framework in which a physics based collision model is used to predict the
post-collision state-of-the-sand-particle. The collision model is sensitive to temperature
dependent material properties of sand. Particle deposition is determined by the particle’s
softening temperature and the calculated coefficient of restitution of the collision. The
multiphase treatment facilitates conduction through the porous deposit and the coupling
between the deposit and the fluid field.
The coupled framework was first used to model the behavior of softened sand
particles in a laminar impinging jet flow field. The temperature of the jet and the impact
surface were varied(𝑇 ∗ = 1000 – 1600 K), to observe particle behavior under different
temperature conditions. The Reynolds number(𝑅𝑒𝑗𝑒𝑡 = 20, 75, 100) and particle Stokes
numbers (𝑆𝑡𝑝 = 0.53, 0.85, 2.66, 3.19) were also varied to observe any effects the
particles’ responsiveness had on deposition and the flow field. The coupled framework
was found to increase or decrease capture efficiency, when compared to an uncoupled
simulation, by as much as 10% depending on the temperature field. Deposits that formed

on the impact surface, using the coupled framework, altered the velocity field by as much
as 130% but had a limited effect on the temperature field.
Simulations were also done that looked at the formation of an equilibrium deposit
when a cold jet impinged on a relatively hotter surface, under continuous particle
injection. An equilibrium deposit was found to form as deposited particles created a heat
barrier on the high temperature surface, limiting more particle deposition. However, due
to the transient nature of the system, the deposit temperature increased once deposition
was halted. Further particle injection was not performed, but it can be predicted that the
formed deposit would begin to grow again.
Additionally, a Large-Eddy Simulation (LES) simulation, with the inclusion of
the Smagorinsky subgrid model, was performed to observe particle deposition in a
turbulent flow field. Deposition of sand particles was observed as a turbulent jet(𝑅𝑒𝑗𝑒𝑡 =
∗
∗
23000, 𝑇𝑗𝑒𝑡
= 1200 K) impinged on a hotter surface(𝑇𝑠𝑢𝑟𝑓
= 1600 K). Differences

between the simulated flow field and relevant experiments[1,2] were attributed to
differing jet exit conditions and impact surface thermal conditions. The deposit was not
substantive enough to have a significant effect on the flow field. With no difference in the
flow field, no difference was found in the capture efficiency between the coupled and
decoupled frameworks.
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Particle deposits can form in a wide range of environments leading to altered
performance. In applications, such as jet engines, particles are heated to critically high
temperatures. At these high temperatures, the particles can soften, and begin to exhibit
characteristics of both a liquid and a solid. Overtime as these softened particles aggregate
on a wall, a deposit will begin to form. These deposits alter the geometry resulting in
changes in fluid temperature and velocity. This change in fluid behavior will affect the
rate of particle deposition that happens in the future.
There has been limited work that has looked at the coupled behavior between a
deposit and its surrounding fluid, experimentally or computationally. The purpose of this
research was to develop a framework that models the deposition of softened particles, and
the coupled behavior between deposits and the fluid. This research was able to show that
the presence of a deposit could change its surrounding fluid’s velocity and temperature
significantly. Differences in the rate of particle deposition also occurred when a deposit
had formed on a surface. These results show the importance of capturing the relationship
between deposits and the surrounding fluid. With further development, this proposed
framework can provide insight into altered gas turbine performance and can lead to
improved maintenance plans.
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Chapter 1. Introduction

Particle transport in fluid flow has a wide range of applications. Particles
suspended in flow can impact critical surfaces, deposit on or erode these surfaces altering
the designed flow. In applications, such as jet engines and industrial burners, the particles
can be heated to critical temperatures. At these high temperatures, the particles can
soften, and begin to exhibit characteristics of both a liquid and a solid. When they collide
with a surface, they behave more like a droplet than a rigid sphere. These softened
particles also have a tendency of agglomerating together into larger particles, when they
collide with each other. Overtime as these particles aggregate on a wall, a deposit will
begin to form. These deposits affect the flow in their respective systems as they alter the
geometry. The deposits also affect heat transfer into or out of the system, as the deposit
adds an extra conductive layer. The purpose of this work is to develop a framework that
models the deposition and agglomeration of such particles, and the coupled behavior
between deposits and the fluid.
Modeling particle behavior and deposition in such environments is a very
complex problem. When a particle collides with a surface, the particle’s impact velocity
and angle, as well as, mechanical properties such as yield strength and Young’s modulus,
play a significant role in determining whether the particle deposits. Baxter and Robinson
et al. [3,4] observed the effect that different combustion reactants had on the rate of
deposition of ash particles onto a cylinder. Baxter also looked at the effect that the
chemical composition of the combustion reactants had on the properties of the deposit,
such as porosity and thermal conductivity. Jensen et al. and Bons et al. also observed the
1

effect that material composition had on particle deposition, specifically under turbine
operating conditions[5,6]. Ash particles were accelerated to turbine conditions and the
deposition pattern formed on a cylinder was observed. Observations of the deposition rate
of different fuels and the surface topography of the deposit formed on the cylinder were
made. Their results, additionally, showed the effect that particle composition and
mechanical properties had on the deposition rate of the particles. For heated particles, it
is especially important to know the variation of material properties of the particle with
temperature. At higher temperatures, the yield stress and Young’s modulus of materials
begin to drop, increasing the likelihood of deposition. This is supported by the
experimental work of Troiano et al. [7] who observed that at high temperatures, when
impact velocity and angle are held constant, the coefficient of restitution drops and
deposition occurs more frequently compared to lower temperatures.
In the experiments mentioned above, the primary cause of deposition were inertial
collisions. However, there are other forces or causes for particle deposition. For small
particles (< 1 microns), attractive van Der Waals forces between particle and surface
become dominant. If these forces are strong enough compared to the inertial energy of
the particle, they can prevent particles from leaving the surface causing deposition. By
passing charged particles through a oppositely charged channel, Bowen and Epstein[8]
observed the increased rate of deposition caused by the van Der Waals forces. Particle
deposition can also be caused by thermophoresis forces which exert a force on the
particle in the direction of decreasing temperature. Kim[9] observed the increased rate of
deposition of submicron particles, caused by these forces, by increasing the temperature
differences between the fluid and surface temperature. Thermophoresis and van Der
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Waals forces are just a few of the causes for particle deposition. Thermophoresis will not
contribute to the scope of this work as it plays a significant role in particle deposition for
submicron sized particles, which are not modeled in this work. Van Der Waals forces are
included in this work, as they are considered in our particle collision model.
Turbulence, can also cause particle deposition, as turbulent structures draw
particles closer to impact surfaces. Song et al.[10] observed that increased turbulence in
boundary layers, increased the rate of deposition onto a surface. Albert and Bogard[11]
also observed the increased deposition caused by turbulence, by observing the deposition
of particles on airfoils at high Reynolds number conditions. Computational work has also
been done which looks at the effect that turbulence has on particle deposition. Dowd and
Tafti[12] explored the effect that turbulence and Coriolis forces had on deposition in
internal cooling channels of ribbed ducts. In this work inertial impacts and turbulence are
the primary causes for particle deposition.
As described above, particle deposition is a very complex mechanism that is
dependent on many different factors. Given the complexity, sub-models have been
developed for determining whether particle deposition occurs. These sub-models simplify
the problem by establishing a deposition criterion that must be met in order for a particle
to deposit within the domain. These criteria are usually based on a single parameter, or
factor. It becomes necessary to only look at one or two parameters because relationships
have not been developed for all the numerous factors that affect deposition.
The simplest sub-model used in modeling deposition in suspended flows, is
assuming a particle deposits if it comes in contact with a surface. This sub-model is
sufficient when determining the location of deposit concentrations caused by flow
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geometry. Lu[13] used this sub-model to determine the effect that ribbed duct
arrangement had on particle deposition. He observed that particle deposition was more
likely to occur on the upstream side of the ribs. Casaday et al.[14] also used this submodel to determine where particles were most likely to deposit on nozzle guide vanes.
The results were consistent with deposit concentrations observed in used guide vanes
from jet engines. Weber et al.[15] used this sub-model to determine whether particles
would deposit or not, given a set of flow parameters. They observed that particle
deposition is more likely to occur at higher Stokes numbers as particles were less likely
to be directed away from the impact surface by the fluid flow. Incorporating this submodel is beneficial when determining locations of deposit concentrations. However, since
it neglects factors that determine whether a particle deposits, such as material properties
and kinematics, it cannot be used to model deposit growth over an extended period of
time.
Another sub-model used for particle deposition, considers the energy lost by the
particle when it collides with a surface or another particle. When a particle collides with
an object it deforms and loses some of its total energy. These energy-based approaches,
determine if a particle has enough energy during impact to rebound off a surface, if not, it
is modeled as being deposited[16–19]. These energy-based sub-models accurately take
into account the effect of the particles impact kinematics and properties when
determining whether a particle deposits or rebounds. However, they do not account for
how the particle’s material properties change with respect to temperature. These submodels are sufficient when modeling particle deposition at temperatures below a
particle’s softening temperature, but would not accurately model the increased deposition
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of particles at higher temperatures which would be the case in jet engines or industrial
burners.
Some deposition sub-models use criterion based on the temperature of the
particle. These models are based on the observation that particles are more likely to
deposit at higher temperatures, because they begin to exhibit properties of both liquids
and solids. One key property that highlights this behavior is viscosity. When a solid
material reaches a high enough temperature its viscosity begins to decrease rapidly and it
begins to soften. The critical, or softening, temperature is the point at which the particle
reaches a critical viscosity. In these sub-models, or critical viscosity models, if the
temperature of the particle meets or exceeds the softening temperature it is assumed to
deposit. A sticking probability curve is defined to determine the likelihood that a particle
will deposit at temperatures below the softening temperature[12,20]. This sub-model is
useful for computational work that deals with heated particles, as it accounts for the fact
that particles are more likely to deposit at higher temperatures. However, it under predicts
particle deposition at lower temperatures as the probability of deposition decreases
rapidly at temperatures lower than the softening temperature.
In order to account for the shortcomings of the viscosity and energy sub-models,
Singh and Tafti[21] decided to incorporate both of them together. Singh used a
probabilistic critical viscosity and coefficient of restitution (COR) model. The coefficient
of restitution model is based on the principle that at lower COR’s, a particle is more
likely to deposit. At lower CORs a particle has less excess energy after deformation
losses, similar to the models explained above. By incorporating the COR model, Singh
was able to predict particle deposition at low temperatures, while including the critical
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viscosity model accounted for the increased likelihood of deposition at higher
temperatures.
In order to validate their criterion, the sub-models described above, use data from
experiments that observe the behavior of single particles at room temperature. However,
in industrial burner and jet engine environments, deposits are formed by numerous
particles at very high temperatures. Given the difficulty of conducting an experiment at
such high temperature, limited amount of experimental work has been done which looks
at particle deposition and the effect the deposit has on the surrounding flow field. Some
computational works have attempted to model the deposits formed under these
conditions. They have compared their results to experiments by looking at comparable
variables, such as deposition rate over time, deposition efficiency or surface topography
of the deposit[22].
In addition to depositing, softened particles are also likely to fuse together to form
a larger particle. The composition, size and incoming velocities of the colliding particles,
determine the shape, size and resultant velocity of the resultant particles. These elements
also determine whether the colliding particles agglomerate at all. Some sub-models have
been developed to model the agglomerate behavior of particles. These models are based
on the impact kinematics of the particles. Breuer and Almohammed[23] defined a critical
cumulative impulse value that determines whether particles agglomerate together, while
Ho and Sommerfield[24] identified a critical velocity that either particle must meet in
order for them to agglomerate together. These conditions are derived from energy
balances that account for the cohesion force between the particles and the energy lost due
to deformation.

6

As these softened particles agglomerate and deposit, they alter the flow field by
changing the geometry. The change in flow field affects convection and conduction of
heat from surfaces, which can impact further deposition. Thus to study long term
deposition, these effects have to be included in any model. Geometry change can be
affected by moving boundaries and adjusting the mesh distribution or by doing a
complete re-meshing of the geometry. If deposition is accompanied by a large change in
thermal resistance, then additional physics has to be incorporated in the model to account
for the thermal conductivity of the deposits. Forsyth et al.[25] did utilize a mesh
morphing technique that modeled the effect that deposits had on the flow rate through a
channel with film cooling holes.
Forsyth modeled the deposition of individual particles for a set period of time.
The rate of deposition was then calculated for each surface cell. Assuming the rate of
deposition remained constant for a period of time, the deposit height was then
extrapolated. Forsyth then updated the computational mesh to model the updated deposit
height. The mesh was then smoothed over in order to avoid sharp transitions in deposit
height. This process was then repeated for the desired simulation time. Using this method
Forsyth was able to closely match experimental data where the increased presence of
deposits, reduced the flow through the channel[26]. However, the mesh morphing
technique used to model the deposit shapes is computationally expensive, as the domain
had to be re-meshed in order to accurately model the obstruction caused by the flow field.
His method also does not account for the heat transfer through the deposit medium, as the
deposit behaves as an extra conductive layer on the surface.
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García Pérez et al.[27] modeled the deposition of ash particles onto a cylinder, by
assigning solid cells to represent the deposit. The number of solid cells could grow
depending on the amount of particle deposition that occurred. Then using an
extrapolation and weighted smoothing process, similar to that of Forsyth, Pérez was able
to model a realistic deposit shape on the cylinder. However, Pérez differed from
Forsyth’s method by accurately modeling the deposit as a porous medium instead of
assuming the deposit is solid mass. Forsyth assumes that the deposit is a solid and adjusts
the surface of the geometry to account for this. However, as particles aggregate on a wall,
the deposit that forms on the wall is not fully solid as particles will not align, leaving
space between particles. As more particles deposit, this space reduces as more particles
fill in. Thus it is important to incorporate the effect of porosity and not assume the
deposit is a solid mass. To model a porous medium, Pérez assumed a constant void
fraction of 0.8 within the deposit cells. This allowed Pérez to model the flow of the fluid
within the cracks of deposit. Pérez also accounted for the conductive heat transfer
through the medium, by defining an effective thermal conductivity. The effective thermal
conductivity was an adjusted property that weighted the thermal conductivities of the
fluid and solid, based on the void fraction. Pérez expanded on the work of Forsyth,
however, his mesh morphing technique is still computationally expensive similar to
Forsyth’s.
The goal of this work is to develop a framework for modeling long term
deposition dynamics of micron sized particles on a surface. The model is developed
within the framework of the CFD-Discrete Element Method (CFD-DEM), in which
particles are treated as discrete entities which undergo collisions with each other and
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surfaces and which directly interact with the flow through full coupling. In this
framework, the fluid velocity field and thermal fields affects particle transport and
temperature. Fluid forces and particle collisions are explicitly modeled in this framework.
Full coupling is establishing by including the effects of particle-fluid momentum and
energy transfer in the fluid momentum and energy equations together with the void
fraction which accounts for the presence of particles in the fluid volume. By combining
with deposition criteria and making suitable modifications to the base DEM method for
deposited particles, a framework to model long time deposition growth is developed.
This thesis is organized as follows:


Chapter 2: presents the governing equations for the fluid and motion of particles
in the domain. A brief explanation of the CFD-DEM framework is also given,
showing the interaction between separate fluid and particle grids. Explanation is
also given about the criteria for determining whether particles agglomerate
together or deposit on a surface. Information is also provided describing the
treatment that is applied to deposited particles.



Chapter 3: sand particles are suspended in a laminar particle jet at varying Stokes
∗
Number and Reynolds Number (𝑅𝑒 = 20,75,100). Temperature of Jet (𝑇𝑗𝑒𝑡
= 1000,
∗
1600 K) and impinging surface (𝑇𝑠𝑢𝑟𝑓
= 1300-1500 K) are also varied in order to

observe softened particle behavior in different environments. Flow velocity and
temperature fields are compared with an alternative framework where deposited
particles are removed from the calculation. Results demonstrate the effects of
temperature and particle Stokes number on deposit formation, heat transfer and
fluid dynamics.
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Chapter 4: LES is calculated on a turbulent impinging jet at a 𝑅𝑒 = 23,000 with a
momentum particle Stokes number at 𝑆𝑡𝑝 = 1e-2. The temperature of the jet is
∗
held at 1200 K, while the impinging surface temperature is (𝑇𝑠𝑢𝑟𝑓
= 1600 K). The

growth rate of the deposit is observed as sand particles are injected into the jet.
The effect of the presence of the deposit formed on the velocity and temperature
fields is observed as well.


Chapter 5: summarizes major conclusions



Appendix A: Nomenclature



Appendix B: Additional Laminar Impinging Jet Results at Varying Parametric
Conditions
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Chapter 2. Methodology
2. 1 Governing Equations
The fully coupled fluid-particle system is modeled using a combination of
Discrete Element Method (DEM) and Computational Fluid Dynamics(CFD). In this
Eulerian-Lagrangian framework there are two grids for the domain. A fine grid is used to
solve the governing equations for the fluid in an Eulerian frame of reference, while
particles are tracked on the coarser particle grid in a Lagrangian frame of reference.
These grids are fully coupled between one another as they transfer variables between
themselves – the fluid grid passes the velocity and temperature field to the particle grid
and the particle grid transfers the body forces and void fraction to the fluid grid.
Calculations are performed using the in-house source code GenIDLEST (Generalized
Incompressible Direct and Large Eddy Simulation of Turbulence). A detailed explanation
of the methodology of GenIDLEST can be found in Tafti [28,29] and for the DEM in
Deb and Tafti [30].
2.1.1 Fluid Governing Equations
In this framework the flow field and the particles are coupled to one another
through the void fraction and the forces (and energy exchange) acting on the fluid due to
the presence of the particles [31]. The transport equations are non-dimensionalized by a
set of reference values where * denotes a dimensional quantity.
𝜌∗

𝜌 = 𝜌∗

𝑟𝑒𝑓

𝜇∗

𝜇 = 𝜇∗

𝑟𝑒𝑓

𝑝=

𝑥⃗ ∗

𝑥⃗ = 𝐿∗

𝑟𝑒𝑓

∗
𝑝∗ −𝑝𝑟𝑒𝑓
∗ 𝑈∗
𝜌𝑟𝑒𝑓
𝑟𝑒𝑓

2

⃗⃗∗
𝑢

𝑢
⃗⃗ = 𝑈 ∗

𝑟𝑒𝑓

𝑘∗

𝑘 = 𝑘∗

𝑟𝑒𝑓

𝑡=

∗
𝑡 ∗ 𝑈𝑟𝑒𝑓

𝐿∗𝑟𝑒𝑓

𝜃=

𝐶𝑝∗

𝐶𝑝 = 𝐶 ∗

𝑃𝑟𝑒𝑓

resulting in the dimensionless continuity, momentum, and energy equations as
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∗
𝑇 ∗ −𝑇𝑟𝑒𝑓

𝑇0∗

𝜕(𝜀∀𝜌)
𝜕𝑡
⃗⃗)
𝜕(𝜀∀𝜌𝑢
𝜕𝑡

⃗⃗(𝜀∀𝜌𝑢
+∇
⃗⃗) = 0

(2.1)
𝑛

⃗⃗𝑝 + ∇
⃗⃗ ∙ (𝜀∀𝜏̿) + 𝜌∀𝑔⃗ − ∑ 𝑝 𝑚𝑝,𝑖 𝑓⃗𝑑𝑟𝑎𝑔,𝑖
+ ⃗⃗⃗⃗⃗
∇ ∙ (𝜀∀𝜌𝑢
⃗⃗𝑢
⃗⃗) = −∀∇
𝑖=1
𝑇
1
2
⃗⃗𝑢
⃗⃗𝑢
⃗⃗⃗⃗⃗⃗⃗⃗∙ 𝑢
where, 𝜏⃗⃗ = [𝜇 (∇
⃗⃗ + (∇
⃗⃗) ) − μ∇
⃗⃗⃗⃗ 𝐼⃗⃗]
𝑅𝑒

𝜕(𝜀∀𝜌𝜃)
𝜕𝑡

(2.2)

3

1
⃗⃗𝜃) − ∑𝑛𝑝 𝑞̇ 𝑐𝑜𝑛𝑣,𝑖
+ ⃗∇⃗ ∙ (𝜀𝜌∀𝑢
⃗⃗𝜃) = 𝑅𝑒𝑃𝑟 ⃗∇⃗ ∙ (𝜀∀𝑘∇
𝑖=1

(2.3)

These are the basic governing equations for the fluid, or carrier phase, in a DEM
∗
∗
∗
framework. The flow Reynolds number is defined by 𝑅𝑒 = 𝜌𝑟𝑒𝑓
𝑈𝑟𝑒𝑓
𝐿∗𝑟𝑒𝑓 /𝜇𝑟𝑒𝑓
and the

Prandtl number as 𝑃𝑟 =

∗
∗
𝜇𝑟𝑒𝑓
𝐶𝑃𝑟𝑒𝑓
∗
𝑘𝑟𝑒𝑓

. The void fraction, 𝜀, represents the amount of fluid in a

computational cell. It is defined as
𝑛𝑝

∀𝑓𝑙𝑢𝑖𝑑 ∀ − ∑𝑖=1 𝜓𝑝,𝑖 ∀𝑝,𝑖
𝜀=
=
∀
∀
where ∀𝑓𝑙𝑢𝑖𝑑 , ∀, ∀𝑝 represent the volume of the fluid, volume of the computational cell,
and volume of the particles within the cell, respectfully. 𝜓𝑝 is a binary variable assigned
to particles within the domain, that will be defined later in Section 2.4.2.3. The void
fraction is incorporated into the fluid governing equation in order to account for the effect
of the presence of the particles on fluid transport.
Source terms are included in the right hand side of the momentum and energy
equations to represent the momentum (𝑓⃗𝑑𝑟𝑎𝑔,𝑖 ) and energy exchange (𝑞̇ 𝑐𝑜𝑛𝑣,𝑖 ) between
the fluid and particles. The drag term represents the drag force exerted by the particles
onto the fluid. The convective term represents the convective heat transfer from the
particles to the fluid. These are summations over the number of particles present within a
computational fluid cell. The definition for the particle drag force and convective heat
transfer are explained in later sections.
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∗
∗
The reference pressure and temperature values, 𝑝𝑟𝑒𝑓
and 𝑇𝑟𝑒𝑓
, are specified and

are used to calculate the reference property values. Sutherland’s law is used to determine
the thermal conductivity and dynamic viscosity of the fluid [32] as a function of
temperature. Equations 2.4 through 2.7 show definitions used to determine the reference
density, dynamic viscosity, thermal conductivity and specific heat of the fluid.
∗
𝑃𝑟𝑒𝑓

∗
𝜌𝑟𝑒𝑓
=

∗
𝜇𝑟𝑒𝑓
=

∗
𝑘𝑟𝑒𝑓
=

(2.4)

∗
𝑅𝑇𝑟𝑒𝑓

∗
𝜇𝑜∗ (𝑇𝑜∗ +𝐶1∗ ) 𝑇𝑟𝑒𝑓 3⁄
(
) 2
∗ +𝐶 ∗ )
(𝑇𝑟𝑒𝑓
𝑇𝑐∗
1

(2.5)

∗
𝑘𝑜∗ (𝑇𝑜∗ +𝐶2∗ ) 𝑇𝑟𝑒𝑓 3⁄
(
) 2
∗
∗
(𝑇𝑟𝑒𝑓 +𝐶2 ) 𝑇𝑐∗

(2.6)

1000

𝐶𝑝 ∗𝑟𝑒𝑓 = 28.97 (28.11 + 1.967 ∗ 10−3 𝜃 + 4.802 ∗ 10−6 𝜃 2 − 1.966 ∗ 10−9 𝜃 3 ) (2.7)
Sutherland’s Law uses known reference viscosity (𝜇0∗ ) and thermal conductivity(𝑘0∗ )
values at 273.15 K(𝑇𝑐∗ ), and constants, 𝐶1∗ and 𝐶2∗ , to solve for viscosity and thermal
conductivity values at a given temperature.
For the set of simulations presented here, properties vary between different
iterations and depending on the location within the domain. The density, dynamic
viscosity, and thermal conductivity within a computational cell are functions of the
temperature of the cell. The non-dimensionalized definitions for these values are shown
below in equations 2.8 through 2.10.

𝜌=
𝜇=
𝑘=

𝑝∗𝑟𝑒𝑓

(2.8)

𝑅𝑇∗ 𝜌∗𝑟𝑒𝑓

∗
(𝑇𝑟𝑒𝑓
+ 𝐶1∗ )

(𝑇 ∗ + 𝐶1∗ )
∗
(𝑇𝑟𝑒𝑓
+ 𝐶2∗ )

(𝑇 ∗ + 𝐶2∗ )
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𝑇∗

(𝑇 ∗ )

3⁄
2

(2.9)

3⁄
2

(2.10)

𝑟𝑒𝑓

𝑇∗

(𝑇 ∗ )
𝑟𝑒𝑓

The fluid is assumed to be a perfect gas, which allows the density of a given cell to be
defined as a function of the cell’s temperature and the reference pressure of the domain.
The dynamic viscosity and thermal conductivity of the cell are functions of the
temperature and the property constants, as defined by Sutherland’s Law.
2.2 CFD-DEM Framework
A CFD-DEM framework, developed by Deb and Tafti [30], is used in this work to
model the coupled behavior between the fluid and the particles. This framework retains
the benefits of both a coarse and fine mesh, while accounting for their shortcomings. A
fine mesh is needed when working with important geometric features and to resolve
turbulent features in high Reynolds number flows. However, particles with diameters
approaching the cell size can result in sharp transitions in void fraction within the
domain. Thus, using a single fine mesh can lead to some cells having really low void
fractions directly adjacent to a cell with a high void fraction. This can lead to instabilities
when the void fraction is used in the solution of the governing fluid equations.
In order to address these issues, Deb and Tafti proposed a novel dual grid method
to model a particle-fluid system. A coarse mesh is constructed to include an integer
number of fine mesh cells. On the fine mesh the fluid governing equations are solved
while the motion of the particles is resolved on the coarse mesh. In order to ensure that
the particles and fluid are fully coupled, information about the void fraction, drag and
fluid velocities and temperature are communicated between the two meshes. Once the
velocities and temperatures are calculated on the fluid grid, this information is then
mapped to the particle grid. The fluid velocities and temperatures are used on the particle
grid to resolve the motion and temperature of the particles. The void fraction calculated
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on the particle grid together with momentum and energy transfer terms are returned to the
fluid grid where they are redistributed amongst the fluid cells. By using this dual grid
method, the effect of the void fraction is properly applied to both the particles and the
fluid.
2.3 Particle Governing Equations
The motion of each particle is individually tracked within the domain in a
Lagrangian frame of reference. The motion of a particle is influenced by the flow field
surrounding it, body forces and contact with other objects, such as other particles. The
factors that can potentially contribute to the motion of the particles were identified by
Shah [33]. He defined the equations that govern particle motion in the Lagrangian frame
of reference as such:
⃗⃗⃗⃗⃗⃗
𝑑𝑥
𝑝
𝑑𝑡
⃗⃗⃗⃗⃗⃗
𝑑𝑢
𝑝
𝑑𝑡

= ⃗⃗⃗⃗⃗
𝑢𝑝

(2.11)

= ∑ ⃗⃗⃗⃗
𝑓𝑝

(2.12)

where: ∑ ⃗⃗⃗⃗
𝑓𝑝 = 𝑓⃗𝑑𝑟𝑎𝑔 + 𝑓⃗𝑏𝑢𝑜𝑦 + 𝑓⃗𝑜𝑡ℎ𝑒𝑟
There are numerous types of forces that can act on the particle. In this study,
however, only drag and buoyancy or gravitational forces are included. Unsteady forces
due to added mass and history forces can be shown to be small for significantly large
density ratios between particle and fluid, while Brownian forces and thermophoresis only
take on significance for sub-micron particles. Elgobashi[34] showed that when the
density of the particle is significantly larger than the fluid’s, drag and buoyancy forces
are the only forces that significantly contribute to the motion of the particles.
Collisions between particles and particle-walls are modeled by using a hard
sphere model. In the framework of this method, collisional forces are not explicitly
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calculated for each particle. If a collision is detected, a collision model is used to
determine the resultant trajectory based on the material properties of the particle and the
surface it’s colliding with and the particle, or particles, trajectory. Equations 2.11 and
2.12 are then applied to determine the new location of the particle.
2.3.1 Particle Forces
Neglecting insignificant particle force terms for the reasons described above, only
gravitational and drag forces will be considered for the motion of the particles for each
time step. For calculating the drag force on the particle, correlations developed by
Ergun[35] and Wen and Yu[36] were used, and are shown below:
𝛽𝑒𝑟𝑔𝑢𝑛 = 150𝜇
3

(1−𝜀)2
2
𝜀𝑑𝑝

𝛽𝑤𝑒𝑛 = 4 𝐶𝐷

𝜀(1−𝜀)
𝑑𝑝

𝜌

+ 1.75(1 − 𝜀) 𝑑𝑓 |𝑢
⃗⃗𝑓𝑙𝑢𝑖𝑑 − 𝑢
⃗⃗𝑝 |𝑖𝑓(𝜀 < 0.80)
𝑝

𝜌𝑓𝑙𝑢𝑖𝑑 |𝑢
⃗⃗𝑓𝑙𝑢𝑖𝑑 − 𝑢
⃗⃗𝑝 |𝜀 −2.65 𝑖𝑓(𝜀 ≥ 0.80)

(2.13)
(2.14)

where 𝑢
⃗⃗𝑓𝑙𝑢𝑖𝑑 and 𝑢
⃗⃗𝑝 correspond to the velocity of the fluid and particle, respectfully.
These correlation relationships also have a discontinuity where they meet, at a void
fraction of 0.8 (ε =0.8). In order to resolve this discontinuity, a smoothing function was
defined[37]:
𝛽 = (1 − 𝛽𝑠𝑓 )𝛽𝑒𝑟𝑔𝑢𝑛 + 𝛽𝑠𝑓 𝛽𝑤𝑒𝑛
1

(2.15)

1

where, 𝛽𝑠𝑓 = 2 + 𝜋 tan−1(150(𝜀 − 0.80))
This correlation is then used to calculate the drag force per unit mass, that is applied to
each individual particle in the fluid cell.
𝑓⃗𝑑𝑟𝑎𝑔 = 𝜌

𝛽

𝑝 (1−𝜀)
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(𝑢
⃗⃗𝑓 − 𝑢
⃗⃗𝑝 )

(2.16)

The drag force of the particles is summed up within each particle grid cell. The drag force
is then mapped onto fluid cell, where it is used as a source term in the solution of the
fluid for the subsequent time step.
A drag coefficient for the particle can also be defined[38], as a function of particle
Reynolds number(𝑅𝑒𝑝 ) as:
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𝐶𝐷 = 𝑅𝑒 (1 + 0.15𝑅𝑒𝑝0.687 )
𝑝

(2.17)

Cliff et al. relationship works for particle Reynolds number (𝑅𝑒𝑝 ) up to 1000, where the
∗
particle Reynolds number is defined as 𝜀|𝑢𝑝∗ − 𝑢𝑓𝑙𝑢𝑖𝑑
|𝑑𝑝∗ /𝜈 ∗. The particle’s Reynolds

number is calculated using the relative velocity difference between the particle and its
surrounding fluid. The buoyancy force per unit mass is defined as:
𝜌
𝑓⃗𝑏𝑢𝑜𝑦 = (1 − 𝑓𝑙𝑢𝑖𝑑
)𝑔⃗
𝜌
𝑝

(2.18)

where 𝜌𝑓𝑙𝑢𝑖𝑑 refers to the non-dimensional density of the fluid of the cell that the particle
is located within. At each time step, a collisional model is used to determine the resultant
trajectories of the collision. Once the collision is resolved, the effects of drag and
buoyancy are applied as described above in equation 2.12. The collisional model that is
used in this work is described in section 2.3.3.
For fluid-particle systems, the Stokes number can be defined to describe the
behavior of the particles. The Stokes number is a non-dimensional parameter which
describes a particles tendency to adjust to sudden changes in the carrier flow field that is
around it. A particle with a very large Stokes number will not respond quickly to the
changes of the fluid around it, as its high inertial motion will resist a change in its
trajectory. On the other hand, a particle with a Stokes number that is less than one will
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respond almost instantaneously to the fluid around it. Particles with a very low Stokes
number will have trajectories that follow very closely the streamlines of the fluid flow.
The Stokes number is defined as:
𝑆𝑡𝑝 =
𝑡𝑜∗ =

∗
𝑡𝑜∗ 𝑈𝑟𝑒𝑓

(2.19)

𝐿∗𝑟𝑒𝑓

∗ (𝑑∗ )2
𝜌𝑝
𝑝
∗
18𝜇𝑟𝑒𝑓

Here 𝑡𝑜∗ represents the particle time scale.
2.3.2 Particle Energy Equation
The particles within the domain are subject to convective and radiative heat
transfer with the surrounding flow field. Equation 2.20, shown below, presents the
dimensionless energy equation of the particles,
𝑑𝜃𝑝
𝑑𝑡

= 𝑞̇ 𝑐𝑜𝑛𝑣 + 𝑞̇ 𝑟𝑎𝑑 = 𝑆𝑡

1

𝑐𝑜𝑛𝑣

where, 𝑆𝑡𝑐𝑜𝑛𝑣 =

(𝜃𝑓𝑙𝑢𝑖𝑑 − 𝜃𝑝 ) + 𝑆𝑡

∗ 𝐶 ∗ 𝑑∗ 𝑈 ∗
𝜌𝑝
𝑝 𝑝 𝑟𝑒𝑓

6ℎ𝑐 𝐿∗𝑟𝑒𝑓

1

𝑟𝑎𝑑

1

=
6(

ℎ𝑐 𝐿∗𝑟𝑒𝑓
∝
)( ∗ ∗
𝑘∗
𝑑𝑝 𝑈𝑟𝑒𝑓

(𝜃𝑠𝑢𝑟 − 𝜃𝑝 )

(2.20)

1

)

= 6 (𝐵𝑖×𝐹𝑜)

The convective heat transfer coefficient, hc, is obtained from Gunn’s correlation[39]
𝑁𝑢𝑝 = (7 − 10𝜀 + 5𝜀 2 ) ∗ (1 + 0.7𝑅𝑒𝑝0.2 𝑃𝑟

1⁄
3)

+ (1.33 − 2.4𝜀 + 1.2𝜀 2 )𝑅𝑒𝑝0.7 𝑃𝑟

𝑁𝑢𝑝 = 2𝜀 + 0.69√𝑅𝑒𝑝 𝜀𝑃𝑟

1⁄
3

1⁄
3

𝑓𝑜𝑟 𝜀 ≥ 0.35

𝑓𝑜𝑟 𝜀 < 0.35

where 𝑁𝑢𝑝 = ℎ𝑐 𝑑𝑝∗ /𝑘.∗

The second term in equation 2.20 models radiative heat transfer with the surrounding,
where
𝑆𝑡𝑟𝑎𝑑

∗
𝜌𝑝∗ 𝐶𝑝∗ 𝑑𝑝∗ 𝑈𝑟𝑒𝑓
=
6ℎ𝑟𝑎𝑑 𝐿∗𝑟𝑒𝑓

∗
∗ 2
ℎ𝑟𝑎𝑑 = 𝜖𝜎(𝑇𝑠𝑢𝑟
+ 𝑇𝑝∗ )(𝑇𝑠𝑢𝑟
+ 𝑇𝑝∗ 2 )
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where 𝜖 is the emissivity of the particle and  is the Stefan-Boltzmann constant and hrad
is the effective radiative heat transfer coefficient. The temperature of the particle is
dependent on the fluid around it and the particle’s convective thermal (𝑆𝑡𝑐𝑜𝑛𝑣 ) and
radiative thermal (𝑆𝑡𝑟𝑎𝑑 ) Stokes Number.
2.3.3. Particle Collision Model
Particle-particle and particle-wall collisions are modeled using an impulse based
hard sphere model developed by Yu and Tafti[40] but extended to include rotation and
rolling[41]. The model is based on the normal collision model developed by Stronge[42].
In Stronge’s model a particle goes through a compression and recovery stage. During the
compression stage, kinetic energy is transformed into elastic strain energy and plastic
deformation on the particle. The recovery stage converts the stored elastic strain energy
back into kinetic energy.
Yu and Tafti[40] expanded on Stronge’s work by improving the elastic recovery
model to compare better with experiments and introduced molecular adhesive force on
the entire contact area of the collision during the recovery stage. By incorporating the
molecular adhesive force, they account for the energy loss due to the intermolecular
attraction during recovery between the particle and the surface that it is colliding with.
This allows for a more accurate representation of the recovery stage.
The effect of sand grain size and temperature on material properties was also
incorporated into Yu and Tafti’s[40] model. Experimental work by Dutta[43] and
McDowell[44] had shown the dependence of Young’s Modulus and yield strength on the
size and composition of the sand. They showed that sand particles below 1 mm sizes
exhibited a sharp increase in Young’s modulus and yield strength.
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The model also accounts for the effect that temperature has on the yield
properties. The yield stress of sand drops significantly as temperatures approach the
softening temperature. This allows for more accurately modeling the rebound kinematics
of softened particles at high temperatures. Incorporating their relationships for yield
strength and Young’s Modulus into their model, and comparing to experimental results of
micron size sand particles colliding with steel and aluminum surfaces, Yu and Tafti were
able to validate the use of this model[45]. The calculated coefficients of restitution
closely followed the trend observed from the experimental results, for collisions of
varying particle sizes and impact velocities. In the extended model developed by Yu et
al.[41], the tangential and angular velocities are calculated based on the normal impulse
and the determination of sliding and rolling contact.
In this work, the model of Yu et al.[41] which includes sliding and rolling in the
tangential direction, size and temperature dependent properties of sand is used. In the
model implementation, walls are treated as a particle with a significantly larger radius
than the colliding particle. This “particle” is assigned material properties specified for the
wall and the collision is calculated in the same manner as a regular particle-particle
collision. The impact model gives the resultant particle velocities.
2.4. Particle Agglomeration and Deposition Model
Three scenarios of particle-particle and particle-wall interaction are entertained in
the overall model. In scenario 1, two particles in free flight collide and may agglomerate
to form a larger particle. This behavior will be referred to as “agglomeration” and is
shown in Figure 2.1. Scenario 2 is when a particle collides with a bare surface and may
deposit on the surface; in the third scenario, a particle collides with a particle already
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deposited on the surface and may deposit. Scenarios 2 and 3 will be referred to as
“deposition” and is shown in Figures 2.2 and 2.3.
During each impact, first a decision is made whether a particle will agglomerate
with another particle or deposit on a surface or with another particle. Whether particles
will agglomerate depends on the temperature of the particles involved in the collision.
Particles in free flight will agglomerate together, if one of them has a temperature greater
than the softening temperature. The softening temperature of a particle, is a material
property that refers to the critical temperature at which the solid particle begins to exhibit
fluid-like properties as its viscosity begins to decrease rapidly. For sand particles, which
are used in this work, the softening temperature is taken to be 1340 K. Figure 2.1, shown
below, illustrates how the temperature of the particles is used in determining whether
they will agglomerate.
The criteria for particle deposition is based on the normal COR of the collision,
and the temperature of the particle. Prior to determining if a particle deposits, the particlewall collision or particle-particle collision is modeled. The particle will deposit on a
surface if its temperature is greater than the softening temperature and the collision has a
normal COR that is less than 0.01. For a particle colliding with an already deposited
particle, the same normal COR criteria must be met and either of the particles needs to
have a temperature greater than the softening temperature. Figures 2.2 and 2.3, shown
below, illustrate how the temperature of the particle, or particles, and normal COR is
used in determining whether a particle deposits. If a particle is determined to not
agglomerate or deposit, it will undergo a normal collision and resultant velocities,
calculated by the collision model, will be assigned to it.
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2.4.1 Modeling Particle Agglomerates
Particle agglomerates are formed when particles in free flight collide with other
particles. The decision tree used to identify agglomerations is shown in Figure 2.1.
Agglomerates are formed under the following conditions:
1. Agglomerates only form within particles in free flight, i.e. only within particles
that are not deposited on a surface.
2. Agglomerate clusters can form not only within a particle’s immediate contacts but
also neighbors of immediate contacts and so on till none of the particles in the
cluster are in contact with any other particle.
3. An agglomerate forms if any one of the particles within a particle cluster in
contact satisfies the sticking criterion of particle temperature being greater than
the softening temperature.
4. The physically consistent observation that a given particle can only be part of one
agglomerate is enforced.
5. It is assumed that the resulting agglomerate takes on a spherical shape and mass,
linear and angular momentum, and energy are conserved during the formation of
the agglomerate. Agglomerated particles are combined into a single particle using
the following expressions:


1 
1. Spatial location of center: x pc   xci
N N
2. Conservation of mass: d p  3  d 3pi
N
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1
3. Conservation of momentum: v p 
 m pi v pi
mp N


1
4. Conservation of angular momentum:  p 
 J pi pi , where the moment
Jp N

of inertia, J pi 

2
m pi rpi2
5

5. Conservation of energy: T p 

1
 miT pi
mp N

On the formation of the agglomerate, the N children are replaced by a single
agglomerated parent particle in the implementation. The agglomerated particle now
behaves as any other particle and experiences fluid forces of drag and buoyancy and
exchanges energy with its fluid environment through convection and diffusion. The
agglomerated particle can participate in forming another agglomerate or deposit on a
surface.
2.4.2 Modeling Particle Deposition
The two scenarios pertaining to particle deposition on a surface are discussed
next. The deposition model allows for particles to accumulate on surfaces and influence
the flow field through equations 2.1 and 2.3 through the void fraction or solid blockage
and the particle induced drag.
2.4.2.1 Deposition on Surface
When any particle impacts a bare surface, the collision is modeled by the collision
model described above in section 2.3.3. If the particle has a temperature greater than the
softening temperature, and the normal COR of the modeled collision is less than 0.01, the
23

particle is deposited. On depositing the particle velocity and angular momentum is set to
zero simulating the cessation of any motion. It is explicitly assumed that once deposited a
particle cannot be dislodged from the surface, i.e. the equation of motion is not solved for
that particle. However, the drag force on the particle is calculated and transferred to the
fluid momentum equations. The force of gravity is no longer solved for the particle and
the collision between the wall and the surface is not solved in subsequent iterations, as
the particle is assumed to be in static equilibrium with the surface. The decision tree for
determining particle on surface deposition, is shown in Figure 2.2.
The particle energy equation is no longer solved but instead it is assumed that the
fluid and particle are in thermal equilibrium, i.e. the particle and fluid temperature are
equal. The modified fluid-solid energy equation will be presented later in section 2.4.2.3
to be consistent with this assumption.
2.4.2.2 Deposition on Deposited Particle
When a particle impacts another particle already deposited on a surface, the
incoming particle can deposit, if the deposition criterion is met. The normal COR of the
collision must be less than 0.01 and either particle needs to have a temperature that is
greater than the softening temperature. The decision tree for determining particle on
particle deposition, is shown in Figure 2.3. If conditions are not favorable for deposition,
the particle-particle collision will be modeled in which the particle on the wall is treated
as a particle with infinite mass such that it is not affected by the collision.
Collisions between deposited particles are not modeled, resulting in deposited
particles remaining stationary. The model allows for deposits to grow on surfaces
impacting the flow field around the porous deposit. As the deposit grows, the solid phase
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will experience the flow of heat through conduction and also interact with the
surrounding fluid through convection. This process of energy transfer between the
deposit and fluid is resolved by solving a modified energy equation which assumes
thermal equilibrium between the solid deposit and fluid and solves a modified energy
equation for a porous material to resolve the temperature distribution in the deposit.
2.4.2.2.1 Modeling Deposited Particles
Deposit aggregates form on surfaces as particles adhere to already deposited particles.
The decision trees for determining whether a particle deposits is shown below in Figures
2.2 and 2.3. The following conditions are applied to all deposited particles:
1. Once a particle has deposited it can no longer agglomerate with another particle, it
retains its shape and mass after deposition. This is done in order to prevent large
artificial particles forming within the deposited aggregates.
2. It is assumed that once a particle is deposited it cannot be dislodged from the
surface or move along the surface.
3. Deposited particles cannot be affected by body or contact forces, but are subject
to drag forces which are coupled to the fluid momentum equation
4. It is assumed that once deposited, particles enter into thermal equilibrium with
their surrounding fluid instantaneously. This results in the particle temperature
being equal to the temperature of its surrounding fluid: 𝜃𝑝 = 𝜃𝑓
5. Prior to setting the temperature of the particle equal to the temperature of the
fluid, the excess energy of the particle (= 𝑚𝐶𝑝 (𝜃𝑓 − 𝜃𝑝 )) is transferred to the
fluid through the energy equation.
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2.4.2.3 Modified fluid-solid energy equation
In order to model the thermally equilibrated fluid and solid particles in deposits, a
modified energy equation is implemented which models the domain as a porous mixture
of fluid and solid. In this framework a single phase energy equation is solved using
effective properties[46]. The non-dimensional equation for energy is written as:
𝜕(∀𝜌𝑒𝑓𝑓 𝜃)
𝜕𝑡

⃗⃗ ∙ (𝜌𝑒𝑓𝑓 ∀𝑣⃗𝜃) =
+∇
(𝑅𝑒𝑃𝑟)

1
𝑟𝑒𝑓 𝐶𝑝𝑟𝑒𝑓

⃗⃗ ∙ (∀𝑘𝑒𝑓𝑓 ∇
⃗⃗𝜃) + ∑𝑛𝑝 𝑞̇ 𝑐𝑜𝑛𝑣,𝑖 (2.21)
∇
𝑖=1

The superficial velocity(𝑣⃗ = 𝜀𝑢
⃗⃗) is used instead of the interstitial velocity(𝑢
⃗⃗) as it
correctly describes the average velocity flowing through the porous medium.
Additionally, terms that have a subscript of eff refer to properties that are calculated
specifically for the energy equation and that are different than those that are used in the
solving of the other governing equations shown above. These non-dimensional terms are
defined as:
Density:
𝜌𝑒𝑓𝑓 =

𝜀𝜌𝑓∗ + (1 − 𝜀)𝜌𝑝∗
∗
𝜌𝑟𝑒𝑓

(2.22)

Thermal Conductivity:
𝜀

𝑘𝑒𝑓𝑓
Specific Heat:
𝐶𝑝𝑒𝑓𝑓 =

𝑘𝑓∗ ∗ 𝑘𝑝∗ 1−𝜀
=
∗
𝑘𝑟𝑒𝑓
𝜀𝐶𝑝𝑓∗ + (1 − 𝜀)𝐶𝑝𝑝∗
∗
𝐶𝑝𝑟𝑒𝑓

Prandtl Number:
𝑃𝑟𝑒𝑓𝑓

(2.23)

2.24)

∗
∗
𝜇𝑟𝑒𝑓
𝐶𝑝𝑒𝑓𝑓
=
∗
𝑘𝑟𝑒𝑓

(2.25)
In these definitions a subscript of p is used to denote properties of the particles, f for
fluid, while the subscript ref is used to denote the same reference values that are used to
non-dimensionalize the momentum and continuity equations. The effective properties are
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determined by weighting the fluid and particle properties based on the void fraction, ε. A
weighted geometric mean was used to determine the effective thermal conductivity while
a weighted arithmetic mean was used to determine the effective specific heat and density.
The geometric mean has been shown to produce reasonable results as long as the thermal
conductivity of the fluid did not significantly differ from the thermal conductivity of the
particle[47]. Equation 2.21 is used throughout the calculation domain. As stated above in
section 2.1.1, the void fraction is defined as such:
𝑛𝑝

∀𝑓𝑙𝑢𝑖𝑑 ∀ − ∑𝑖=1 𝜓𝑝,𝑖 ∀𝑝,𝑖
𝜀=
=
∀
∀
The void fraction is defined by subtracting the total volume of deposited particles
within the cell from the total volume of the cell. 𝜓𝑝 is assigned a value of 1 for all
deposited particles, ensuring a void fraction is only calculated using deposited particles.
This means, the void fraction will only deviate from unity in regions of particle deposits,
whereas in the rest of the domain it will have a value equal to unity, thus emulating the
non-equilibrium condition of equation 2.3 using fluid properties. In regions of particle
deposition, when the void fraction deviates from unity, the effective properties are used
to model the flow of energy in the deposit with the non-equilibrium term, 𝑞̇ 𝑐𝑜𝑛𝑣,𝑖 = 0.
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Figure 2.1 Methodology for determining whether particles will agglomerate in free
flight.
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Figure 2.2 Methodology for determining whether particles will deposit on a surface.
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Figure 2.3 Methodology for determining whether particles will adhere to particles
already deposited on a surface.
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Chapter 3. Coupled Simulations of Particle Deposition at Varying Stokes Numbers
and Temperatures

The focus of this chapter is to model the deposition of sand particles under
different conditions to observe the effectiveness of the proposed framework. A jet
carrying sand particles of diameter 5 microns is made to impinge on a surface. The
momentum Stokes number of the particles is varied from 𝑆𝑡𝑝 = 0.53, 0.85, 2.66, 3.19 in
order to observe the effect that the particle’s responsiveness to its surrounding fluid has
on deposition. In order to change the Stokes number, while maintaining a constant
particle size between simulations, the Reynolds number of the jet is varied (𝑅𝑒𝑗𝑒𝑡 = 20,
75, 100). To test the effectiveness of the coupled simulation framework under different
conditions, the temperatures assigned to the jet, depositing surface and surroundings are
varied (𝑇 ∗ = 1000 – 1600 K). The results are compared to the de-coupled approach in
which the particles on deposition are removed from the calculation. Comparing the two
approaches, it was observed that the coupled simulation could, depending on the
temperature conditions, either increase or decrease the capture efficiency. Additionally,
by not removing deposited particles in the coupled approach, the presence of the deposit
affected the velocity field by as much as 130% while only having a limited effect on the
temperature field.
An additional set of simulations were also performed to determine whether
deposit formation was self-limiting and under what conditions. These simulations
∗
consisted of a cold jet (𝑇𝑗𝑒𝑡
= 1000 K), impinging on a hotter surface at varying
∗
temperatures (𝑇𝑠𝑢𝑟𝑓
= 1400 – 1500 K). This set of simulations differed from the previous

set by the fact that particles were continuously injected, instead of injecting a set number.
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This was necessary as many more particles were needed in order for the deposit to reach
an equilibrium state. These results showed that the self-limiting equilibrium state reached
by the deposit was directly correlated to the temperature of the surface. At equilibrium
the velocity and temperature fields of the coupled simulations differed by as much as
110% and 8.5%, respectively. The results that are presented are for the equilibrium
deposit that formed under the specified computational set up. Different equilibrium
deposits could be formed if different factors were changed, such as the particle injection
time period and frequency.
3.1 Methodology
This section highlights the computational model and the input parameters that are
used in the various simulations presented in this chapter. The governing equations for
mass, momentum and energy, described in Chapter 2, are solved using the code
GenIDLEST (Generalized Incompressible Direct and Large Eddy Simulation of
Turbulence). Particle kinematics, deposition and aggregation, are also modeled within the
CFD-DEM framework, which is also described in Chapter 2.
3.1.1 Computational Mesh
The geometry used in this chapter consists of a jet impinging on a surface. A side
view of the cubed-shaped computational domain is shown below in Figure 3.1a.
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(a)

(b)

Figure 3.1. Computational Domain (a) Side view (b) Side view of computational
mesh.
1

The square jet, with a side length equal to one-third the domain height (3 𝐿∗𝑟𝑒𝑓 ), enters
from the top of the domain with a negative v-velocity. The reference length(𝐿∗𝑟𝑒𝑓 ) for all
simulations is set equal to 2x10-3 m or 2 mm. The square impinging surface is placed at
the center of the domain and has side lengths equal to the side length of the jet. The jet
after impinging on the surface exits through outlets place at the bottom of the side walls
in the z-direction. A side view of the computational mesh used in shown above in Figure
3.1b. The overall mesh is a 128x128x128 grid that consists of approximately 2,100,000
total computational cells that are equally spaced in all three directions. The cell size to
particle diameter ratio, for a 5-micron particle, is 3.13. This ratio limited the fineness of
the mesh, as ratios greater than 3 are traditionally used in CFD-DEM calculations.
3.1.2 Simulation Parameters and Description
The purpose of the simulations that are presented in this chapter, is to observe the
performance of the framework under different conditions. The two parameters that are
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investigated specifically are particle Stokes number and temperature. By changing the
temperature of the jet, impinging surface, and the initial temperature of the domain,
different conditions for deposition to occur are simulated. The three temperature
conditions that were used are named: Cold Jet, Hot Jet, and Turbine conditions. The Cold
∗
Jet condition is where a relatively cooler Jet (𝑇𝑗𝑒𝑡
= 1000 K) impinges onto a hotter
∗
surface (𝑇𝑠𝑢𝑟𝑓
= 1400 K). The Hot Jet condition is opposite of the Cold Jet where a hotter
∗
∗
jet (𝑇𝑗𝑒𝑡
= 1600 K) impinges on a cooler surface (𝑇𝑠𝑢𝑟𝑓
= 1200 K). For simulations using

these conditions, the initial temperature of the domain is set equal to the cooler
temperature. The Turbine condition is the same as the Hot Jet condition, but the initial
domain temperature is equal to the higher jet temperature. These thermal conditions are
closest to what would be encountered in a gas turbine in which the particle laden high
temperature flow exiting the combustor would impinge on a relatively cooler surface of
the vanes and blades. For all these cases the temperature of the outer walls of the cavity,
excluding the impinging surface walls, is set equal to the initial domain temperature.
In each of these environments, one simulation was run at a Stokes number(𝑆𝑡𝑝 ) greater
than 1 and one at a Stokes number less than 1. These cases allow us to observe the
deposition behavior of particles, when they follow fluid streamlines and when they do
not. To model different Stokes numbers without changing the particle size, the Reynolds
number of the jet was changed instead. Additionally the convective Stokes
number(𝑆𝑡𝑐𝑜𝑛𝑣 ) was calculated for each case. The convective Stokes number relates how
quickly a particle adjusts to changes in the temperature field around it. When the
convective Stokes number is less than 1, which is true for all the cases simulated, the
particle temperature changes quickly in response to temperature changes of its
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surrounding fluid. Table 3.1, shown above, shows the different simulations performed at
different Stokes numbers and temperature conditions. In this chapter, each simulation
will be referenced based on its temperature condition and jet Reynolds number.

Table 3.1. Temperature conditions and input parameters used in stokes number
study cases.
Initial
∗
∗
𝑻𝒋𝒆𝒕
𝑻𝒔𝒖𝒓𝒇
Domain 𝑻∗ (K)
𝑺𝒕𝒑
𝑹𝒆𝒋𝒆𝒕
Profile
Stconv
𝒓𝒆𝒇
Temp
(K)
(K)
(K)
20

0.53

0.114

1000

1400

1000

1000

100

2.66

0.571

1000

1400

1000

1000

20

0.85

0.178

1600

1200

1200

1600

75

3.19

0.535

1600

1200

1200

1600

20

0.85

0.178

1600

1200

1600

1600

75

3.19

0.535

1600

1200

1600

1600

20

0.53

0.114

1000

1400

1000

1000

20

0.53

0.114

1000

1450

1000

1000

20

0.53

0.114

1000

1500

1000

1000

Cold Jet

Hot Jet

Turbine

Equilibrium
Deposit
Cases

In all these simulations, variable properties were calculated for each computational cell.
∗
As outlined in Section 2.1.1, depending on the specified reference pressure(𝑃𝑟𝑒𝑓
) and
∗
∗
temperature(𝑇𝑟𝑒𝑓
), the ideal gas law is used to calculate the reference density(𝜌𝑟𝑒𝑓
),
∗
Sutherland’s Law is used to calculate reference values for viscosity(𝜇𝑟𝑒𝑓
) and thermal
∗
∗
conductivity(𝑘𝑟𝑒𝑓
). The specific heat(𝐶𝑝𝑟𝑒𝑓
) is calculated based on a polynomial

function for air. The specified pressure and temperature reference values and their
corresponding reference property values are shown below in Table 3.2. The reference
∗
∗
velocity(𝑢𝑟𝑒𝑓
), and velocity of the jet(𝑢𝑗𝑒𝑡
), is also provided depending on the Reynolds

number of the jet(𝑅𝑒𝑗𝑒𝑡 ). The Reynolds number of the jet is defined by using the side
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1

length of the jet as the characteristic length. The side length of the jet is 3 the reference
length(𝐿∗𝑟𝑒𝑓 ) where 𝐿∗𝑟𝑒𝑓 is equal to 2x10-3 m for all simulations. Additionally a non∗
dimensional time step (∆𝑡 ∗ 𝑢𝑟𝑒𝑓
/𝐿∗𝑟𝑒𝑓 ) of 2.5x10-4 is used for all the simulations in this

chapter.
Table 3.2. Reference values for air different reference temps (a) 1000 K (b) 1600 K.
∗
∗
𝑇𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
1000 𝐾
1600 𝐾
∗
𝑃𝑟𝑒𝑓

101 𝑘𝑃𝑎

∗
𝑃𝑟𝑒𝑓

101 𝑘𝑃𝑎

∗
𝜌𝑟𝑒𝑓

𝑘𝑔⁄
𝑚3
𝐽
1136 ⁄𝑘𝑔 ∗ 𝐾

∗
𝜌𝑟𝑒𝑓

𝑘𝑔⁄
𝑚3
𝐽
1225 ⁄𝑘𝑔 ∗ 𝐾

0.352

∗
𝐶𝑝𝑟𝑒𝑓
∗
𝜇𝑟𝑒𝑓

4.152 × 10−5

∗
𝑘𝑟𝑒𝑓

6.61 × 10−2

∗
𝑢𝑟𝑒𝑓
∗
= 𝑢𝑗𝑒𝑡

𝑅𝑒𝑗𝑒𝑡
= 20
𝑅𝑒𝑗𝑒𝑡
= 100

0.220

∗
𝐶𝑝𝑟𝑒𝑓

𝑘𝑔⁄
𝑚∗𝑠
𝑊⁄
𝑚∗𝐾

∗
𝜇𝑟𝑒𝑓

5.455 × 10−5

∗
𝑘𝑟𝑒𝑓

8.90 × 10−2

3.78 𝑚⁄𝑠

∗
𝑢𝑟𝑒𝑓
∗
= 𝑢𝑗𝑒𝑡

18.88 𝑚⁄𝑠
(a)

𝑅𝑒𝑗𝑒𝑡
= 20
𝑅𝑒𝑗𝑒𝑡
= 75

𝑘𝑔⁄
𝑚∗𝑠
𝑊⁄
𝑚∗𝐾
7.94 𝑚⁄𝑠
29.77 𝑚⁄𝑠

(b)

Prior to the injection of particles, a steady state flow and thermal field is obtained
for the jet impinging on the surface. A fluid only calculation is performed until the
temperature and velocity residuals reach a value less than 1x10-9. Once a steady state is
reached, 5-micron sand particles are continuously injected into the domain. Particles are
continuously injected into the domain until the total number of injected particles reaches
15,000. The particles are placed at the entrance of the jet and are randomly arranged
across the square cross section of the jet and assume the local fluid velocity and
temperature on injection.
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Table 3.3. Mass loading and dimensional time length of parametric simulations
Profile
Re
Mass Loading (ppm)
Duration (s)
20
0.0985
0.0496
Cold Jet
100
0.00395
0.0102
20
0.0357
0.0236
Hot Jet
75
0.00254
0.00629
20
0.0357
0.0236
Turbine
75
0.00254
0.00629
Table 3.3, shown above, shows the mass loading in parts per million (ppm) and the
duration of each simulation in seconds. These values differ as they are functions of the
reference values specified above in Table 3.2. The mass loading presented is the ratio of
the particle mass injected to the total mass flow of the jet (𝑚̇𝑝𝑎𝑟 ⁄(𝑚̇𝑓 + 𝑚̇𝑝𝑎𝑟 )).
Table 3.4. Mechanical and thermal properties of sand particles.
𝑘𝑔
Density(𝜌𝑝∗ )
2630 ⁄𝑚3
Bulk Young’s Modulus
Function of size and Temperature
Bulk Yield Stress

Function of size and temperature

Poisson Ratio

0.162
𝐽
730 ⁄𝑘𝑔 ∗ 𝐾
1.5 𝑊⁄𝑚 ∗ 𝐾
0.61 N/m

Specific Heat(𝐶𝑝𝑝∗ )
Thermal Conductivity(𝑘𝑝∗ )
Surface Energy
Softening
∗
Temperature(𝑇𝑠𝑜𝑓𝑡
)
Surrounding
∗
Temperature(𝑇𝑠𝑢𝑟
)
Emissivity(𝜖𝑝 )

1340 𝐾
∗
= 𝑇𝑠𝑢𝑟𝑓

1

Once injected, particles are transported by the fluid until they deposit, agglomerate, or are
carried away from the impinging surface. Section 2.4 details the particle agglomeration
and deposition model. The properties for the sand particles and the walls, which are
modeled as steel, are shown in Tables 3.4 and 3.5. As explained in Section 2.3.3, the
Bulk Young’s modulus and yield stress are calculated based on the size and temperature
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of the particles, based on the relationships developed by Yu et al.[41]. The remaining
properties for sand and steel are known values at room temperature.
Table 3.5. Mechanical properties of steel walls.
𝑘𝑔
Density
8050 ⁄𝑚3
Young’s Modulus

210 𝐺𝑃𝑎

Yield Stress

250 𝑀𝑃𝑎

Poisson Ratio

0.27

Surface Energy

1.62 N/m

Once particle injection stops, the simulation is allowed to progress until steady state is
reached again. To investigate the effect of the proposed coupled framework on particle
agglomeration and deposition and its impact on the flow and thermal field, the same
calculations are repeated in a decoupled framework where particles are removed from the
calculation once they deposit. The effect of these two frameworks on particle deposition
and velocity and temperature fields is described in detail below in Section 3.2.
In addition to these cases, additional simulations were also performed that
investigated the effect that temperature had on the deposit’s mass and size. These
simulations, also listed in Table 3.1, were performed using the Cold Jet temperature
conditions with the jet temperature equal to 1000 K and varying the impinging surface
∗
temperatures(𝑇𝑠𝑢𝑟𝑓
= 1400 – 1500 K). These simulations only differed from the Cold Jet

cases in Table 3.1, in that particles were continuously injected until the deposited mass
achieved a self-limiting state and stopped growing. The results and conclusions presented
are for the equilibrium state - the observed equilibrium deposit heights and the effect of
these larger deposits on the surrounding fluid is discussed in detail in Section 3.2.3.
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3.2 Results and Discussion
As stated above, the purpose of these simulations is to investigate the effect the
proposed coupled framework has on the behavior of deposits formed by softened sand
particles under different conditions. By retaining the deposited particles within the
domain, it is desired to study the coupled effect that the deposit and its surrounding fluid
have on each other. Of specific interest is the effect of deposits on the temperature and
velocity of the fluid and consequently on the rate of deposition.
A comparison case must first be established in order to observe the effect of the deposit.
Prior to the injection of particles, for each case, a fluid only calculation is performed until
the temperature and velocity fields reach a steady state. These fluid only calculations also
provide insight into the flow dynamics of a laminar impinging jet at different Reynolds
number and temperature conditions. The velocity and temperature fields for the Cold Jet
case at Reynolds of 20 and the Turbine case at Reynolds of 75, are provided below in
Figure 3.2 in the vicinity of the impingement plate. Characteristics of interest for the
laminar impinging jet, can be highlighted in these two cases. Additional results for the
other parametric cases at steady state are provided in Appendix B.
At higher Reynolds number the region that experiences a positive v-velocity is
smaller compared to the lower Reynolds number cases. The momentum of the fluid is
greater at the higher Reynolds number, resulting in the fluid resisting the blockage effect
due to the presence of the impinging surface. This results in a larger region with a
negative v-velocity.
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Cold Jet (Re=20)

Turbine (Re=75)

U-Velocity (m/s)

V-Velocity (m/s)

Temperature (K)

Figure 3.2. Velocity and temperature profiles at steady state prior to the injection of
particles under Cold Jet (Re=20) and Turbine (Re=75) conditions.
For all cases, the velocity field is symmetric. The fluid approaches perpendicular
to the impact surface, and begins to move away from the center of the surface as it begins
to feel the presence of the surface. The temperature field of each case is dependent on the
temperature boundary conditions. Under the cold jet conditions, heat propagates from the
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surface and higher temperatures can be observed closer to the surface. However, under
Turbine and Hot Jet conditions, the opposite behavior can be observed, as cold
temperatures are present near the impact surface. The simulations using the coupled
model are compared to these cases to observe the effects of deposition within the domain.
To recap the physics of the coupled mathematical model, deposits can affect
subsequent deposition in the following ways: 1. By providing a surface coated with
softened particles to which incoming particles are more prone to stick; 2. By modifying
the thermal conductivity and temperature-dependent properties of the porous solid-fluid
deposit which impacts the diffusion of heat and momentum; 3. By modifying the
convective flow field and by association the convection of temperature field surrounding
the surface.
In order to determine the differences between the coupled and de-coupled
approaches, the captured mass is tracked as a function of time in order to observe any
changes in the rate of deposition. The captured mass is the sum of all the deposited
particles. Additionally, a capture efficiency was defined as shown below in equation 3.1.
𝑚𝑑𝑒𝑝

𝜂𝑐𝑎𝑝 =

𝑚𝑖𝑛𝑗

(3.1)

The capture efficiency(𝜂𝑐𝑎𝑝 ) relates the total mass of the particles deposited(𝑚𝑑𝑒𝑝 ) to
the total mass of particles injected into the domain(𝑚𝑖𝑛𝑗 ).
At different instances during the injection period the superficial velocity and
temperature are compared to the steady state prior to the start of particle injection. The
superficial velocity(𝑣⃗), which is the average velocity flowing through a porous medium
is compared as it is used instead of the interstitial velocity(𝑢
⃗⃗) in the porous energy
equation described in Section 2.4.2.3. Specifically, the v-velocity component is
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compared, as it is the component that is normal to the impact surface. The percent
difference on the temperature and velocity field caused by the framework is defined as
such,
%𝜃 =

𝜃𝑐𝑜𝑢𝑝𝑙𝑒𝑑 −𝜃𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒𝑑

%𝑣 =

𝜃𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒𝑑
𝑣𝑐𝑜𝑢𝑝𝑙𝑒𝑑 −𝑣𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒𝑑
|𝑣𝑑𝑒𝑐𝑜𝑢𝑝𝑙𝑒𝑑 |

(3.2)
(3.3)

Based on Eqn. 3.3 with the jet impinging with a negative v-velocity, a positive percent
difference in velocity corresponds with the v-velocity component decreasing. A negative
percent difference in velocity corresponds with the velocity accelerating in the negative
y-direction. A positive or negative percent difference in temperature relates to a higher or
lower temperature, respectively. The temperature and velocity fields are compared on a
2D slice that is located at the center of the impinging surface(𝑧 = 0.5). Deposits are
represented by void fraction distributions. Figure 3.3 above shows a deposit structure and
its corresponding void fraction plot for one of the cases presented in this chapter. The
deposit structures form in columns which are bounded by the computational cell
boundaries. Because of the low Reynolds number laminar jet, mixing is not significant
and particles injected in similar locations follow the same path to the impingement
surface and form the columnar deposits. It is noteworthy that Figure 3.3 is in the early
stages of deposition and the height of deposition is approximately 40 microns. The void
fraction distribution on the other hand is smooth and continuous varying from a value of
1 far from the surface to 0.9 in the deposits as interpolation smooths the transition
between locations with and without particles. Since the fluid feels the presence of the
particles through the void fraction, it will be used to represent the formed deposit. In
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addition to the results that are presented in this chapter, additional results are included in
Appendix B at the end of this thesis.

Figure 3.3. Deposit representation by particle DEM elements and corresponding
void fraction plot.
3.2.1 Effect of Deposit on Flow and Thermal Fields
This section highlights the effect of the deposit on its surrounding fluid at
different instances during the injection period. The percent differences in the v-velocity
and temperature fields are presented, where the flow and thermal fields of the coupled
simulation are compared to the steady state fluid-only calculations described above. The
superficial v-velocity component is being compared as it is the velocity component that is
perpendicular to the impinging surface. The void fraction at the corresponding instance is
also provided to see the effect the size and shape of the deposit has on the flow field. The
comparison is made on a two-dimensional slice located at the center of the impingement
surface (𝑧 = 0.5). The results shown below highlight the effect the deposit has on the
flow and thermal fields. Due to the coupled nature of these simulations, these altered
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fields have an effect on further deposition of subsequent particles, which will be
presented in Section 3.2.2.
For all the cases, the regions that experienced the greatest effect on their flow and
thermal fields were not located within the deposit itself but rather were located above the
deposit. This can be observed below in Figure 3.4, for the Cold Jet case at a Reynolds
number of 20 at steady state with the final deposit. It is important to note that the percent
difference in the flow and thermal fields, which are relative values, are being plotted
below. It is surprising to note that the maximum differences occur not in the deposited
layer but above the deposit in the approaching flow. The fluid close to the impinging
surface already has low velocities and the porous deposit that forms does not alter the
velocity in the deposit layer as much as it does in the approaching flow which senses the
deposit on the impingement surface through changes in pressure and density. The deposit
layer increases heat conduction from the surface, increasing the temperature of the
approach flow and reducing the density. In spite of the fact that a modified equilibrium
energy equation is solved in the deposit layer by considering the mixture properties in the
deposit layer (Section 2.4.2.3), in the short duration calculations performed (6-50 ms), the
effect of the deposit on the thermal field is small because of the large void spaces in the
deposit.
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Figure 3.4. Void fraction and percent difference in v-velocity and temperature at
steady for 20 Re jet under cold jet conditions.
Figure 3.4, also shows how the velocity is more sensitive to the deposit than temperature.
This is seen most significantly for the Hot Jet case at a Reynolds number of 75, shown
below in Figure 3.5. The flow field experiences a difference of 130% and -70%, with
only a -5% difference in temperature. The deposit causes a significant blockage on the
impact surface which slows down the approach velocity immediately above the plate but
accelerates the v-velocity at the edges. In this case the increase in conductivity, increases
the heat conducted into the plate and lowers the temperature of the surrounding fluid by
approximately 5%.

Figure 3.5. Void fraction and percent difference in v-velocity and temperature at
steady state for 75 Re jet under hot jet conditions.
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For the hot jet and turbine conditions, it was also observed, that deposits of
similar size and mass have a more significant effect on the fluid at higher Reynolds
numbers. Under turbine conditions, a 5 percent increase in the deposit size resulted in the
percent difference in velocity and temperature doubling. This is seen below in Figure 3.6,
where the 75 Reynolds number jet causes a max difference of 130 % for velocity and
about 5% for temperature.

Figure 3.6. Void fraction and percent difference in v-velocity and temperature at
steady state for 75 Re jet under turbine conditions.
During the injection period the flow and thermal fields are observed to evolve
over time, as the deposit grows and changes in shape. This is seen below in Figure 3.7 at
different time instances for the flow and thermal fields at Re=20 impinging jet under
turbine conditions. Figure 3.7, shows the percent difference in the v-velocity and
temperature at different instances during the injection period, as well as at steady state
with the final deposit present. During the injection period the region of influence is not
symmetric and is dependent on the location of deposit concentrations on the surface.
However, at steady state with a constant deposit, the flow and thermal fields stabilize and
become more symmetric in nature.
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Time (sec)

Void Fraction

v-Velocity Percent
Difference

Temperature Percent
Difference

0.00165

0.0033

0.00495

Steady

Figure 3.7. Void fraction and percent difference in v-velocity and temperature for
20 Re jet under Turbine conditions.
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The observed fluctuations are due to the random arrangement of particles during
injection. With the random arrangement particles will not be equally distributed, resulting
in a deposit that will be random and not symmetric. The changing deposit results in the
topography of the impinging surface changing constantly as well. The flow and thermal
fields fluctuate as they feel the effect of the changing geometry. The random arrangement
of injected particles also effects the repeatability and comparability of other simulations
performed using the same conditions. The formed deposit will differ between each
simulation, resulting in velocity and temperature fields that will vary as well.
For cases where deposition is not significant, the influence on the flow and
thermal fields is not significant compared to the cases presented above. This is seen
specifically for Re=100 jet under Cold Jet conditions. With a sparse and very porous
deposit, the void fraction remains relatively high, resulting in an insignificant effect on
the flow field. Additionally, the small deposit does not have a large effect on the amount
of conductive heat transfer from the relatively hotter surface. These behaviors are
observed in the flow and thermal plots, which are included below in Figure 3.8.

Figure 3.8. Void fraction and percent difference in v-velocity and temperature at
steady state for 100 Re jet under cold jet conditions.
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The limited increase in temperature is due to the lack of an extra conductive layer on the
impinging surface. Under the Cold Jet conditions, the formed deposit should form a
conductive layer which augments heat transfer from the hotter impinging surface to the
fluid. However, with a marginal amount of deposition in the 100 Reynolds number Cold
Jet case, this effect is limited.
The results presented in this section show the effectiveness of the coupled model
is able to capture the influence of a deposit on its surrounding flow and thermal fields.
With the presence of the deposit on the surface, the fluid senses the blockage which
results in altered velocity fields. With the inclusion of the equilibrium energy equation
and effective properties, conductive heat transfer through the deposit medium is also
modeled. This results in regions in and around the deposit experiencing differences in
temperature. As stated above, these results are specific to the deposits that are formed for
each of these cases. If these simulations were to be performed again, the exact
microstructure of the deposits would be different given the random injection of the
particles. In extreme cases, the coupling with the flow and thermal field could lead to a
very different deposition pattern particularly in turbulent flows. As with the transient
velocity fluctuations observed for the turbine cases, the deposit present at each moment
affects the flow and thermal field differently. Therefore, the current model when applied
to real geometries and flow conditions (say flow over a turbine vane), will not affect the
location of deposit formation which is driven by the macro-dynamics of particle transport
in the given flow and thermal field but the micro-dynamics of deposit formation will vary
due to the inherent randomness in the physical system.
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3.2.2 Particle Deposition
The capture efficiency as a function of time and the total captured mass is
presented in this section. The capture efficiency is calculated based on the mass of
particles deposited and the mass of the particles injected up to that instant in time. Time
is represented in dimensional units of seconds. The total dimensional time of each
simulation varies as the reference time is a function of reference values specified in Table
3.2. Time starts when the injection of particles begins and ends when the last particle has
deposited. A capture efficiency and total captured mass is calculated once all the particles
have deposited and is reported for each case. The capture efficiency is compared between
the coupled and decoupled frameworks for each of the simulations. The decoupled
framework is one in which particles that deposit on the surface are removed from the
calculation, thus eliminating any coupling between the deposit and the flow and thermal
fields. Depending on the influence of the deposit on the fluid near the impingement
surface, it either enhances or attenuates deposition.
The capture efficiency as a function of time is shown for the Cold Jet cases below
in Figure 3.9. An increase in capture efficiency with time implies that the rate of capture
is increasing whereas a decrease indicates the opposite. A constant value on the other
hand indicates that there is no change in rate of capture and the deposition has reached a
quasi-stationary rate of capture. The initial increase in all cases is a result of the finite
time taken for particles to reach the impingement surface after they are injected at the top
of the domain. At Re=20, the capture efficiency levels off at 87% with no perceptible
difference between the coupled and decoupled approach. This implies that 87% of the
injected particles deposit on the surface and that the deposits have no effect on
subsequent deposition. Thus it can be further deduced that the particle approaching the
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surface has enough residence time to heat up to a temperature above the softening
temperature and deposit on contact irrespective of the state-of-the-deposit on the surface.
The similarity in capture efficiency between the coupled and decoupled approaches also
indicates that the deposits do not have a significant effect on the flow and thermal field
during the time of the simulation. In contrast, at Re=100, the capture efficiency is much
lower (order of magnitude) and is still increasing at 0.01 s for the coupled simulation.
This is because the particles are moving at a faster velocity and do not have enough
residence time to soften, resulting in them rebounding from the surface while still in a
solid state. It is noteworthy that under these conditions the decoupled framework reaches
a quasi-stationary rate of deposition at a capture efficiency of slightly over 1%, whereas
the rate of deposition of the coupled simulation increases with time and deposition. Since
the amount of deposition on the surface for the coupled simulation is not enough to have
a large impact on the flow and thermal field, it can be concluded that the deposit that
forms on the surface accelerates further deposition by providing a surface coverage of
softened sand particles to which the incoming particles adhere to. The presence of a
deposit layer also results in a small increase in temperature in the vicinity of the surface,
as heat conduction is enhanced by the increased conductivity. This also results in an
increased rate of deposition for the coupled simulations.
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Figure 3.9. The capture efficiency in the Cold Jet temperature conditions at Re = 20,
100 using the coupled and decoupled approach.
Figure 3.10, included below, shows the capture efficiency as a function of time for the
Hot Jet temperature conditions. More deposition occurs in the Hot Jet cases compared to
the Cold Jet cases. As the particles are carried in a hot jet, they stay in a softened state
(softening temperature=1340 K) which increases their chance of deposition. Contrary to
the Cold Jet cases, amongst the Hot Jet cases, particle deposition is greater at the higher
Reynolds number as the faster moving softened particles do not have enough residence
time in the cooler thermal layer surrounding the impingement surface to cool down prior
to impingement. In all the Hot Jet cases, the capture efficiency reaches a steady state for
both the coupled and decoupled simulations. At the lower Reynolds number, there is
marginal difference between coupled and decoupled calculations, whereas at the higher
Reynolds number of 75, the capture efficiency is lower by about 5% with coupling.
Under these temperature conditions, the presence of a deposit layer decreases the
temperature near the plate, as heat is conducted from the jet to the plate. This results in a
decreased rate of deposition for the coupled simulations.
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Figure 3.10. The capture efficiency in the Hot Jet temperature profile at Re = 20, 75
using the coupled and decoupled approach.
The capture efficiency for Turbine conditions (the jet and surroundings are at a higher
temperature) is shown in Figure 3.11. While the capture efficiencies for the Turbine
conditions follow very similar trends as the Hot Jet conditions, there is one notable
difference which is that the coupled simulations reduce the capture efficiency more (from
0.99 to 0.88) for the lower Reynolds number than for the higher Reynolds number. As
with the hot jet condition cases, deposit formation succeeds in reducing the temperature
surrounding the surface enough to reduce the amount of deposition using the coupled
computational model. The reduction in temperature is felt more by the slower moving
particles at the lower Reynolds number than the faster moving particles at the higher
Reynolds number.
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Figure 3.11. The capture efficiency in the Turbine temperature profile at Re = 20, 75
using the coupled and decoupled approach.
As shown below, in Table 3.6, the chance of deposition is relatively high for all the cases
that were calculated, with the exception of the Cold Jet case at the Reynolds number of
100. For this case the cold particles travel fast and do not soften before reaching the
surface. In the remaining cases the particles either have time to be heated by the surface
prior to impact, or are already at a high temperature because the carrier jet is at a high
temperature. The capture efficiency and captured mass based on a total injected mass of
2.59x10-9 kg for all the cases, is shown above in Table 3.6.
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Table 3.6. The capture efficiency and final captured mass of parametric cases.
Coupled Framework
Decoupled Framework
Captured
Captured
𝜼𝒄𝒂𝒑
𝜼𝒄𝒂𝒑
Profile
Re
Mass (kg)
Mass (kg)
20
2.26 x10-9
87.8%
2.25 x10-9
87.3%
Cold Jet
-10
-11
100
1.36 x10
5.26%
3.01 x10
1.17%
20
2.30 x10-9
89.7%
2.29 x10-9
88.7%
Hot Jet
-9
-9
75
2.44 x10
94.4%
2.55 x10
98.9%
20
2.28 x10-9
88.4%
2.56 x10-9
99.4%
Turbine
-9
-9
75
2.40 x10
93.1%
2.57 x10
99.4%
As evident in the cases above, particle temperature is the most critical factor in
determining deposition. For the Cold Jet case, particles were most likely to deposit at the
lower Reynolds number because they had time to be heated up, through convective heat
transfer, at the higher temperatures near the impinging surface. Conversely, for the Hot
Jet and Turbine cases, the particles were more likely to deposit at higher Reynolds
numbers. By being carried by at faster jet they do not have time to cool down prior to
impinging on the surface. The results using the proposed framework are physical as
hotter, softened particles are more likely to deposit due to their softened state. This
supports the intended coupled nature of the computational model. As highlighted in
Section 3.2.1, the presence of deposits changes the temperature field around the
impinging surface. This change in temperature either enhances or diminishes particle
deposition. The framework models this consistently based on the deposition criteria in
Section 2.4.2. Additionally, incorporating material properties, such as yield stress, as a
functions of temperature allows the collision model to more accurately model particle
collisions when the particle is in a softened state. Finally, as shown by the trends in
capture efficiency, the efficiency levels off at around a constant value, indicating that in
this computational set up the particle injection rate and rate of deposition stabilize. This
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constant capture efficiency is a good indicator of how supportive the conditions are for
deposition.
3.2.3 Equilibrium Deposit
In addition to the simulations presented above, a small set of cases were
performed which investigated the effect of temperature on the deposit on a longer time
scale. Specifically, if particles were continuously injected, would there be a point at
which the deposit would stop growing, or reach an equilibrium size, and would this be a
function of the surface temperature. As a deposit begins to aggregate, it plays a
significant role in the heat transfer of the system, as highlighted by the results above. For
the Cold Jet profile, the deposit diffuses heat from the impact surface into the domain,
raising the temperature of the system. However, the convective heat transfer by the cold
impinging jet counteracts this.
If these two behaviors were to balance, there would be a point at which the
deposit would stop growing. For a particle to deposit on an already deposited particle, as
explained in Chapter 2, either of the particles should have temperature that is greater than
the softening temperature(1340 𝐾). This deposition criterion bounds the region where
deposition can occur. As the deposit grows it extends this region, as it conducts heat from
the surface, raising the temperature of the fluid. Eventually the cool jet will limit how far
this region will grow. By raising the temperature of the impinging surface, this region
should grow increasing the amount of deposition. The time at which deposited mass stops
increasing, we assume than an equilibrium deposit has formed.
To observe this equilibrium deposit, particles were injected continuously with a
mass loading of 0.0985 ppm. Figure 3.12, shown below, illustrates the captured mass as a
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function of time for all three cases. The figure shows the captured mass continues to grow
until it levels off, indicating the formation of an equilibrium deposit. With the same rate
of particle injection, it takes longer for the deposit to reach equilibrium conditions at
higher wall temperatures.

Figure 3.12. The captured mass in the cold jet temperature profile at Re = 20, at
varying wall temperatures until equilibrium deposit is formed.
An increased deposit size can also be observed between the different cases. As shown
below in Table 3.7, an increase in the wall temperature increases the total captured mass
of each case. The total dimensional time and the capture efficiency at the moment
deposition stops is also included below in Table 3.7. Counter to expectation, the capture
efficiency drops with increase in temperature. This is because at higher wall
temperatures, the time to reach equilibrium is longer and therefore with the advent of
time fewer particles deposit which reduces the overall capture efficiency.
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Table 3.7. Final captured mass and efficiency of equilibrium deposits at varying
wall temps.
Wall Temp (K)
Time (s)
Captured Mass (kg) Capture Efficiency
1400

0.259

1.23e-8

91.2%

1450

0.299

1.30e-8

83.8%

1500

0.319

1.35e-8

80.9%

(a)
(b)
Figure 3.13. Particle and Fluid Temperature at (a) end of injection (b) steady state
under cold jet conditions with surface temperature of 1400 K.
Because of the unsteady nature of the process, at equilibrium when particles stop
depositing, the temperature and velocity fields are still evolving in time and have not
reached a steady state. It is noteworthy that the thermal time scale in the deposit layer is
larger than the deposition time scale and thus once deposition has stopped the thermal
field adjusts to the deposited layer. A thermal steady state is reached after approximately
0.3 ms in all three cases after the deposition stops. Every time a particle deposits, it is
instantly put in thermal equilibrium with the fluid involving heat flow from fluid to
particle as it equilibrates at the temperature of the surrounding fluid. In practice, this will
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happen over a finite-time period. Once the injection of particles is halted, the temperature
field evolves further and begins to reach a steady state. The black line shown above in
Figure 3.13, denotes the extent of the temperature region where deposition can
occur (𝑇 ∗ ≥ 1340 𝐾). This region extends, once injections stops, allowing heat to diffuse
into the domain from the hot wall boundary condition. Interestingly, if particle injection
had continued, the deposit would have continued to grow as well. The results that are
presented in this section are for the equilibrium deposit that is found after the first period
of continuous injection.
Presented below in the left column Figure 3.14, is the temperature of the fluid and
particles at the moment that the equilibrium deposit is reached and particle injection is
halted. Once injection is halted, the simulation is allowed to progress until the flow and
thermal fields reach a steady state (after approximately 0.3 ms) with the equilibrium
deposit present. The temperature field at this steady state is presented in the right column
of Figure 3.15, for each of the cases. An observable increase in the deposit size can be
observed as the temperature of the wall increases. The temperature of the fluid at the end
of injection is also less than at steady state prior to injection.
As stated earlier, the particles are depositing at a rate that is faster than that at
which the heat can be conducted through the deposit layer. As the sand deposit grows and
becomes denser, it absorbs heat from the fluid during equilibration, thus behaving as a
heat sink. If the mass loading of the jet were to be reduced, this heat sink effect could be
potentially reduced. An increase in the temperature of the deposit can also be observed, in
Figure 3.14 for all cases, once injection stops. During this phase, heat from the wall is
able to conduct through the deposit without losing heat to deposited particles.
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Wall
Temp
(K)

End of Injection

Steady State

1400

1450

1500

Figure 3.14. A 3D view of the temperature of the equilibrium deposit particles along
with a 2D slice(z=0.5) of the fluid temperature field. Only particles on the near side
of the slice are shown.
As with the earlier simulations, the difference in the velocity and temperature fields
are presented for the equilibrium deposits at steady state below in Figure 3.15.
Comparing the 1400 K results presented below with those presented earlier we can see
the increased effect that the deposit has on the velocity and temperature fields. The
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equilibrium deposit results in a 70% effect on the velocity field, with a 5% change in the
temperature field. As the surface temperature increases to 1500 K with more deposits, the
effect on the velocity and temperature field also increase.
Wall Temp
(K)

%𝜽

%𝒗

1400

1450

1500

Figure 3.15. The Percent Difference in superficial v-Velocity and Temperature for
Equilibrium Deposits at Steady State.
The results from these simulations show the presence of an equilibrium deposit.
As the temperature of the wall increases, the equilibrium deposit mass increases as well.
The deposit behaves as a heat sink limiting the amount of deposition that can occur for
each case. Once the injection period ends and a steady state is reached this larger, denser
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deposit has a more significant effect on the temperature and velocity of the fluid,
compared than previous cases. The equilibrium deposits are specific to these cases as
restarting injection or altering the mass loading of the jet, could result in a different
equilibrium state.
3.3 Summary and Conclusions
The purpose of this chapter is to exhibit the capabilities of the framework in
modeling the coupled behavior between deposits and its surrounding fluid. The primary
objective was to test the framework developed in Chapter 2. The framework consisted of
coupled simulations in which discrete particles deposit based on a set of physical rules
governing deposition. The main elements of the contact model are temperature dependent
sand particle properties which influence collision dynamics, and the fact that deposition
only occurs when at least one of the colliding particles has a temperature larger than the
softening temperature (1340 K). Once deposited the presence of the deposit was coupled
through momentum and energy transfer between the fluid and deposited particles. The
momentum of the flow was coupled to the deposited particle through the void fraction
and the drag imposed by the particle on the fluid momentum. Energy coupling was
implemented by assuming thermal equilibrium between the fluid and particles.
In the model geometry, a particle laden jet is made to impinge on a target surface in
a cavity. Different conditions are simulated, a cold jet on a hot surface, hot jet on a cold
surface, both with cold surroundings, and hot jet on a cold plate with hot surroundings.
For each case two particle Stokes numbers are simulated. In these simulations, a fixed
number of particles are injected in the domain with the jet. The effect of deposit
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formation on flow and heat transfer is studied and compared to cases in which no
deposition is allowed to form.
In all cases the regions that were most affected by the deposit were not within the
deposited mass but above the deposited layer. Changes in the vertical velocity were as
high as 130% compared to temperature which changed by about 5% in this region. The
rate of deposition was not influenced by deposit formation for particles with low
momentum and thermal Stokes numbers in the cold jet because the particles had enough
residence time to heat up before impinging the heated target plate and the deposited
particles did not change that dynamic. In contrast at higher Stokes numbers, the particles
did not have enough residence time to heat up and in this case the coupled simulations
provided a bed of deposited particles to increase the rate of deposition as time progressed.
For the hot jet cases, the coupled simulations resulted in smaller capture efficiency as the
deposited mass conducted more heat into the cooler impingement surface and lowered the
temperature of the fluid surrounding the particles.
A series of simulations were also performed to investigate whether, under
continuous injection, the deposition would be self-limiting. It was found that the
deposition was self-limiting and the amount of mass deposited depended on the surface
temperature. For higher surface temperatures, it took more time for the deposit to stop
growing and the mass deposited was larger. Another phenomenon that was observed was
that once the deposit stopped growing and particle injection was stopped, the temperature
in the deposited layer and the fluid above it increased steadily to reach a steady state as
heat was conducted from the wall, thus leaving the possibility that in the presence of
particle injection, deposition would resume. This result was unexpected. This is attributed
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to the fact that every time a particle deposited it was put in thermal equilibrium with the
surrounding hotter fluid or mixture temperature, thus acting as a small heat sink, reducing
the surrounding mixture temperature coupled to the phenomenon that heat conduction
(and convection) from the wall occurred on a slower time scale to replenish the energy
needed to increase the temperature of the mixture. However, the time scales involved are
on the order of a fraction of a millisecond and the non-equilibrium conditions created
would be inconsequential to the overall deposition process. In this study no attempt was
made to re-inject particles.

64

Chapter 4. LES Simulation of Sand Deposition in Impingement of Fully Developed
Turbulent Jet at Re=23,000 using Coupled Framework

This chapter investigates the deposition of sand particles under turbulent
conditions, using the proposed coupled framework. 1-micron sand particles are injected
into a fully developed turbulent jet and observations are made about the deposit that
forms on a heated surface. The Reynolds Number(𝑅𝑒𝑗𝑒𝑡 ) of the turbulent jet is 23,000
which results in a momentum particle Stokes number(𝑆𝑡𝑝 ) of 1.7x10-2 and convective
particle Stokes number(𝑆𝑡𝑐𝑜𝑛𝑣 ) of 340. The simulation consists of a relatively cold jet
∗
∗
(𝑇𝑗𝑒𝑡
= 1200 K), impinging on a relatively hotter surface (𝑇𝑠𝑢𝑟𝑓
= 1600 K). Validation of

the turbulent flow and heat transfer was done by comparing the predicted flow with the
experimental work of Cooper et al. (1993), and heat transfer with the work of Baughn
and Shimizu (1989).
4.1 Introduction
The study of particle deposition under turbulent conditions has a wide range of
applications, ranging from gas-turbine engines to aerosol sprays. In this chapter, heated
particle deposition associated with a turbulent impinging jet was investigated. The rate of
deposition and deposit pattern that forms in this environment, are dependent on the flow
field and the properties of the particles. A review of previous work pertaining to particle
deposition in an impinging jet was performed in order to gain an understanding on these
different factors. There is a limited amount of work that has been done which observes
high temperature particle deposition in this environment. However, the literature did
provide insight into the nature and characteristics of an impinging jet flow field.
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There are a few distinct behaviors that are found in an impinging jet flow field.
When the fluid leaves the exit of the jet, it spreads out radially and slows down as it
entrains stationary surrounding fluid. Additionally, along these edges, vortices form and
traverse down to the impact surface. Fluid at the center of the free jet, or the core, moves
with the same velocity as when it exited and is not affected. However, the entire jet
begins to decelerate as it approaches the wall, as it begins to feel the presence of the
surface. This region, above the impact surface that experiences this deceleration, is called
the stagnation region. Feeling the resistance in the normal direction, the fluid turns and
accelerates radially away from the core. The fluid once it turns, moves parallel to the
surface creating a wall jet that carries the fluid away from the core[48]. Turbulent
structures, found in the wall jet, also move radially away from the core until they die out.
The presence of these distinct features, at different locations in the domain, makes
the modeling of turbulent impinging jets a difficult task. An appropriate turbulence
model, as well as a well-designed computational mesh is necessary to capture all these
distinct feature. Angioletti et al.[49] used different turbulence models to model the flow
of a turbulent impinging jet. However, the turbulent models that he used were not able to
resolve the distinct behaviors of an impinging jet. Angioletti et al. found that the k-ω
model had good correlation with experimental data in the stagnation region of the core,
but had difficulty modeling the turbulent structures at the edge of the jet. He found the
opposite behavior for the k-ε model, which was able to resolve the vortices at the edges
of the jet. Uddin et al.[50], however, was able to find close correlation with experimental
data when he performed a LES simulation. With a properly designed mesh, the LES
simulation was found to be highly sensitive to the distinct features of the complex flow
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and could resolve vortices in different areas of the domain. However, Uddin noted that in
order to resolve the flow a computational expensive mesh would need to be generated.
In addition to the flow and thermal field, particle properties are a significant factor
in determining deposition. Specifically, particle responsiveness to its surrounding fluid,
or its momentum Stokes number, is an important indicator of particle kinematics within
the turbulent flow. Sethi and John[51] observed the initial impact location of different
sized ammonium fluorescein particles(𝑆𝑡𝑝 = 0.23 𝑡𝑜 2.56) on a coated plate. The impact
plate was coated in Vaseline in order to prevent particles from rebounding off the surface.
Particles with high Stokes numbers were found to impact on the surface at locations close
to the center of the jet. High Stokes number particles are unable to adjust to the
deceleration and redirection of the fluid when they reach the stagnation region. Instead of
decelerating in the normal direction and turning radially, their inertia carries them straight
to the impact surface. Some of these particles are able to deposit, while others rebound
off the surface due to the high kinetic energy of the impact. Particles that rebound,
depending on their kinematics, can be carried away while others settle at the center of the
jet. Anderson and Longmire[48] observed this behavior, as they performed experiments
looking at the impact behavior of glass beads under turbulent conditions(𝑅𝑒 = 21,000)
at room temperature. Anderson and Longmire tracked the movement of different sized
glass beads(𝑆𝑡𝑝 = 0.3 − 1.1), to determine the impact and rebound characteristics of the
particles. Particles with higher Stokes numbers were found to impact with the surface
closer to the center of the jet. Due to the elastic collisions, the high Stokes number
particles have high rebound heights. The particles do not move radially away from the
center of the jet, as the radial velocity of the fluid is smaller at locations further away
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from the surface. This results in higher Stokes number particles settling at the center of
the jet.
Particles with lower Stokes number, are able to adjust to the changes in the flow
and are more likely to change direction and avoid impact with the surface. These particles
are captured by the vortices moving away from the center of the jet. As the fluid
decelerates further away from the center of the jet, the particles begin to collide with the
surface. This results in particle deposition occurring further away from the core for
particles with low Stokes number. This behavior is found in the work of Burwash et
al.[52], who’s experiments looked at the deposition pattern of 5 micron fluorescent
particles(𝑆𝑡𝑝 = 0.11) in a confined turbulent jet. The particles, at room temperature,
where found to accumulate further away from the center of the jet, forming a ring-like
shape.
An added dimension to this dynamic which needs to be considered in the current
investigation is the convective Stokes number or the thermal time scale of the particles.
With a convective Stokes numbers much smaller than unity, the particle assumes the
temperature of the surrounding fluid on a very short time scale while the opposite would
hold true at large thermal time scales of the particle. In the current study the convective
Stokes number is much larger than unity (Stconv=340) and thus thermal inertia of the
particle is extremely high and it will take a long residence time for the particle to adjust
to the surrounding fluid temperature field.
The effect of temperature has been studied experimentally by Boulanger et al.[53]
and Delimont et al.[54]. These experiments observed the deposition of sand particles
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impinging on a coupon at high temperatures(> 873 𝐾). Particle deposition on the
coupon began occurring at gas jet temperatures greater than 1273 K, as the sand particles
begin to soften. These experiments found that sand deposition increased at higher carrier
fluid temperatures, at various angles of impact and jet velocities.
Not much work has been done to model the deposition of softened particles under
turbulent conditions. Bravo et al.[55] modeled the deposition of softened sand particles
under turbine conditions, using a k-ε turbulence model. Silicon dioxide particles, carried
∗
by a hot jet(𝑇𝑗𝑒𝑡
= 1700 𝐾), were modeled impinging on a room temperature coupon.

Using a RANS turbulence model, Bravo modeled capture efficiency of softened sand in a
turbulent environment. Bravo et al. used the Weber number, the ratio comparing a
particle’s inertia to its surface tension, as the deposition criteria. However, the
computational model over predicted deposition when compared to experimental data. The
limitation in Bravo et al’s methodology is the assumption of constant particle properties.
Both density and surface temperature are temperature dependent and can vary greatly in a
softened state, thus changing the Weber number. In order to properly model softened
particle deposition, temperature dependent properties are essential.
The simulation that is being presented in this chapter, differs from the works
presented above, as it models particles in a very high temperature range with the
possibility of exceeding the softening temperature. There are a number of elements to the
current modeling effort which have not been considered in earlier works. Each particle
collision with the surface is modeled by using a temperature dependent mechanistic
impact model to give a post-collision velocity. Thus a particle resting on the surface but
at a temperature lower than the softening temperature, can be entrained by turbulent
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eddies and swept away. Only a particle at a temperature greater than or equal to the
softening temperature is permanently deposited on the surface. In the coupled framework,
once deposited the particle(s) influences the flow and thermal field of the surrounding
fluid but remains stationary in the deposit.
4.2 Methodology
This section highlights the geometry and input parameters that were used in the
simulation discussed in this chapter. The governing equations for the fluid and particles,
in a CFD-DEM framework, are defined in Chapter 2. A LES simulation was performed in
order to model the turbulence of the impinging jet. The dynamic Smagorinsky subgrid
model[56,57] with a two-layer wall model is used. The wall model solves a set of
simplified equations for momentum and energy in the inner boundary layer. More details
on the procedure can be found in Patil and Tafti[58].
4.2.1 Computational Geometry with Boundary and Initial Conditions
The geometry that is used in this chapter models a turbulent jet impinging on a
surface. The computational domain consists of a long cylindrical pipe with an impact
region. The long pipe section has a diameter of 26 mm and a length that is equal to 12
times the diameter. The pipe region is included in the geometry, as it allows a
development length for the fluid to reach a fully-developed turbulent state prior to
impacting the surface. In order to perturb the flow and encourage turbulence, a trip in the
form of a ring-shaped obstacle is placed near the entrance of the pipe. The ring-shaped
obstacle is placed 1𝐷𝑗𝑒𝑡 downstream of the entrance of the pipe, extends 0.1𝐷𝑗𝑒𝑡 from the
surface of the pipe and covers the circumference of the pipe. The exit of the pipe is
placed 2 pipe diameters above the impact surface. This distance, as well as the other
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geometric parameters, are defined by the experimental work done by Cooper et al.[1] and
that of Baughn and Shimizu[2]. When particles are injected into the domain, they are
randomly arranged within a bounding box that is between 2 to 1 𝐷𝑗𝑒𝑡 from the exit of the
pipe and covers the entire cross-sectional area of the pipe, as denoted below in Figure 4.1.
Also shown in Figure 4.1, is a large cylindrical impact region which allows the
fluid to disperse once it impacts on the surface. A fixed pressure boundary condition is
applied to the upper and side boundaries of the impact region, allowing for the flow to
exit the domain. The boundaries of the impact region were placed 10 diameters from the
exit of the jet, in the radial direction, and 5 diameters normal to the impact surface. A
constant wall temperature of 1600 K is applied to the impact surface. The thermal
boundary conditions of the other boundaries are set equal to the initial temperature of the
jet, 1200 K. These thermal boundary conditions are intended to model the behavior of
sand particles impinging on a relatively hotter surface.

Figure 4.1. Side View of Turbulent Impinging Jet Computational Domain
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4.2.2 Computational Mesh
Using these geometric guidelines, a computational mesh was generated that consisted of
approximately 10 million computational cells. A side view of the generated mesh for the
entire geometry is shown below in Figure 4.2.

Figure 4.2. Side view of computational mesh.
As stated above, the geometry is divided into two major sections: the pipe and
impact region. Figure 4.3b shows that the cross section of the pipe consists of 5 different
blocks. The center square block consists of 60 equally spaced cells on each side. The four
outer blocks consist of 60 and 30 cells in the circumferential and radial directions,
respectively. The mesh is equally spaced in the circumferential direction, while the mesh
grows coarser moving radially towards the center of the pipe. The mesh is equally spaced
along the length of the pipe with a total number of 584 cells in that direction. Overall, the
mesh for the pipe region consists of 6.3 million computational cells.
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(a)
(b)
Figure 4.3. (a) Cross-Sectional view within the developing pipe and (b) top view of
the entire computational domain.
The mesh in the impact region is fine near the jet and grows coarser away from it. In
order to capture the turbulent flow as it leaves the pipe, the mesh under the exit of the
pipe maintains the same mesh spacing as within the pipe. The grid spacing increases
radially outward from the wall, with 126 cells covering the 10 diameter radial distance
from the edge of the pipe to the outer boundary. There are 96 total cells in the normal
direction from the impact surface to the top boundary. The grid size normal to the jet near
the impact surface is defined such that the cell spacing to particle diameter ratio > 3 to
meet the requirements of the volume-averaged coupled fluid equations.
4.2.3 Simulation Method
The simulation parameters were specified in order to correspond with Cooper et
al.’s and Baughn and Shimizu[1,2] experiments of a jet with a Reynolds number of
23,000. However, the specific flow parameters of the simulation differed due to the
different temperature conditions. Cooper et al.’s performed his hydrodynamic
73

experiments under room temperature conditions. Baughn and Shimizu also conducted
their experiments under room temperature conditions as well, but applied a constant heat
flux to the plexiglass impact surface and measured the heat transfer between the surface
and the jet fluid. The simulation, however, applied constant temperature conditions to the
∗
∗
inlet of the jet(𝑇𝑗𝑒𝑡
= 1200 𝐾) and impact surface(𝑇𝑠𝑢𝑟𝑓
= 1600 𝐾). This was done in

order to create an environment where the softening temperature criteria for particle
∗
deposition could be met(𝑇𝑠𝑜𝑓𝑡
≥ 1390 𝐾).

Table 4.1. Reference Values of Turbulent Jet Fluid
∗
𝑻𝒓𝒆𝒇
= 𝑻∗𝒋𝒆𝒕
1200 𝐾
𝑻∗𝒔𝒖𝒓𝒇
𝑷∗𝒓𝒆𝒇
𝝆∗𝒓𝒆𝒇
𝑪𝒑∗𝒓𝒆𝒇

1600 𝐾
101 𝑘𝑃𝑎
𝑘𝑔
0.220 ⁄𝑚3
𝐽
1225 ⁄𝑘𝑔 ∗ 𝐾

𝝁∗𝒓𝒆𝒇

5.455 × 10−5

∗
𝒌𝒓𝒆𝒇

8.90 × 10−2

𝑘𝑔⁄
𝑚∗𝑠
𝑊⁄
𝑚∗𝐾

139.5 𝑚⁄𝑠
The large difference in temperature has an effect on fluid properties, such as density and
𝒖∗𝒓𝒆𝒇 = 𝒖∗𝒋𝒆𝒕

viscosity. The reference values for the fluid were defined using Sutherland’s Law, and
are provided above in Table 4.1.
Prior to the injection of particles, a fluid only calculation is performed. The
simulation is run initially for 20 non-dimensional time units, allowing the fluid at the
entrance of the pipe to traverse the entire length of the pipe and become turbulent. The
temperature and flow fields are then averaged for 15 non-dimensional time units. These
averaged results are then compared to the experimental work of Cooper et al.’s, and are
presented below in Section 4.3.1.
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Five hundred thousand 1-micron sand particles are then injected into the jet, at a
frequency corresponding to a mass loading of 11.3 ppm. They are randomly arranged
within the bounding box shown above in Figure 4.1. The particles have a momentum
Stokes number(𝑆𝑡𝑝 ) of 1.7×10-2 and convective Stokes number(𝑆𝑡𝑐𝑜𝑛𝑣 ) of 340. The
material and thermal properties of sand and the steel impact wall, are the same as those
given in Tables 3.4 and 3.5. Once all the particles have been injected, the simulation is
then allowed to progress until the particles have had an opportunity to deposit. Particle
deposition is modeled using both the coupled and decoupled frameworks, to observe
whether there are any noticeable differences in capture efficiency.
4.3 Results and Discussion
This section presents the results of the flow field and particle deposition for the turbulent
impinging jet. The fluid only calculations are compared to the experimental work of
Cooper et al. to validate the flow and thermal fields. Particle deposition information is
also provided for the coupled and decoupled frameworks, to note differences in capture
efficiency.
4.3.4 Flow Field
Flow field results for the fluid within the developing pipe and near the impact
surface, prior to particle injection, are presented in this section. As stated above, the
inclusion of the pipe was to allow a region for the fluid to reach a fully-developed
turbulent state prior to impinging on the surface. A ring obstruction was placed near the
entrance of the pipe to trip the flow and induce turbulence. Figure 4.4 shows the average
v-velocity of the fluid, or the velocity component parallel to the pipe surface, as it exits
the pipe. The sharp gradients in velocity near the walls corresponds with the expected
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high shear stress of a turbulent flow. The velocity profile exhibits slight asymmetry,
which may allude to the flow field not being averaged for a significant amount of time or
the flow not being fully developed by the point it leaves the pipe.

Figure 4.4. Time averaged v-velocity profile of jet as it exits developing pipe of a
turbulent jet

The evolution of the velocity profile within the pipe is illustrated below in Figure 4.5.
Circumferential averages were taken of the time-averaged flow field, where 𝑟𝑤𝑎𝑙𝑙
corresponds to the radial distance from the pipe wall. The mean velocity and root mean
square of turbulent velocity fluctuations (𝑉), parallel to the pipe surface, are then plotted
at different locations downstream of the trip. Figure 4.5a shows that there is a greater
amount of turbulence near the walls within 2 pipe diameters of the obstacles, compared to
the locations further down the pipe. At the exit of the pipe, the turbulence is more
dispersed towards the center of the pipe, resulting in larger 𝑉 at the center of the pipe.
The development of the boundary layer along the walls of the pipe can be observed in the
mean velocity, which is presented in Figure 4.5b. At the slice taken just half a pipe
diameter downstream of the trip, a sharp transition in the velocity profile can be
observed. The velocity of the fluid is slower near the walls, due to the presence of a
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recirculation zone behind the obstacle. At locations further downstream of the
recirculation zone, this sharp transition is no longer present.

(a)
(b)
Figure 4.5. Time and Circumferential averaged (a) turbulent velocity and (b) mean
velocity.
The mean profile near the pipe exit is characteristic of a turbulent flow with sharp
gradient near the wall transitioning to a near constant value towards the center with a
ratio of centerline velocity to mean velocity of 1.14.
Once the fluid exits the pipe, the jet begins to grow in size as surrounding
stagnant fluid is entrained in the shear layer that forms at the periphery of the jet. This
leads to the formation of large scale vortex structures as shown in Figure 4.6(a). These
vortices are carried down to the impact surface, prior to being transported in the radial
direction parallel to the impingement surface. These structures demonstrate the
instantaneous turbulent behavior of the flow field, especially near the impact surface. The
time-averaged streamlines in a x-y plane are shown in Figure 4.6(b). The flow symmetry
about the stagnation point at r = 0 validates that the mean flow is statistically converged.
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(a)
(b)
Figure 4.6. (a) Instantaneous coherent vorticity (b) Time averaged streamlines near
the impact surface of a turbulent impinging jet (Re=23000).
Figure 4.7, shows the time-averaged U and V velocities near the impinging
surface. As the fluid approaches the surface, the normal velocity, or V-velocity, begins to
decrease. The presence of this stagnation region corresponds with the literature, as the
high pressure near the surface forces the fluid to slow down. The fluid sensing resistance
in the normal direction, begins to accelerate in the radial direction as shown in Figure
4.7a. This increase in radial velocity at the surface, is what causes the vortices, shown in
Figure 4.6a, to move away from the center of the jet.
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(a)
(b)
Figure 4.7. Time averaged normal(a) and radial(b) velocities of the fluid near the
impact surface of a turbulent impinging jet.

Figure 4.8a compares the predicted mean velocity in the radial direction with the
experimental measurements of Cooper et al. at different radial locations from the center
of the jet. In the impingement region, the free-stream accelerates at the edge of the
boundary layer that forms on the surface and then decelerates after r = 1.0. Reasonable
agreement is found near the jet at r = 0.5 and r = 1.0 but there is considerable deviation at
r = 2.5. The predicted thickness of the wall jet is larger than that suggested by the
experimental measurements but there is better agreement near the surface. Figure 4.8b
plots urms, the turbulent rms velocity fluctuation in the radial direction. As with the mean
velocity, the simulation closely matches the experimental results near the center of the jet
but deviates considerably from experiments as the flow evolves radially outward. The
trends imply that the turbulence generated in the pipe by the placement of the trip is
larger scale with a higher intensity than in the experiments and does not dissipate quickly
as the flow impinges on the surface.
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(a)

(b)

Figure 4.8. Comparison of (a) average velocity and (b) radial turbulent
velocity(urms) profiles of with experimental data at different radial distances.
Figure 4.9 shows a zoomed in view of the mean temperature field near the surface
of the wall. The thermal convection zone directly beneath the jet (up to r = 0.6) is fairly
uniform penetrating only up to y=0.01 into the fluid. As the jet traverses radially outward
the region influenced by the surface temperature penetrates further into the flow reaching
up to y=0.5 at r = 5.0. The stagnation region directly underneath the jet has strong
temperature gradients at the wall which relax as the thermal boundary layer grows with
radial distance. At approximately, r = 1 there is a sharp increase in the rate of growth of
the thermal boundary layer and together with a sharp increase in Nusselt number in this
region implies that the thermal boundary layer undergoes some form of transition.
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(a)

(b)

Figure 4.9. (a) Mean temperature contours and (b) temperature profiles near the
impingement surface.
The Nusselt number along the impact surface was also compared to the heat transfer results
of Baughn and Shimiza[2], after which the geometry and conditions used by Cooper are
modeled. Figure 4.10 shows that the simulations under predicts the heat transfer on the
impact surface, as the calculated Nusselt number is less than the measured experimental
values. The Nusselt number is maximum at the stagnation point after which it decreases up
to r = 1. At this point there is a sharp increase in the Nusselt number implying that the
thermal boundary layer undergoes a transition. There is about 25% under prediction at
stagnation, r = 0, and the simulation under predicts the Nusselt number by as much as 50%.
Overall the simulations under predict the Nusselt number but captures the trend.
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Figure 4.10. Comparison of Nusselt number along the impact surface of turbulent
impinging jet (Re=23,000) with experimental data.
There could be a number of reasons for these differences. Chief among them could be that
the turbulent flow in the jet on exit from the pipe could have larger integral length scales
near the pipe wall than the experimental study which could result in much higher turbulent
intensities in the wall jet as these length scales are more energetic and penetrate the
boundary layer. Also, the high temperatures and variable properties used in the current
simulations could impact the velocity field as well as the thermal gradients at the wall
resulting in differences in Nusselt number prediction. Inadequate grid resolution and the
use of LES wall functions could add additional variability to the predictions. These issues
need to be investigated in future studies. To simulate particle dynamics, it is important to
have an accurate representation of the fluid flow and thermal field. While this will result
in some variability in the particle deposition, it does not invalidate the particle deposition
results in this study.
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4.3.5 Particle Deposition
Five hundred-thousand 1-micron sized particles were injected into the domain at a
frequency resulting in a mass loading of 11.3 ppm. These particles are randomly placed in
the pipe cross section between 1 and 2 pipe diameters upstream of the pipe exit. At injection
they assume the fluid velocity and temperature.
Particle deposition will depend on many factors such as impact velocity, angle, and
temperature at impact. The 1-micron sand particles carry very little momentum with them
and even during fully-elastic collisions at room temperature will tend to stick to the surface
due to their inability to break adhesive van Der Waal forces. From impact mechanics, even
at temperatures of 1200 K, particles impacting with normal velocities less than 10 to 15
m/s will not bounce back but stay on or very near the surface. The likely scenario for
deposition under these circumstances is that the particles will not deposit at initial impact
but stay in the close vicinity of the surface to heat up beyond their softening temperature
at which point they will deposit. In the present calculations, the particles at first impact
carry a normal velocity between 130-140 m/s. On impact they bounce back with a velocity
between 30-40 m/s and are re-directed back to the surface by the action of fluid forces and
by the time of second impact which is at a much lower velocity, lose most of their normal
momentum. Based on the large thermal time scale of the particles, it is highly unlikely that
they will reach the softening temperature on first impact because of their high velocities
and the thin thermal boundary formed at the surface, but will do so over a longer residence
time in the vicinity of the surface.
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Two calculations, one utilizing the coupled framework and the other in the de-coupled
framework are performed. As a reminder, in the decoupled framework, deposited particles
are removed from the calculation.
Table 4.2. Number of particle impacts and capture efficiency of particle
frameworks.
𝜼𝑪𝒂𝒑
𝑵
𝑵
𝒊𝒎𝒑

𝑫𝒆𝒑

Coupled

633948

304954

0.6099

Decoupled

650496

305118

0.6102

The simulations were run until the particles had either deposited or moved away from the
area of interest. The region of the impact surface that is within 5 pipe diameters from the
center of the jet, in the radial direction, is denoted as the area of interest as no deposition
occurs outside of this region. Table 4.2, included above, lists the number of impacts, the
number of particles deposited, and the capture efficiencies for the coupled and decoupled
frameworks. The number of impacts are larger than the number of particles injected,
leading to the conclusion that typically particles impact the surface multiple times before
depositing. Very little to no difference is observed between the two cases. This is
because, the deposited mass is not sufficient to significantly alter the flow and thermal
field to affect subsequent deposition. With the duration of the simulation, from the
beginning of particle injection to the end of the simulation, only lasting 0.63 ms, there is
not enough time for a significant deposit to form and alter the flow and thermal fields.
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Figure 4.11. Particle concentration on impact surface of turbulent impinging jet
(Re=23,000), using coupled framework.
Figure 4.11, shows that the majority of particles deposit directly underneath the
jet cross-section. There is no noticeable pattern of deposit formation on the impact
surface. The deposit does not form a ring-like shape, as found in the experimental work
of Burwash et al.[52]. Instead the majority of the deposition occurs near the center of the
jet. It is noteworthy that the experimental conditions of Burwash et al. are quite different.
Burwash et al.’s experiments are performed at room temperature with fluorescent
monodisperse polystyrene microspheres made to impinge on overhead transparency
plastic in a confined space with exit holes in the acrylic sides of the experimental
chamber. Not only is the impact mechanics very different from sand particles impinging
on a steel surface but the dynamic of thermal heating of particles above the softening
temperature is absent. The impact surface does not have any heat flux and constant wall
temperature condition, ensuring that the particles never reach their softening temperature.
As stated earlier, because the thermal time scale of the particles is much larger
than the fluid time scale (Stconv=340), the amount of time the particles are resident in the
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high temperature boundary layer (Fig. 4.9) before first impact is not enough to increase
their temperature to the softening temperature. Thus there is very high probability that at
first impact the particles do not deposit but lose a considerable amount of momentum and
on subsequent impacts lose all their kinetic energy and their ability to lift off the surface.
In this scenario the particles in the absence of tangential momentum could simply rest
immobile on the surface or in the presence of tangential momentum could move on the
surface, all the time gaining thermal energy from the high temperature surface and the
surrounding fluid till eventually reaching the softening temperature, at which point they
would deposit. There is also the possibility that during the dormant phase, the particle
could be swept up by a turbulent eddy away from the surface. As explained in Anderson
and Longmire’s work[48], room temperature particles will more likely rebound from the
surface when they first collide with the wall. Even when they settle on the surface, the
weaker adhesion force of the room temperature particles can be overcome by the shear
forces near the wall. These particles can then move along the surface or be swept back
into the flow. This means that where a particle deposits is not necessarily the location
where it first impacted with the wall. Due to the turbulent structures of the impinging jet,
these particles are pushed away from the core and settle forming ring-like deposits. This
differs from the non-isothermal model in the current framework in which there is a high
probability that particles at or near the surface will reach the softening temperature and
deposit before being transported to the periphery of the jet.
Figure 4.11, also shows, that the deposition of particles is not uniformly
distributed across the impact surface. Limited deposition has occurred on the negative zside of the jet. The irregularity of the flow, due to turbulence, does not guarantee an even
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distribution. Additionally, due to the random arrangement of particle, particles are not
evenly spaced when they are injected. If more particles were modeled to increase the
sample size, particle deposition would possibly be more evenly distributed across the
surface.

Z

X

Figure 4.12. Void fraction of deposit on impact surface of turbulent impinging jet
(Re=23,000).
As stated before, the primary intention of the presented framework is to model the
coupled behavior between a deposit and its surrounding fluid. This coupled relationship is
primarily felt through the void fraction. The void fraction is used to model blockage and
calculate effective homogenized fluid-solid properties in the framework. However, the
deposit that forms in this simulation does not cause a significant change in the void fraction.
This is shown in Figure 4.12, as the void fraction on the impact surface does not drop below
0.9999. The limited effect on the void fraction is due to the small size of the particles
compared to the size of the geometry. A significantly larger number of deposited particles
would be needed in order to cause an effect on the flow and temperature fields. This also
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accounts for the similar capture efficiency values for the coupled and decouple
frameworks. If a larger deposit were to form, there would be higher temperatures near the
surface for the coupled framework as more heat would diffuse from the wall. The particles,
due to convection, would reach the surface at a higher temperature increasing their chance
of deposition. This would result in the coupled framework having a higher capture
efficiency than the decoupled.
4.4 Conclusion
This chapter presents a simulation where the coupled framework is implemented in order
to model the deposition of sand particles under turbulent conditions. A LES simulation is
performed to model the flow and thermal field of a turbulent impinging jet with a
Reynolds number of 23,000. The simulation looked at the deposition that occurred when
∗
∗
the turbulent jet impinged on a relatively hotter surface(𝑇𝑗𝑒𝑡
= 1200 𝐾, 𝑇𝑠𝑢𝑟𝑓
= 1600𝐾).

The temperature and flow fields were compared to the experimental work of Cooper et al.
to determine how accurately the turbulent jet was modeled. Once the flow field
stabilized, sand particles were injected into the domain to observe deposition.
The fluid only calculation that was performed prior to particle injection, found
some differences between the simulation and experiment. The mean velocity and radial
turbulent velocity of the simulation closely matched the measured data near the center of
the jet. However, the difference between the two increased at distances further away from
the core. The simulation also under predicted the Nusselt number along the impact
surface. These differences between the flow simulation and experimental data could
possibly be attributed to the jet having different exit conditions and the non-isothermal
high temperature flow in the current study contrasted to the near isothermal experiments.
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Particles, when injected, were modeled using both the coupled and decoupled
frameworks. This was done to see if the deposit that formed in the coupled framework,
would have an effect on capture efficiency and the flow field. Due to the small size of the
particles, in comparison to the geometry, a significant deposit did not form. This resulted
in similar capture efficiencies between the two frameworks. With void fractions not
dropping below 0.9999, the deposit did not have an effect on the flow and thermal field.
The deposition that did occur did not match the ring-like deposition pattern that is
observed in experiments for turbulent impinging jet at room temperature conditions. This
could be attributed to a number of reasons, chief among them being the different
experimental conditions and the absence of thermal heating in the experiments. It could
also be attributed to the location of particle injection used in the present study. The
particles were injected within 1 to 2 diameters of the pipe exit and may not have had
sufficient time to equilibrate to that of the experimental conditions in which the fluidparticles are mixed together in a separate section before introduction in the pipe. Low
Stokes number particles do show the trend of segregating towards the pipe walls in fully
developed turbulent pipe flow and could be another reason that deposition occurs at the
periphery of the jet.
The presented framework in this thesis offers a method of modeling the coupled
behavior between a turbulent flow and a deposit. The coupled simulations proved to be
quite challenging. For the coupled framework to impact deposition long integration times
are necessary which make the calculations very expensive. One framework which could
be considered is combining the current framework with linear extrapolation, coupled to
surface topology modification to leap forward in time.
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Chapter 5. Summary and Conclusions
This thesis tested the effectiveness of the proposed coupled framework in
modeling the deposition of softened sand particles under different flow and temperature
conditions. Simulations are performed using the coupled framework, and an alternative
decoupled framework, where deposited particles are removed from the calculation
domain. Differences in capture efficiency and altered flow fields, caused by the presence
of a deposit, using the coupled framework are observed.
Different temperature combinations were used for the laminar impinging jet
cases, to model the deposition of particles in different environments. Regions that were
found to be the most affected by the deposits were not located within the deposit itself,
but rather above the deposit. The V-Velocity, the component normal to the impact
surface, was altered by as much as 130% with temperature experiencing a 5% difference
is some cases. The coupled framework affected the rate of deposition depending on the
thermal conditions and Stokes number of the particles. In a cold jet environment,
particles with low Stokes numbers had a higher rate of deposition, using the coupled
framework. The presence of deposited particles increased conduction from the surface,
increasing fluid temperatures and encouraging deposition. The opposite effect was found
for a hot jet impinging on a colder surface, as the formed deposit aided in removing heat
from the domain. This lowered fluid temperatures near the surface, leading to a decrease
in deposition.
Simulations were also performed using the cold jet temperature profile, to
determine, under continuous particle injection, if an equilibrium deposit would form. The
size of the equilibrium deposit was found to be directly correlated to the temperature of
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the impact surface. The equilibrium deposit, that is reported, was found when the deposit
stopped growing during the initial injection period. However, due the transient nature of
the system, the thermal field continued to change once particle injection was stopped.
The formed deposit increased in temperature, as it conducted more heat from the impact
surface. If more particles were injected at this point, the deposit would begin to grow
once again. Further particle injection was not performed, past the initial injection period,
in this work.
Additionally, the coupled framework was used to model the deposition of sand
particles in a turbulent flow field. Comparison of turbulent and heat transfer quantities
was done with experimental data[1,2], to validate the simulation. Differences found in the
computational and experimental results, could potentially be due to differing jet exit
profiles and surface thermal conditions. Comparisons with these experiments were done,
as there is limited experimental work that looks at flow and thermal characteristics in the
temperature range of interest. When particle injection began, deposition was limited and
was found not to have any significant effects on the flow and thermal fluids, as well as on
subsequent particle deposition.
The limited deposition that is observed in the turbulent flow is due to the small
particle size in comparison to the domain size. The limitation placed on particle size, in a
LES-DEM framework increases the number of particles and computational time
necessary in order to form a deposit that would alter its surrounding fluid. Potential future
work could look at incorporating linear extrapolation, along with surface topology
modification, to reduce computational time by expediting deposit growth.
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Appendix A
Nomenclature
𝐵𝑖
𝐶𝐷
𝐶𝑝
𝐷𝑗𝑒𝑡
𝑑𝑝
𝐹𝑜
𝑓⃗
𝑔⃗
ℎ𝑐
𝐽
𝑘
𝐿
𝑚
𝑚̇
𝑁𝑢
𝑃𝑟
𝑝
𝑞̇
𝑅𝑒
𝑆𝑡𝑐𝑜𝑛𝑣
𝑆𝑡𝑝
𝑇
𝑇0
𝑡
𝑡𝑂∗
𝑢
⃗⃗
𝑣⃗
𝜔
⃗⃗
𝑥⃗
𝛼
𝛽
𝜀
𝜖
𝜂
𝜎

Biot Number
Drag Coefficient
Specific Heat Capacity
Jet Diameter
Particle Diameter
Fourier Number
Force Vector
Gravity Vector
Heat Transfer Coefficient
Moment of Inertia
Thermal Conductivity
Length
Mass
Mass Flow
Nusselt Number
Prandtl Number
Pressure
Heat Flux
Reynolds Number
Particle Convective Stokes Number
Particle Momentum Stokes Number
Temperature
Temperature Scale
Time
Particle Time Scale
Interstitial Velocity Vector
Superficial Velocity
Angular Velocity Vector
Position Vector
Thermal Diffusivity
Drag Function Coefficient
Void Fraction
Emissivity
Efficiency
Stefan-Boltzmann Constant
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𝜃
𝜌
𝜏
𝜇
∀
𝜓𝑝
𝜈

non-Dimensional Temperature
Density
Shear Stress
Dynamic Viscosity
Volume
Particle Deposition Flag
Kinematic Viscosity

Subscript/Superscript
∗
𝑏𝑢𝑜𝑦
𝑐𝑎𝑝
𝑐𝑜𝑛𝑣
𝑑𝑟𝑎𝑔
𝑑𝑒𝑝
𝑒𝑓𝑓
𝑓𝑙𝑢𝑖𝑑
𝑖𝑚𝑝
𝑖𝑛𝑗
𝑗𝑒𝑡
𝑝
𝑟𝑎𝑑
𝑟𝑒𝑓
𝑟𝑚𝑠
𝑠𝑢𝑟
𝑠𝑢𝑟𝑓

Dimensional Value
Buoyancy
Captured
Convective
Drag
Deposited
Effective
Fluid
Impacts
Injected
Jet
Particle
Radiation
Reference Value
Root Mean Square
Surrounding
Surface
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Appendix B.
Additional Laminar Impinging Jet at Varying Parametric Conditions

Presented in this appendix are additional results from the parametric simulations
observing fluid-particle interactions for a laminar impinging jet. Included below are
additional void fraction and percent difference (velocity and temperature) plots during the
injection period of each simulation. The instances, with different dimensional times,
correspond with instances during the particle injection period where the number of
injected particles is the same (3200, 6400, 9600, 12800). The percent difference in
velocity and temperature at steady state, once deposition is completed, is also provided.
Information about simulation parameters and computational set up can be found in
Chapter 3. Parameters presented in this appendix are defined below.

𝜀=

∀𝑓𝑙𝑢𝑖𝑑
∀

% ∆𝑣 =
% ∆𝜃 =

𝑛𝑝

=

∀−∑𝑖=1 𝜓𝑝,𝑖 ∀𝑝,𝑖

(Void Fraction)

∀

𝑣𝑓𝑟𝑎𝑚𝑒 −𝑣𝑠𝑡𝑒𝑎𝑑𝑦

(Velocity Percent Difference)

|𝑣𝑠𝑡𝑒𝑎𝑑𝑦 |
𝜃𝑓𝑟𝑎𝑚𝑒 −𝜃𝑠𝑡𝑒𝑎𝑑𝑦

(Temperature Percent Difference)

𝜃𝑠𝑡𝑒𝑎𝑑𝑦
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.0106

0.0212

0.0317

0.0423

Steady State

Figure B1. Void Fraction and Percent Difference in Velocity and Temperature for
Cold Jet Temperature Profile(Re=20) at different time instances.
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.00212

0.00424

0.00636

0.00847

Steady State

Figure B2. Void Fraction and Percent Difference in Velocity and Temperature for
Cold Jet Temperature Profile(Re=100) at different time instances.
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.00504

0.0101

0.0152

0.0202

Steady State

Figure B3. Void Fraction and Percent Difference in Velocity and Temperature for
Hot Jet Temperature Profile(Re=20) at different time instances.
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.00134

0.00269

0.00403

0.00537

Steady State

Figure B4. Void Fraction and Percent Difference in Velocity and Temperature for
Hot Jet Temperature Profile(Re=75) at different time instances.
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.00504

0.0101

0.0152

0.0202

Steady State

Figure B5. Void Fraction and Percent Difference in Velocity and Temperature for
Turbine Temperature Profile(Re=20) at different time instances.
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Time (sec)

𝜺

% ∆𝒗

% ∆𝜽

0.00134

0.00269

0.00403

0.00537

Steady State

Figure B6. Void Fraction and Percent Difference in Velocity and Temperature for
Turbine Temperature Profile(Re=75) at different time instances.
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