Chapter 4
Sand Transport and Deposition in Rotating Two-Pass Ribbed Duct with Coriolis and Centrifugal
Buoyancy Forces at Re=100,000

The focus of this chapter is to simulate the transport of 0.5-175em diameter sand particles in the two-
pass internal cooling duct of a turbine blade under high speed rotation. The geometry consists of a U-bend
with 17 ribs in each pass. The ribs are staggered with an /D = 0.1 and a P/e = 10. The flow field and heat
transfer are identical to Chapter 3, with Coriolis and centrifugal buoyancy forces acting on the carrier and
dispersed phase. LES simulation is used with a Reynolds number, Re=100,000, a Buoyancy parameter,
Bo=0.5, and a rotation number, Ro=0.2. The sand particles are tracked in a Lagrangian framework. These
sand particles will impinge on the surfaces and, under favorable conditions, deposit. To model these
collisions and to determine deposition, a two model formulation is used. This formulation takes into account
the temperature effects and the velocity/angle at which the particle impinges on the wall. These two factors
play the greatest role in determining whether the impacting particle will deposit or not. Deposition and
impingement patterns for the particle size range of 0.5-175em are investigated for three different wall
temperatures, 950, 1000, and 1050°C under rotating and stationary conditions. The effects of rotation gives
rise to increased impingement and therefore deposition throughout the domain, especially in the first pass
of the domain. There is a slight increase in deposition with increasing wall temperature but not as high as
expected. This is due to the high Reynolds number of the flow leading to short residence times in the internal
cooling circuit not allowing the particles to heat up to the wall temperature. Coriolis forces play an important
role in increasing deposition and impingement levels in the two-pass ribbed, internal cooling duct.
4.1 Introduction

Gas turbines often operate in particle laden environments, which lead to particle ingestion into the
engine and eventually into the internal cooling passages of turbine blading, by means of being entrained in
the cooling air bled from the compressor. These particles can impinge on the surfaces of the cooling
passages which lead to erosive effects and/or deposition of the particulate matter on the surface. The flow
in a rotating two-pass ribbed duct is dominated by separated and secondary flow which makes particles
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mores susceptible to deposition as they impinge on the walls more often. Deposition on surfaces can lead
to attenuated heat transfer from the heated metal to the cooling fluid, as there is now another conductive
layer for the heat to pass through. Eventually this can lead to hot spots where the blade can warp or even
fail. These particulates can also clog film cooling holes and further degrade the cooling performance on the
exterior of the blade.

The current investigation is motivated by the need to accurately predict particle transport and particle-
wall interaction in high Reynolds number ribbed duct flows undergoing rotation. The detailed study of
particulate interaction and deposition in turbine cooling channels at high temperatures has yet to be
extensively studied experimentally for small particle diameters. Controlled laboratory based experimental
measurement of particulate motion and deposition within a rotating, high temperature geometry are
extremely difficult. Numerical prediction, on the other hand, offers an investigation method which can
predict particle transport and model collisions to predict deposition.

Different aspects of the problem of particulate ingestion have been studied previously in canonical
geometries. A majority of the work focuses on deposition and impact of particles under a variety of
operating conditions. To determine the operating conditions that are critical when modeling particle-wall
interaction, the means of energy loss in particle-wall interaction are investigated. A brief review is given
here that shows the major energy losses during impact. Tabakoff and Sugiyama [42] have used laser
Doppler velocimetry (LDV) to study the particle-surface interaction and have shown that the impact angle
primarily affects the restitution ratio. The independent effects of sand particle size, number of particles, and
surface temperatures on particle deposition was studied by Walsh et al. [43]. It was shown that the
temperature of the metal was a critical parameter in deposition levels. A temperature threshold (above
1000°C) for sand deposition was presented.

Experimental investigation conducted by the group of Crosby, Bons, and Fletcher [44-47], presented
results for particulate deposition, where the particulates were composed of ash from various synfuels used
in land based gas turbine applications. Crosby et al. [44] have conducted experimental deposition tests to
determine the effect of particle size, gas temperature, and contact surface temperature, independently. The
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experimental setup consisted of particulate entrained flow contacting a coupon angled at 45 degrees. The
particle sizes investigated ranged from 3-16 microns and showed increasing deposition with increasing
particle diameter. The investigation also showed that with larger diameter, the particles were more likely to
contact the coupon and not deviate with the flow. The gas temperature investigation used particles of 3
micron diameter for a temperature range from 860 to 1183°C. Results showed an exponential increase in
deposition with an increase in gas temperature, giving rise to a threshold for deposition of 960°C. Finally,
cooling of the coupon caused a decrease in deposition of impacting particles.

Additionally, experimental work by Delimont, Ng, and Ekkad [48, 49] presented coefficient of
restitution and deposition results for micro-particles under high temperature conditions. Delimont et al. [49]
investigated particulate impingement on a coupon and presented a coefficient of restitution calculation
method for a variation of impacting angles (30-80°) and surface temperatures (1073-1323 K). A constant
impact velocity of 70 m/s was used and particle sizes ranged from 20-30 microns for sand particles
impacting a stainless steel coupon. Results presented showed similar deposition results for all impacting
angles investigated and that as the temperature increased the deposition increased exponentially. With an
increase in impacting angle there was a decrease in the normal restitution coefficient, which was observed
for all temperatures tested.

Experimentally tracking the individual particle motion, impingement, and deposition levels within a
rotating geometry has yet to be studied. Numerical investigation provides a viable option in prediction of
particulate motion, impingement and deposition for ribbed duct geometries undergoing rotation under high
temperature conditions. To accomplish this, the development of a dispersed two phase flow solver was
conducted by Shah [7]. The capabilities of this two-phase flow solver is demonstrated by Shah and Tafti
[13] for a periodic in-line ribbed duct geometry. This investigation demonstrated the secondary flow effects
of ribbed flow on the transport of particulates. LES simulations using a Reynolds number of 20,000, a
rotation number of 0.35, a 0/Q of 10 and a Q/0 of 0.1 to represent the geometry. The dynamics of the
particulates were investigated but no heat transfer or deposition was investigated. Two different particulate
sizes were investigated, 10 micron and 50 micron. The investigation showed that the larger particles (50
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micron) collect in the near wall region in greater number and concentration than the smaller particles (10
micron) at the end of the simulation.

A composition dependent deposition model was developed by Sreedharan and Tafti [50], this model
was compatible with the two phase flow solver developed by Shah [7]. The model numerically used the
physical dependence of the viscosity on temperature of a particle and determined how this affected
deposition probability when a particle came into contact with a wall. The capabilities of the model were
demonstrated by simulations with particulate laden flow contacting a coupon surface angled at 45°.
Sreedharan and Tafti applied this deposition model to leading edge film cooling for particle sizes of 5 and
7 microns over a range of blowing ratios (0.5-2) [51]. LES was used with Syngas ash particles of 5 and 10
microns modeled as discrete particles. Simulation showed that Syngas samples with lower softening
temperatures experienced higher levels of deposition. A blowing ratio of 1.5 experienced the lowest capture
efficiency for all particle sizes and compositions investigated.

At the same time as the deposition model was developed by Sreedharan and Tafti [50], another research
group conducted deposition related numerical investigations, Ai and Fletcher [52] presented results for
coupon impingement and deposition. This was made possible by the development of a numerical deposition
model. The model investigated here used El-Batsh and Haselbacher [53] deposition model as a basis and
implemented a capture or critical velocity model. At impact speeds below the capture velocity, the particle
would deposit and above the capture velocity it rebounded off the wall. The capture velocity model was
developed by semi-empirical relations from experimental data for specific particle compositions and sizes.
Simulation was preformed to demonstrate the effectiveness of the model. Simulation used a particle
entrained flow contacting a coupon at 30 degrees. A steady RANS simulation with a k-¥ turbulence model
was used for the fluid domain. A Lagrangian approach was used for particulate motion. The average particle
size used in simulation was 13.4 micron and results for various gas temperatures (1300-1450K) showed
exponentially increasing deposition with increasing gas temperature. Results also supported that larger

particles do not deviate from the mean flow and therefore were more likely to contact the coupon. The
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larger particle sizes predicted almost no deposition while for the smaller particle size, prediction showed
that the particle would deposit almost every time they impinged on a surface.

Singh and Tafti developed a coefficient of restitution (COR) deposition model [54]. The model took
into account incoming angle and velocity to determine a deposition probability due to loss of kinetic energy.
The COR model considered both elastic and elastic-plastic deformation losses during collision. The COR
model was combined with the viscosity model of Sreedharan and Tafti [50] to predict deposition [55]. Singh
and Tafti [56] validated the effectiveness of the combined deposition model in LES simulations in a
stationary two pass geometry, with 16 inline ribs in the first pass and 14 inline ribs in the second pass. A
Reynolds number of 25,000 was used with a constant wall temperature boundary condition on all surfaces
exposed to mean flow and the ribs were constructed with a 0/Q of 9.28 and a Q/0 of 0.0625. Used in this
investigation were particulate sizes ranging from 0.5-25 microns and 3 different wall temperatures (950,
1000, 1050°C). A particle softening temperature of 1120°C was used, which represents the temperature
above which a particle would stick to a wall regardless of velocity or angle. Results showed increased
deposition with increasing wall temperatures. This investigation also showed higher deposition in the
second pass than in the first due to higher turbulence levels and mixing from turning of the flow. Also
shown, the smaller particles had a higher probability of depositing when contacting the wall at low
velocities as they had lower incoming kinetic energy. Finally, secondary flow due to flow interaction with
the ribs caused particulate impacts on the side walls but resulted in low levels of deposition on the smooth
side walls of the channel.

4.2 Methodology

The solution methodology used to solve for the complex carrier phase and heat transfer in the internal
cooling passages uses LES with a wall model to limit computational time. The governing equations are
discussed briefly for the carrier phase with a variable property formulation and for the dispersed phase.
Details of the two model formulation for particulate deposition and simulation details/boundary conditions

are also briefly presented. The computational model is the same as presented in Chapter 3.
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4.2.1 Carrier Phase

The turbulent flow field is simulated using a conservative finite volume code, Generalized
Incompressible Direct and Large Eddy Simulations of Turbulence (GenIDLEST) [4,36]. The superscript *
is used to denote dimensional values throughout the chapter. The equations are shown with variable fluid
properties and the equations are cast in the non-dimensional form as shown in Chapter 2.1. A LES wall
model is utilized to limit computational time and the formulation is given in Chapter 2.3.
4.2.2 Dispersed Phase

The particle transport is solved using a Lagrangian framework developed and integrated into
GenIDLEST by Shah [7]. The governing equations for particle motion take into account drag and rotational
forces acting on the particle. The rotational forces, Coriolis and centrifugal buoyancy, are implemented
similarly as done in the fluid domain. For the energy equation treatment of the particles, convection and
radiative effects between the dispersed phase and carrier fluid and surroundings are taken into account. The
reader is referred to Chapter 2.5 for reference to the particle governing equations and their casting in the
non-dimensional form. The particles used in the simulations are representative of sand and have a diameter

range of 0.5-175em which corresponds to particle Stokes numbers Yo  ranging from 0.006-676,
respectively. The size range is representative of Fine Arizona Road Test Dust from Powder Technology
Inc., with a mean diameter of 9em (Y0 =1.79) and standard deviation of 4em. This corresponds to 50% of
injected particles being less than 4em in diameter, with 90% being less than 50em, shown in Figure 4.1b.
Figure 4.1a shows the cumulative size distribution of injected particulates and Figure 4.2 shows the actual

number of particles injected per size group out of a total of 200,000 particles.
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4.2.3 Deposition Model Formulation

As the particles used in simulation are represented as rigid spheres and are considered as point masses

located at the center of the sphere, a model must be used to determine the particle-wall interaction. The

deposition model considers the kinetic energy lost during collision and the effect of temperature. To account

for the temperature effects a critical viscosity model is used, developed and integrated with GenIDLEST
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by Sreedharan and Tafti [50]. To account for the Kinetic energy losses during collision, the COR model is
used, developed by Singh and Tafti [54], using an improved coefficient of restitution prediction model
developed by Yu and Tafti [57], which considers elastic, elastic-plastic, and plastic losses, surface adhesion,
and size dependent property variation of sand. These two models are combined to form a final sticking
probability. Details for the two models will briefly be repeated here.

4.2.3.1 Critical Viscosity Deposition Model

The model by Sreedharan and Tafti [50] predicts the deposition probability of a particle based on the
particle composition and the particle temperature during an impact. The predictions [50] showed good
agreement with the measurements over a range of temperatures for ash and PVC particles. This model
assumes that the sticking probability increases with decrease in viscosity of the particle, or as the

temperature increases. Above the critical temperature or the softening temperature (assumed to be Y* =

1120°06), the viscosity rapidly decreases and below this critical viscosity (* ), the sticking probability is

assumed to be unity. Below the softening temperature a sticking probability is calculated from:

0 =—, = (4.1)

where ““ is the viscosity of the particle at the particle temperature. Sand composition is varied and the
composition can change with type and source of sand, to properly handle this, a model was developed by
Senior and Srinivaschar [58] that is used to compute the sand viscosity as a function of temperature.

Viscosity of sand particles is calculated from the particle temperature from the following:

log — =6+ — 4.2)
where the constants A and B are calculated from the sand composition [58]. The softening temperature of
the sand can then be calculate based on this sand composition from the empirical relation proposed by Yin
et al. [59]. As this critical viscosity model was initially developed for coal ash particles and it is a
composition based model, it is assumed that it can be used for sand particles since the composition is
comparable as shown in [54]. Based on the composition, the softening temperature should lie in the range

of 1000°C-1200°C. For all calculations discussed here, a softening temperature of 1120°C is chosen.
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Particle temperatures much lower than the softening temperature are less likely to deposit. This trend is
demonstrated in Figure 4.3 which shows the probability of sticking for sand particles (0 ) with
temperature of the particle. As shown sticking probability rises exponentially as approaching the softening
temperature. Any collision temperature above 1120°C will have a sticking probability of 1. Any deposition
much below this temperature is due to energy losses due to deformation and adhesion losses, as discussed

in the following section.
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Figure 4.3. Probability of deposition based on the viscosity (||-O vL) With temperature.

4.2.3.2 Coefficient of Restitution Deposition Model

With the deposition probability calculated that takes into account the temperature variations of the
particle as it contacts the surface, the effects of impacting velocity and angle are now taken into
consideration. This model, developed by Singh and Tafti [54], assumes the probability of deposition is a
function of the fraction of the kinetic energy lost by the particle during impact. The coefficient of restitution
(COR) is the ratio of the rebound velocity to the impact velocity and is a parameter that contains all of the
energy losses incurred by the particles during a collision. The additional model to predict the COR for sand
particles based on deformation and adhesion losses during collision was developed by Yu and Tafti [57].

This COR model has been validated with experimental COR data for various particle sizes and
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compositions. This COR model takes into account elastic, elastic-plastic, and plastic impact deformation
losses. The model determines adhesive losses during the recovery stage, with Van der Waal’s forces and
dissipative Hertzman contact forces acting against the particle rebounding from the wall. The impact and
adhesive losses are assumed to act independently. Also taken into consideration are the sensitivity of the
mechanical properties (Young’s modulus and yield stress) of sand to the size of the particle. As the
particle/wall mechanical properties are important in determining deposition from the COR criteria, Table
4.1 is given with the relevant properties for the surface and particle. Bulk values are given for Young’s
modulus and yield stress. The Poisson’s ratio for sand was approximated based on the composition of major
components of sand, given in [50].

Table 4.1 Relevant mechanical properties for particles (Sand) and walls (Steel) used for simulation.

Particle (Sand)

Density (kg/m"3) 2630
Specific Heat (J/kg/K) 730
Thermal Conductivity

(W/m/K) 1.5
Bulk Young's Modulus (GPa) 190
Bulk Yield Stress (MPa) 1000
Poisson's Ratio 0.162
Wall (Steel)

Density (kg/m"3) 8050
Young's Modulus (GPa) 210
Poisson's Ratio 0.27
Yield Stress (MPa) 250

Representative normal COR results for a variety of particle sizes and incoming velocities are presented
for normal collisions in Figure 4.4. Also presented are representative tangential COR predictions in Figure
4.5, results are shown for a 5em particle for various incoming angles and velocities. Only one particle size
was used as the predictions were similar for all particle sizes. The predictions in Figure 4.4 show
discontinuities in the COR results for the 50 and 100 micron particle sizes are representative of when the
particle enters into the plastic regime from the elastic-plastic regime. Overall it should be noted that the

model by Yu and Tafti [57], predicts that on average, over half of the incoming energy is lost in collision.
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The predictions in Figure 4.5 show that for shallow incoming angles the tangential COR prediction will be
near unity and the tangential COR decreases as the collision angle increases approaching a normal collision.
The COR predictions are used in the model of Singh and Tafti [54] to calculate a sticking probability.
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The probability of sticking should be a function of energy losses during a collision and is calculated
from coefficient of restitution modelas® = "0(60'Y). An exponential function was chosen such that the
sticking probability based on COR, becomes significant only when the particle loses more than half the

initial kinetic energy during impact. Starting with,

0 =exp( 0z60Y) (4.3)
If & =00forl O60Y 05 ie 60Y 0.707 (4.4)
Resultingind@ 65=>0 =0.0170€i60Y = 0.707 (4.5)

The variation in the probability of deposition due to the COR is given in Figure 4.6 when the

exponential function is used.
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Figure 4.6. Probability of deposition based on incoming velocity (||-F H) with COR.

The current model emphasizes that both the mechanisms, the change in physical properties with
temperature and collision losses, should be accounted for in the final deposition probability. The final
deposition probability is calculated based on the two deposition probabilities previously discussed,

O =minfd0 +0 1} (4.6)
Equation 4.6 demonstrates how the conditions at which a particle collides will have either one of the two

mechanisms dominate the deposition prediction or both mechanisms can combine to determine the
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deposition prediction. This accounts for low temperature particles depositing if there collision losses are
high and vice-versa.

This deposition probability 0 is then compared with a random number, determined by a uniform
random number generator, which generates a number between 0 and 1. If the random number is less than
the deposition probability calculated, the particle is assume to deposit. If the particle does not deposit, it
rebounds with the velocity calculated from the coefficient of restitution model. The above discussed
deposition model is used in the following simulations to model sand particle laden flow within a U-Bend
ribbed duct geometry.

4.2.4 Boundary Conditions and Simulation Details

The duct inlet has a constant velocity profile normal to the boundary. A convective outflow boundary
condition is used at the outlet. The duct walls, as well as all the faces of the ribs exposed to the main flow,
have a no-slip boundary condition. The walls are maintained at a constant temperature boundary condition.
For a constant wall temperature the non-dimensionalizing temperature scales ('Y*) is given as 'Y* =
(Y*  "Y*). At the inlet to the domain, a uniform velocity (Y* ) and temperature ('Y*) are specified. In the

present context, 0" =10",Y" =7Y" and’Y* = 'Y*. Reference values for inlet conditions are similar

as given in Table 3.1. Initially the flow is allowed to develop for 10 non-dimensional time units, which is
approximately one flow-through of the entire domain, to establish a quasi-steady (stationary) state. Time-
averaged statistical quantities are obtained by sampling in time for an additional 40 non-dimensional time
units or 4 flow-through times. The reader is directed to Chapter 2.4 for details on the calculation of Nusselt
number for the constant wall temperature boundary condition.

In the present chapter four calculations are performed on a similar mesh as presented in Chapter 3. A
Reynolds number of 100,000 is used for all cases. The first simulation (referred to as Case 1) is at a constant
wall temperature of 1050°C and is stationary, Ro=0.0. The next three calculations are rotating at a constant
rate with a rotation number of Ro=0.2 with constant Buoyancy number of Bo=0.5. The constant wall

temperature is varied for the final three cases, (950°C, 1000°C, and 1050°C), referred to as Cases 2, 3, and
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4, respectively. The final simulation is stationary (Case 5) with a constant wall temperature of 950°C. As
the temperature difference between the wall and mean fluid is changing but a constant Buoyancy number
is desired, the dimensional radius (i Z) between the inlet of the duct and the axis of rotation is modified
with changing wall temperature.

Randomly distributed particles are injected at the inlet with 10,000 particles per injection for 20
injections, overall 200,000 particles are allowed to flow through the domain. Initially upon injection, the
particle velocities and temperatures are set to be the same as the surrounding fluid. The particles are tracked
and the calculation is run for one additional flow-through of the domain after the last injection of particles.
Particle-wall collision and deposition statistics are recorded during the run.

4.3 Results and Discussion

As the flow field and temperature field have been discussed in Chapter 3, only the particle transport
and deposition levels will be discussed in the current chapter. Detailed particle impingement and deposition
discussion for various surfaces are presented, followed by average impact characteristics presented with the
effects of each particle size group on the impact characteristics.

4.3.1 Impact and Deposition Characteristics

The impingement and deposition contour plots are presented here for the surfaces within the ribbed
duct. Results are presented for a wall temperature of 1050°C, for the stationary and the rotating conditions
(Case 1 and 4, respectively). Results that are presented in all figures are normalized by the non-dimensional
cell area. For dimensional values, the contour levels presented must be multiplied by 10  which gives
results in the number of deposits or impacts/&a & . For reference to the coordinate system and wall labeling,
the reader is referred to Figure 4.7. The geometry is given a constant rotational speed (approximately 10,500

RPM) in the counterclockwise direction around the z-axis.
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classification is for outward flow in the first pass.

With the addition of Coriolis and centrifugal forces, the particle impingement patterns will be
drastically different on the leading and trailing ribbed walls, which are critical components in augmenting
heat transfer levels in the cooling passages of a turbine blade. In-depth investigation of ribbed walls is
necessary as high deposition levels could lead to heat transfer attenuation. Results presented in Figure 4.8
and 4.9 are impingement and deposition levels normalized by the computational cell area, on the leading
and trailing walls of the 1% and 2™ pass, for Cases 1 and 4, respectively. As the impingement and deposition
levels are similar in all the rotation cases, representative results are presented using the highest temperature
rotating case compared to the stationary geometry. Results for Cases 2, 3 and 5 are presented in Appendix

D for all of the following impact and deposition results. Arrows in the figures represent the flow direction.
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The results in Figure 4.8 show impingement and deposition patterns on the leading and trailing sides
(ribbed surfaces) in both the first and second passes of the stationary geometry. In the first pass both ribbed
surfaces exhibit similar impact and deposition patterns, except at the entrance because of the staggered
nature of the ribs. High impingement and deposition levels are calculated along the trailing wall when the
flow exits the U-Bend into the second pass. As the flow is turned by the bend, particle entrained flow will
contact the end wall of the bend in order to navigate the turn, shown as high levels of impingement and
deposition at the exit of the bend on the trailing wall. Because of the flow disturbance created by the bend,
more impacts and deposition are found on the leading wall in the second pass.

Results in Figure 4.9 show high levels of impingement and subsequent deposition along the trailing
wall in the first pass. As the particles and flow have additional Coriolis and centrifugal forces acting on
their motion, when the particles are placed in the flow, they are immediately directed towards the trailing
wall. As a result very high levels of impact and deposition occur on the trailing ribbed surface at the entrance
where the particles are immediately directed towards the trailing wall. Because of the large number of
particles that impact the surface, some of these particles deposit on the surface. The many that do not
deposit, continue their trajectory close to the trailing wall constantly impacting the surface at shallow angles
but relatively high velocities because of Coriolis acceleration. As will be shown later, because of the large
number of impacts with the trailing wall in the first pass, the probability based deposition model predicts
that a substantial percentage of the particles deposit on the trailing wall in the first pass, particularly in the
first three pitches. In the second pass, the particles on exiting the bend impinge and deposit on the trailing
wall, but are quickly re-directed to the leading wall by the effect of Coriolis forces, resulting in more impacts
and deposition on the leading wall. However, because of the large percentage of particles that deposit in the
first pass when the duct is rotating, the predicted levels of particle impacts and deposition on the trailing
wall directly downstream of the bend is much less than the stationary case.

Particle size also plays a role on impact and deposition on the first pass trailing wall. More of the larger
diameter particles are pushed towards the trailing wall because of the larger Coriolis forces acting on them.
These particles undergo many impacts as they travel along the trailing wall and most of them end up
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depositing on the ribbed surface. This will be demonstrated in a following figure, Figure 4.18. The smaller,
lighter particles tend not to be strongly affected by the Coriolis forces and tend not to deposit in the first

pass as well as the second pass of the duct. This will be discussed in greater detail in the following sections.
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The smooth side walls are investigated in Figures 4.10 and 4.11 for Cases 1 and 4, respectively. Both
the stationary duct and the rotating duct have cross-sectional secondary flows present which could
potentially influence particle trajectories. In the stationary duct, the secondary flow is particularly strong at
the ribs at which spanwise velocities of the order of 15-20% of the mean streamwise velocity are generated
and directed towards the side wall. In rotating ducts, because of the cross-stream pressure gradient imposed
by the Coriolis forces, a secondary flow is generated throughout the pitch as shown in Appendix B, (Figures
B7, 8, 12-15) which could potentially entrain particles to the vicinity of the side smooth walls.

Comparing Figures 4.10 and 4.11, show that in the first pass the side walls experience substantial
particle impacts and less than 0.5% of these impacts lead to deposition. While the impacts and deposition
are symmetric about the centerline for the stationary case, in the rotating duct these are biased towards the
trailing wall driven by the effect of Coriolis forces on particle trajectories. Also in the rotating duct, the
effect of secondary flow is very evident at ribs on the trailing side of the side wall showing a large
concentration of impacts just upstream and near the top of the ribs. In the U-bend, the number of impacts
and deposition in the stationary duct is much higher than that observed in the rotating duct. While rotational
effects could have something to do with this result, the main reason for this trend is the observation that
about 40% of the particles deposit in the first three rib pitches in the rotating duct so fewer particles remain
in the flow entering the U-bend. There are no notable differences between the impingement and deposition
trends in the second pass, except that in the stationary duct more impact and deposition is realized because
of the availability of more particles, and as the flow progresses into the pass, a greater concentration of

impacts are observed toward the leading side of the rotating duct, because of the rotational Coriolis forces.
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Figure 4.10. Contours of particle impingement (top) and deposition (bottom) for smooth side wall
(Z =1.0), with a Ro = 0.0 and a wall temperature of 1050°C.
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Figure 4.11. Contours of particle impingement (top) and deposition (bottom) for smooth side wall
(Z =1.0), with a Ro = 0.2 and a wall temperature of 1050°C.

Results are now presented for the end and inner walls of the bend, for Cases 1 and 4 in Figures 4.12
and 4.13, respectively. As in previous plots, results presented show impingement and deposition levels per
unit non-dimensional area. However, it is noted that due to the high levels of impingement and deposition,
the end wall figure has a different scale than previously presented. Coordinate axis and arrows that represent

flow direction are given for reference.
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Impingement and deposition is higher in the stationary domain on the end wall, as shown in Figure
4.12, which is due to there being more partilces still present in the flow as discussed previously. A notable
difference between the stationary and rotating duct is the location of impacts. In the rotating case, the area
of high impact is shifted further downstream into the bend; this is because most of the particles coming out
of the first pass are concentrated at the trailing wall and as they manuever the bend they impinge the end
wall further downstream than the stationary configuration in which the particles are uniformly distributed
at the entrance to the bend. In the rotating and stationary configurations, a high relative density of impacts
and deposition is observed at the corners (Z=%1) in the downstream half of the bend.
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Figure 4.12. Contours of particle impingement (left) and deposition (right) for end (top) and inner

walls (bottom), with a Ro = 0.0 and a wall temperature of 1050°C.
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Figure 4.13. Contours of particle impingement (left) and deposition (right) for end (top) and inner
walls (bottom), with a Ro = 0.2 and a wall temperature of 1050°C.

Finally the leading ribbed surfaces facing the flow are investigated in Figures 4.14 and 4.15, for the
statioary duct in the first and second pass, respectively. Corresponding results for the rotating duct are
presented in Figure 4.16 and 4.17 in the first and second pass, respectively. The results are oriented with
the ribbed wall surface always at the bottom. Note that due to the higher levels of impingement and deposits

in the rotating case the scales have been changed.
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Figure 4.14. Contours of particle impingement (top) and deposition (bottom) for the leading (left)
and trailing walls (right) in the first pass, with a Ro = 0.0 and a wall temperature of 1050°C.
Results in Figures 4.14 and 4.15 show relatively similar impingement and deposition patterns on the

rib faces in both the first and second passes. However, much higher densities of impact and deposition are
observed in the first pass, particularly at the first rib. As previously mentioned, the particles are injected
just upstream of the first rib at the fluid velocity in a uniform flow and they will have a strong probability
of impinging on the rib. In an actual blade the incoming flow will be quite turbulent and the level of
impingement and deposition will not as high as predicted here. In the second pass, the ribs on the leading

wall experience more impacts as the particles coming out of the bend are directed towards the leading wall.
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Figure 4.15. Contours of particle impingement (top) and deposition (bottom) for the leading (left)
and trailing walls (right) in the second pass, with a Ro = 0.0 and a wall temperature of 1050°C.

Results in Figure 4.16 show the larger impingement and deposition results along the trailing wall in the
first pass. As explained previously in Chapter 3, the particle laden flow will impinge on the trailing wall
more due to the action of Coriolis force. The effect of Coriolis forces acting on the particles is most evident
as they traverse through the first few ribs and impinge/deposit on the rib faces. Results also follow expected
trends in the second pass, with the leading wall having higher impingement and deposition levels due to the
flow and the particles interacting with the leading wall more due to the action of Coriolis forces, on both

the fluid and particles.
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Figure 4.16. Contours of particle impingement (top) and deposition (bottom) for the leading (left)

and trailing walls (right) in the first pass, with a Ro = 0.2 and a wall temperature of 1050°C.
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Figure 4.17. Contours of particle impingement (top) and deposition (bottom) for the leading (left)
and trailing walls (right) in the second pass, with a Ro = 0.2 and a wall temperature of 1050°C.
To summarize the contour plots previously presented, two regions of high deposition are identified,
along the trailing wall in the first pass and in the bend, for the rotating and stationary cases, respectively.
To represent the predictions in these two regions better, deposition locations for rotating and stationary
(1050°C) cases are given in Figure 4.18 and 4.19 for the first pass trailing wall and bend, respectively.
Results are presented for the different particle diameters, to show possible size dependent effects on

deposition locations.
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Figure 4.18. Particle deposition locations in the first pass along the trailing wall, color contours

represent different particle diameters.

Deposition patterns in Figure 4.18 shows that most of the deposition in the first three rib pitches occurs

at the rib faces facing the flow due to the Coriolis force acting on the particles and forcing them towards

the trailing wall. The larger particles tend to mostly deposit on the rib faces together with some smaller

particles. On the ribbed wall, on the other hand, mostly smaller diameters particles deposit. Figure 4.19

deposition predictions show that in the bend region the stationary case has, on average, larger particle sizes

that deposit as they traverse the bend, when compared to the rotating predictions. This is due to all of the

larger particles depositing before they enter the bend region in the rotating case.
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Figure 4.19. Particle deposition locations in the bend region, flow is moving from top to bottom,

color contours represent different particle diameters.
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To summarize, in quantitative form, the results of deposition and impingement within the entire domain,
Table 4.2 is presented. Presented are the total number of impacts and deposits in all four cases. The bolded

percentages are calculated as shown in Equation 4.7 for the sticking (— ) and capture (— ) efficiencies.
Defining O as the number of deposited particles, O as the number of impacting particles, and O

as the number of injected particles (200,000).

- =— - =— (4.7)

It can be surmised from the Table that the wall temperature has very little effect on deposition as shown
by the similar capture efficiencies. The number of particles deposited increase by about 0.11% when the
wall temperature increases from 950 ‘C to 1000 ‘C and further by an additional 0.6% when the wall
temperature is 1050 ‘C. The relative insensitivity of deposition to the wall temperature can be attributed to
the high Reynolds number and the high bulk flow which does not heat up enough to raise the particle
temperature to near the wall temperature. More than the wall temperature, rotation seems to influence
deposition. As mentioned earlier, about 40% of the particles deposit in the first three rib pitches under
rotation because of the strong effect of Coriolis forces. Particles that do not deposit are retained near the
trailing wall where they continuously impinge on the trailing wall leading to increased deposition.

Table 4.2 Total impact and deposition results with sticking and capture efficiency for each case.

Sticking Efficiency ~ Capture Efficiency

Wall Temp °C Simulated (Lyoim) (k)
Stat 950 53.1 Million ] ]
Number of Stat 1050 43.1 Million ; ;
u -
impacts 950 41.8 Million ; ;
1000 40.3 Million ; ;
1050 37.4 Million ; ;
Stat 950 112,510 0.21% 56.25%
\umber of Stat 1050 115,886 0.27% 57.94%
umber o 950 174.160 0.42% 87.08%
Deposits
1000 174.359 0.43% 87.18%
1050 175,390 0.47% 87.70%
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4.3.2 Average Impact Characteristics

As in the impact and deposition distribution results, impact characteristics given by velocity, angle,
and temperature at impact are quite similar for the different wall temperatures and thus results from only
the stationary and rotating cases at 1050°C will be discussed. Results for Case 2, 3, and 5 (rotating 950°C,
rotating 1000°C and stationary 950°C, respectively) are presented in Appendix D. Results are presented
here as contour plots that have been recorded and averaged for the entire simulation.

4.3.2.1 Average Impact Velocity

Figure 4.20 plots the average impact velocity on the smooth side walls. In the first pass, the average
impact velocity is higher with rotation because of the additional Coriolis and centrifugal forces that act on
the particle. The highest impact velocities are experienced by the particles exiting the bend, early in the
second pass.
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Figure 4.20. Contours of average particle impacting velocity (m/s) for smooth side walls for the
stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for a wall temperature of 1050°C.

The average impact velocity is presented for the leading and trailing walls of the first and second pass
in Figure 4.21. Results for the stationary case show relatively lower impact velocities in comparison to the
rotating case in the first pass. This is again due to the additional Coriolis force acting on the particles and
accelerating them towards the trailing wall. As the flow and particles approach the bend and accelerate near
the trailing wall, the particles impact the region with a higher velocity for both stationary and rotating ducts.

Higher impact velocities are also predicted in the second pass along the leading wall for both rotating and
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static cases, where the separated shear layer in the bend reattaches. High impingement velocities are also
observed on the trailing wall coming out of the bend as the accelerated particles cannot maneuver the bend
and impinge on the trailing wall in both the stationary and rotating ducts. This supports the general
observation that the bend region is not influenced by Coriolis and centrifugal buoyancy forces as much as
by the geometry of the bend itself which causes the flow to accelerate around the outer end wall and separate

at the inner wall.
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Figure 4.21. Contours of average particle impacting velocity (m/s) for leading and trailing walls in
the (a) First pass and (b) Second pass of stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for

wall temperature of 1050°C. Note - velocity scales are not similar.
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Results on the end and inner wall of the bend are presented in Figure 4.22. The inner wall experiences very
little impingement and therefore has similar average velocity predictions in both cases. The end wall
predictions show two regions of high velocity impingement, one near the exit of the bend and another near
the inlet of the bend that aligns mid-channel with the first pass (Ro =0.0) and middle of bend (R0o=0.2). The
higher velocity near the end of the bend is due to particles that have accelerated while navigating the bend
and which contact at higher speeds. The other region near the first pass is due to the location of particles
between the leading and trailing sides just before particles enter the bend. The particles closer to the leading
wall will feel the influence of the bend later than those near the trailing side and will therefore be unable to
navigate the bend as successfully and will impinge closer to the first pass. Since these particles have been
in the mean flow of the channel they will have a higher velocity. The shift from the mid-channel first pass
high velocity location in the stationary case to the middle of the bend in the rotating case is due to the

location of the particles being more concentrated near the trailing wall in the first pass.
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Figure 4.22. Contours of average particle impacting velocity (m/s) for end (top) and inner walls

(bottom), for stationary (left) and rotating domains (right), for a wall temperature of 1050°C.
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Results on the first three front rib faces are presented in Figure 4.23 on the leading and trailing walls
for Case 1 and 4. The results are oriented with the ribbed wall always at the bottom and the arrow reperesents
the flow direction. The stationary case experiences significantly higher velocities than the rotating case due
to the rotating case particles transport having the Coriolis force directing particles into the trailing wall. The
rotating case particles impinge on the trailing wall and then rebound into the rib face at much lower

velocities than a direct/normal impingement as seen in the stationary case.

Figure 4.23. Contours of average particle impacting velocity (m/s) for the first three rib faces on the
leading and trailing walls for (a) Stationary and (b) Rotating cases.
4.3.2.2 Average Impact Angle
The average impacting angle is presented in degrees from surface for the smooth side walls in Figure
4.24. Results show very similar patterns in both the stationary and rotating geometries, with most of the
collision having shallow impact angles with the smooth side walls, which relates to higher COR’s and lower

deposition probability.
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Figure 4.24. Contours of average particle impacting angles for the smooth side walls for the

stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for a wall temperature of 1050°C.

The average impacting angle is presented for the leading and trailing walls in the first and second passes
in Figure 4.25. Results for the stationary case show relatively similar angle prediction in the first pass for
both of the leading and trailing walls. As the angles are approximately less than 30°, it is assumed that most
of these are glancing collisions and therefore will have higher predictions of COR. In contrast, for the first
pass, the rotating case shows more impacts on the trailing wall with angles closer to 50°, meaning the
collisions are more normal to the surface and will therefore have lower COR predictions. Another
interesting prediction in the first pass, is the low impact angles (<10°) just before the first ribs in the
stationary and more noticeably in the rotating case. As these are averaged results, a much larger
concentration of glancing collisions may be dominating the results in this region. As particles do not have
enough energy to pass the first rib they will continue to contact the trailing wall at very small heights. These
collisions are more of the sliding type with near unity tangential COR predictions and extremely low normal
COR predictions, resulting in a low probability of rebounding past the first rib. Because of the large number

of impacts in this region, even a very low probability of deposition leads to a substantial levels of deposition.
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Figure 4.25. Contours of average particle impacting angles for leading and trailing walls in the (a)

First pass and (b) Second pass of stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for wall

temperature of 1050°C.
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Results on the end and inner walls are presented in Figure 4.26. The results shown for the average angle
show shallow angles of impact in most of the bend except near the first pass exit in the stationary duct.
Regions of high impact angles in the rotating duct are scarce because of the low number of impacts coupled

with the Coriolis force effect.

Avg_Angle ()

Stationary Rotating
Figure 4.26. Contours of average particle impacting angle for end (top) and inner walls (bottom),
for stationary (left) and rotating domains (right), for a wall temperature of 1050°C.

Results on the first three front rib faces are presented in Figure 4.27 on the leading and trailing walls
for Case 1 and 4. The results are oriented with the ribbed wall surface always at the bottom and the arrow
reperesents the flow direction. Results show that the stationary case has more normal impacts in
comparision to the rotating case. This supports the higher impact velocity results in the stationary case in
Figure 4.23. This also supports the assertion that the particles in the rotating case initially contact the trailing

wall and then contact the front rib faces.
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Figure 4.27 Contours of average particle impacting angle for the first three rib faces on the leading
and trailing walls for (a) Stationary and (b) Rotating cases.
4.3.2.3 Average Impact Temperature
The predictions for the average impacting temperature are now presented for the smooth side walls in
Figure 4.28. The average temperature is presented in dimensional form in degrees Celsius. Results show
similar temperature levels in both the stationary and rotating cases with an average temperature of around
700°C to 850°C for all collisions on the smooth side wall throughout the domain. Results show that particles

on average do not reach the threshold for deposition on the smooth side walls.
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Figure 4.28. Contours of average particle impacting temperatures for the smooth side walls for the

stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for a wall temperature of 1050°C.
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The average impacting temperature is presented for both the leading and trailing walls in both passes
of the domain in Figure 4.29. Results for the stationary case show similar impacting temperatures along the
leading and trailing walls in the first pass. The second pass shows slightly higher temperatures and the
impacts follow patterns discussed previously. In both rotating and stationary ducts, the region before the
first rib exhibits uncharacteristically high particle impact temperatures. This is followed by higher impact
temperatures on the trailing wall of the rotating duct. Small particle diameters, shallow angles of impact,
and increased residence time in the vicinity of the wall could be source of the contributing factors leading
to these results. A more gquantitative investigation of this phenomenon will be discussed later. The leading
wall in the second pass shows similar temperature levels to those in the stationary case with an increase in
temperature approaching the end of the domain. This is due to particles that have navigated the entire
domain, heating up as a response and finally coming into contact with the leading wall due to Coriolis

forces.
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Figure 4.29. Contours of average particle impacting temperatures for leading and trailing walls in
the (a) First pass and (b) Second pass of stationary (Ro = 0.0) and rotating domains (Ro = 0.2) for

wall temperature of 1050°C.
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Results on the inner and end walls within the bend are presented in Figure 4.30. The results show similar
results on the inner wall when comparing stationary and rotating cases. The rotating duct shows higher
temperature impacts on the end wall than the stationary duct. The higher temperatures in the rotating cases
are due to the majority of the impacts in the bend coming from smaller particle sizes. This is due to the
majority of the larger particle sizes having deposited before entering the bend, supported by Figure 4.18
and will be demonstrated more clearly in following sections. The smaller particle sizes are able to remain
in the near wall region in the first pass without impinging on a wall, and therefore are able to heat up more.
Similar average temperatures would be expected in the stationary case if the larger number of large particles

did not dominate the impingement levels in the bend.
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Figure 4.30. Contours of average particle impacting temperatures for end (top) and inner walls
(bottom), for stationary (left) and rotating domains (right), for a wall temperature of 1050°C.

Results on the first three front rib faces are presented in Figure 4.31 on the leading and trailing walls
for Case 1 and 4. Temperature results show similar temperatures on rib faces for both rotating and stationary
cases on both leading and trailing walls, supporting the assertion that deposition results do not have a strong
temperature dependence.
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Figure 4.31. Contours of average particle impacting temperature for the first three rib faces on the
leading and trailing walls for (a) Stationary and (b) Rotating cases.
4.3.3 Particle Size Effects
As shown in Figure 4.2, the particle size range is divided into 10 groups sized by diameter to better
represent the dynamics of different particle sizes and the effects that the size of the particle has on impact
and deposition characteristics. The size groups are distributed such that there are more groups in the smaller
particle diameter ranges as there is a significantly larger number of smaller particles in the distribution.
Table 4.3 reproduces the group size definitions. Particle size effects will only be investigated for the rotating
and stationary duct at 1050°C to highlight the effects of rotation.

Table 4.3. Particle size group distribution, ‘x’ represents the particle diameter.

Group Number Diameter“Ranqe (em)
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The deposition and impact results for each particle size group are presented in Figure 4.32. The
deposition or impingement results for each group are normalized by the number of particles that were
injected into each respective group. While the deposition results are presented as percentages, the impacts

are presented as factors due to their large number. The formulae that determine the y-axis are given in the

figures.
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Figure 4.32. Particle (a) Deposits and (b) Impacts in each particle size group, normalized by the
number of particles injected in the particle size group, for rotating and stationary cases.

Deposition results show that for the rotating case all particle sizes greater that 5 microns deposit by the
end of the second pass. As previously noted, the Coriolis force acting on the particles plays a significant
role in pushing particles towards the first pass trailing wall where they repeatedly impact the wall and
eventually deposit which is driven by the large number of impacts that occur. On the other hand, particles
less than 5 microns are not as readily influenced by the action of Coriolis force as are the larger particles
and many of them escape from being deposited. Less than 40% of particles smaller than 3 micron deposit
which is similar to the deposition calculated in a stationary duct. Conversely, in a stationary duct about 70%
of particles between 5 and 10 micron deposit, after which the percentage of particles deposited steadily
decreases as the particle size gets larger. Since a majority of the particles in a stationary duct deposit in the

bend region, very small particles navigate the bend quite effectively, whereas larger particles with more
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kinetic energy tend to impact the end wall at higher velocities and higher angles and escape deposition.
Mid-range particle sizes between 3-20 microns are most prone to deposition in the stationary duct.

Figure 4.32b shows that in both static and rotating cases, larger particle size groups have lower
impingement levels due to their ability to escape from surfaces quickly. The very small particles are mostly
carried by the flow and have limited contact to duct surfaces, whereas the mid-sized particles between 3-
20 micron are carried to surfaces, and linger near these surfaces with multiple collisions. It is noted that
the relatively large decrease in impacts for the rotating case is due to the larger number of particles that
deposit in the larger size ranges and therefore do not remain in the flow long enough to impinge at other
locations.

To more clearly present the dominant effect the Coriolis force has in the first pass, the deposits for each
group size are presented in Figure 4.33, normalized by the total number of particles injected for each
respective group size. Figure 4.33a presents results for the leading and trailing walls of the first pass

including the rib surfaces, while Figure 4.33b presents results for deposits on all surfaces in the first pass.
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Figure 4.33. Particle deposits in each size group in the first pass, normalized by the number of
particles injected in that size group, (a) For the leading and trailing walls (b) For all surfaces, in the

rotation and stationary cases.
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The deposition predictions in the first pass clearly show that the action of Coriolis force plays a
dominant role and causes high levels of deposition on the trailing wall. In the stationary case, the levels of
deposition are relatively similar on both the leading and trailing walls for all particle sizes. The high levels
of deposition along the trailing wall, has been previously discussed in Figure 4.9 and 4.16, but what this
figure shows is that the majority of particles in the larger group sizes have already deposited on the trailing
wall before exiting the first pass. To quantitatively compare the rotating and stationary cases in the first
pass, 27% of overall deposits within the entire domain occur in the first pass for the stationary case, while
84% of overall deposits occur in the first pass for the rotating case. Over 3 times as many deposits occur in
the rotating case in the first pass, which supports the previously made claim that there are significantly
fewer number of particles remaining in the flow at the end of the first pass when comparing the rotating
case to the stationary. This is also supported by Figure 4.33b which shows that particles above 20em will
all have deposited by the end of the first pass.

Advancing from the first pass, the bend region deposits for each group size normalized by the number

of particles injected in each respective group size is presented in Figure 4.34.
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Figure 4.34. Particle deposits in each group size normalized by the number of particles injected

in that group size, presented for the bend region with rotating and stationary cases.
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Deposition prediction in the bend region shows that for the stationary case there is high level of
deposition for particles in the 3-30em range. This range of particles deposit in the bend in the stationary
case because they are not small enough to directly follow the streamlines and avoid impingement. As the
flow is being accelerated by the turning of the flow in the bend, the collisions will be at higher velocity and
the range of particles mentioned above will not have as high a kinetic energy entering the collision as the
larger particle size ranges, making them more likely to deposit where larger particles would rebound off
the wall. The increase in deposition in comparison to the rotating case is due to more particles remaining
in the flow, as shown in Figure 4.33b. As the bend is dominated by the turning of the flow, Coriolis or
centrifugal buoyancy forces are not as prevalent in this region and the flow structure is dominated by the
geometry of the bend. It is therefore hypothesized that the physics of deposition should be similar in the
rotation case if the same number of particles were entering the bend region as in the stationary case.

To give a spatial map of deposition throughout the domain, the particles remaining in each pitch of the
domain are presented in Figure 4.35. The deposition levels are shown for stationary and rotating cases for

all wall temperatures simulated.
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Figure 4.35. (a) Number of remaining particles entering each pitch, (b) Number of deposits in

each pitch normalized by particles that entered pitch, for all cases.
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