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Abstract
Fine particles of ash and sand can deposit on the surfaces of cooling ducts, diminishing heat transfer efficiency and threatening
the operation of turbine engines. The surface roughness of deposits can alter the nearby flow dynamics, and result in changes
of subsequent particle collision and deposition. In this work, the effects of rib turbulence on particle deposition in cooling
duct are numerically studied based on the wall modeled shear stress transport k–ω model with a UDF code correction for
particle–wall impacts and the discrete particle model. A Gaussian probability density function is adopted to give the topology
of deposited particles on the surface impacted by micron particles. We investigate how variables such as particle diameter and
temperature impact collision and deposition processes. Additionally, the impact of ribbed turbulence on particle deposition
is also discussed. The findings indicate that the impact ratio increases with particle diameter while exhibiting less sensitivity
to temperature. Deposition ratios experience a significant decrease when particle size exceeds 1 µm. The temperature of the
particles has a noteworthy influence on surface profile of deposits. Specifically, deposits on thewall surface, where particles are
introduced by fluid injection, tend to assume a crane-like shape as the temperature rises. Notably, a more uniform deposition
pattern is achieved when the particle temperature is low. In terms of particle distribution, low-velocity particles are more likely
to accumulate in the windward region of the rib, especially at the junction of the rib wall, where the maximum deposition
height is observed. Furthermore, deposits on the rib surface tend to grow, and the gap between the peak and valley widens as
the particle temperature increases, as evident from the roughened rib surface features.
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1 Introduction

In environments like deserts or when flying through volcanic
ash clouds, gas turbines are susceptible to ingesting a signif-
icant quantity of fine particulates, including ash, sand, and
dust particles smaller than 10 µm. Despite the presence of
advanced filtration and cleanup systems, some of these fine
particles become heated by the hot gas and collide with the
outer surface of turbine blades, resulting in erosion, corro-
sion, and deposition. Additionally, numerous particles enter
the cooling supply system, adhering to the inner surfaces of
cooling ducts. While external deposition may provide a level
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of protection due to its low thermal conductivity, safeguard-
ing the component from the hot gas, it is important to note
that when particles deposit on the internal surfaces of cool-
ing ducts, such as by clogging film holes, the components
become exposed to higher temperatures. This exposure can
lead to a deterioration in cooling performance and localized
thermal damage to the blade metal [1].

The behavior of particle collision and deposition within
cooling ducts is influenced by a multitude of parameters,
rendering it more complex than the deposition on the outer
surfaces of turbine blades. To gain a comprehensive under-
standing, controlled laboratory-based experimentalmeasure-
ments of particulate transport and deposition have been
conducted. The Turbine Accelerated Deposition Facility
(TADF) operates under high-temperature conditions, facil-
itating the exploration of particle deposition mechanisms
during extended operational periods [2–4]. Results from
these experiments reveal that the rate of particle deposi-
tion is contingent on factors such as particle material [5],
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particle and gas temperatures [6], particle size, and surface
temperature [7], among others. The interplay of these fac-
tors collectively shapes the particle collision and deposition
behavior within cooling ducts, introducing further complex-
ity.

Furthermore, the analysis extends to the thickness, struc-
ture, and surface roughness of deposits generated within the
accelerated deposition facility. This investigation seeks to
elucidate the mechanisms governing the evolution of deposi-
tion [8], resulting in the creation of three-dimensional maps
illustrating the roughened surfaces caused by deposits [9]. In
parallel, a low-temperature and low-speed deposition exper-
iment platform, operating on the principles of similarity,
has been adopted to simulate deposition processes, offering
energy-efficient and cost-effective means of study [10, 11].

An experimental study involving the deposition of melted
Paraffin has revealed that Paraffin deposits undergo initial
growth until they reach a state of equilibrium thickness [12].
It has also been observed that the deposition of particles is
influenced by the surface roughness of the coupon [13]. The
formation and accumulation of these deposits result in sur-
face roughening, altering the roughness and topology of the
affected surfaces. This, in turn, has a significant impact on
the nearby fluid field and heat transfer efficiency. The role of
deposit roughness cannot be underestimated [14].

Understanding the mechanisms behind deposit evolution
is of paramount importance, and a comprehensive study is
highly desirable. However, the complexity and high costs
associatedwith facility testsmake themchallenging to under-
take, even though they hold the key to a deeper understanding
of deposition mechanisms. In the quest to predict the depo-
sition of micron-sized particles on turbine blades, various
collision and deposition theories and models have been put
forth. The prospect of these deposition theories have sig-
nificantly advanced the field of numerical prediction for
deposition processes. The commercial software fluent is
widely used by researchers due to its strong capability in
gas–solid two phases simulation.

Tafti [15] developed a critical viscosity deposition model
to predict the deposition of sand particles under high-
temperature conditions. This model links the probability of
sand particle deposition to its viscosity, which is determined
by temperature. Using the critical viscosity model, Tafti and
colleagues explored erosion and deposition of sand particles
within a short pin fin array [16] and discussed the char-
acteristics of particle deposition in cooling ducts [17, 18].
Subsequently, Singh and Tafti further enhanced the critical
viscosity model by introducing a soft ball collisionmode that
accounts for deformation losses during collisions but does not
include the influence of temperature [19].

Yu and Tafti devised a physical-based model for particle
collision and deposition. This model considers various fac-
tors, such as incoming angle, velocity, temperature effects on

material properties, particle rolling and sliding, and energy
losses, to determine the coefficient of restitution (COR) and
deposition probabilities [20]. However, this model’s applica-
tion in simulations is limited due to the need for numerous
parameters to be determined.

Moreover, Yu and Liu developed a simple COR-fitted
function for sand particles impacting DD3 nickel-based sin-
gle crystal surfaces. They used this function to investigate
dust transport and accumulation in ribbed cooling ducts
[21]. Their research also delved into the collision, adhesion,
and deposition of micron-sized dust particles within internal
cooling ducts equipped with pin fin arrays [22].

The numerical studies mentioned above overlook the
impact of surface roughness resulting from deposits. A study
conducted by Marchis et al. demonstrated that near-wall tur-
bulence and subsequent particle dynamics were profoundly
influenced by this surface roughness [23]. Research indicates
that the coefficient of restitution and the trajectories of subse-
quent particles are substantially modified due to the presence
of deposit structures. To account for the influence of deposi-
tion profiles on the flow field, the primary method employed
is the dynamic mesh morphing approach, where the flow
field is updated based on the volume of deposited particles
[24–26].

Zhou et al. utilized a two-dimensional dynamic mesh
model in conjunction with computational fluid dynamics
(CFD) to investigate the changing shape of ash deposits
as they grow on a cooled probe [27]. Despite advances
in understanding deposit evolution, much of the work has
been conducted in two-dimensional models coupled with the
dynamic mesh morphing method due to computational con-
straints [28, 29]. There has been a limited focus on the surface
profile of deposits within a three-dimensional cooling duct.

The numerical studies mentioned above overlook the
impact of surface roughness resulting from deposits. A study
conducted by Marchis et al. demonstrated that near-wall tur-
bulence and subsequent particle dynamics were profoundly
influenced by this surface roughness [23]. Research indicates
that the coefficient of restitution and the trajectories of subse-
quent particles are substantially modified due to the presence
of deposit structures. To account for the influence of deposi-
tion profiles on the flow field, the primary method employed
is the dynamic mesh morphing approach, where the flow
field is updated based on the volume of deposited particles
[24–26].

Zhou et al. utilized a two-dimensional dynamic mesh
model in conjunction with computational fluid dynamics
(CFD) to investigate the changing shape of ash deposits
as they grow on a cooled probe [27]. Despite advances
in understanding deposit evolution, much of the work has
been conducted in two-dimensional models coupled with the
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dynamic mesh morphing method due to computational con-
straints [28, 29]. There has been a limited focus on the surface
profile of deposits within a three-dimensional cooling duct.

This paper introduces a comprehensive collision and
depositionmodel for micron particles to predict the rebound-
ing and depositing characteristics of particles in the cooling
ducts combining with the Gaussian probability density func-
tion for describing the morphology of deposits. The primary
objective of this study is to examine the deposition behavior
of micron-sized sand particles within a three-dimensional
ribbed cooling duct under high-temperature conditions.
Specifically, our aim is to characterize the deposition pro-
files on an impingement coupon and the ribbed surface. We
will explore the influence of particle size and temperature on
collision ratios, deposition ratios, and the resulting deposi-
tion profiles. By conducting this comprehensive analysis of
fine particle deposition, our findings will contribute to a bet-
ter understanding and prediction of deposition characteristics
in various heat transfer equipment.

2 Themethodology of simulation

2.1 Computational methodology

The interaction between the gas and solid phases in the
cooling duct is simulated using the Eulerian–Lagrangian
technique. The turbulent flow field is modeled with the shear
stress transport turbulence model, specifically the k–ω SST
variant. It is important to note that the suitability of the k–ω
SST model for simulating particle transport has been previ-
ously validated in our prior research [21].

The governing equations, which encompass the conserva-
tion of mass, momentum, and energy, are applied to model
the turbulent airflow are listed as follows:
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where u, p,μ, and ρ are velocity, pressure, dynamic viscosity
coefficient, and density of gas, respectively. T, cp and k are
temperature, specific heat capacity and thermal conductivity
of gas, respectively.

Particles are simulated in the Lagrangian frame work,
each particle is tracked using the law of momentum conser-
vation. The particles undergoing many forces such as drag
force Fdrag, Saffman lift force F lift, thermophoretic force FT,

pressure gradient forceFp from the flow. The particles are
simplified to be spherical and the forces acting on each par-
ticle are described as

mp
dup
dt

� Fdrag + Flift + FP + FT + Fcollision (2)

where the Fcollision is the force operated by the wall when the
particle contact wall surface. Themicron-sized sand particles
are injected uniformly from the inlet, the one-way coupling
between flowfluid and particles is adopted ignoring the influ-
ence of particle on fluid due to the low volume fraction of
particles in the flow.

While tracking the particles within the flow domain, they
may encounter a range of forces that lead to interactions
with the structural walls. When a particle–wall collision
occurs, this section will provide a brief overview of how
particle responses, including reflection or deposition, will be
described for a comprehensive understanding.

2.2 Particle–wall collision and depositionmodel

The particle–wall collision and deposition model, which was
initially developed and validated in our previous work [20,
21], is now introduced and explained. This model focuses
on the energy dissipation occurring during the collision pro-
cess of micron-sized sand particles with DD3, a nickel-based
single crystal superalloy. It provides predictions for both the
normal and tangential recovery coefficient (COR) when a
particle comes into contact with a wall surface, considering
factors such as deformation and adhesion energy dissipa-
tion. Utilizing this model, the deposition velocity of the sand
particles can be calculated. In this section, we offer a brief
overview of the model for the sake of completeness.

2.2.1 Normal collision and deposition

In the context of particle–wall impact, a particle undergoes
three distinct stages: the elastic stage, the elastic–plastic
stage, and the fully plastic stage, all of which are contingent
upon the normal impact velocity of the particle, denoted as
Vni. The boundaries between these stages are determined by
two critical normal impact velocities, V cn and V cpn, which
separate the respective stages. These critical velocities are
determined by considering the mechanical properties of both
the particle and the wall, as discussed in reference [20].

On the basis of Hertz contact theory, the rebound kinetic
energy of the particleWnr is obtained by subtracting the plas-
tic loss from the total kinetic energy of the particleWni. The
particle size and temperature effect on the mechanical prop-
erties as yield stress and Young’s modulus of sand grains

123



Computational Particle Mechanics

were considered in this model.

Wni � 1

2
mV 2

ni Wnr � 8

15
E∗R1/ 2∗ δ5/ 2rc (3)

where δrc is the recovery deformation, E* and R* are the
equivalent elastic modulus and equivalent radius, respec-
tively.

In addition to accounting for the energy loss due to plastic
deformation of particles and surfaces, we also consider the
absorption of energy resulting from adhesion forces (denoted
as WA) and the dissipation of energy due to surface asperi-
ties (referred to as W asp). These elements are detailed in the
following equations:

WA � �γπ (a2p + a2c /2
4/ 3) (4)

Wasp � 1

24
π2a2maxraspσasp (5)

where the �γ , ac,ap are the surface energy per unit area,
the critical contact radius between elastic and elastic–plastic
stage, and the plastic contact radius, respectively.

The σ asp was the yield strength of the wall material,
respectively. The rasp is the radius of the surface roughness.

The normal recovery coefficient en and the normal recov-
ery velocity can both be calculated out as following equa-
tions:
{
en � √

(WRF − WA − Wasp)/Wni

Vnr � enVni
(6)

This indicates that particles will adhere or deposit on the
surfacewhen the normal rebounding coefficient (en) becomes
zero, signifying a balance between the energy losses due to
adhesion force (WA) and the surface plastic energy (W asp)
with the normal rebound kinetic energy. It is at this equilib-
rium point that the critical depositing velocity of the particle
can be determined.

Based on the composition of sand, the softening tem-
perature of sand ranges from 1000 to 1200 °C. Figure 1
presents representative normal recovery coefficients (en)with
incoming velocities for a range of particle sizes (1–5 µm) at
various temperatures. In Fig. 1a, it is evident that the nor-
mal coefficient of restitution (COR) initially increases and
then decreases with an increase in normal impact velocity.
This behavior can be attributed to adhesive forces dominating
energy losses in low-velocity impacts, while high-velocity
collisions exhibit plastic energy dissipation. Under low-
velocity impact conditions, the normal recovery coefficient
en decreases as the particle diameter decreases, primarily due
to the more pronounced effect of adhesive forces on smaller
particles. Figure 1a also reveals that the normal recovery
coefficient en tends to approach zero when the normal impact

velocity (Vni) falls below a critical value (V cr). This signi-
fies that particle deposition occurs when Vni is less than the
critical normal velocity V cr.

Furthermore, as shown in Fig. 1a, the normal critical depo-
sition velocity (V cr) increases as the particle size decreases.
The predictions in Fig. 1b indicate that the normal recovery
coefficient en decreases as the temperature rises. This sug-
gests that deposition is more likely to occur for 1 µm sand
particles at higher temperatures. Specifically, the values of
the normal critical deposition velocity (V cr) for 1 µm sand
particles are predicted to be 2.69m/s, 4.75m/s, and 10.46m/s
at temperatures of 1273K, 1323K, and 1343K, respectively.

Incorporating the collision and deposition model into a
computational fluid dynamics (CFD) simulation can be chal-
lenging due to its complexity. To address this issue, we
propose an exponential fitting function for the coefficient of
restitution (COR) for sand particleswhen they come into con-
tact with the DD3 wall surface. This function is determined
based on parameters such as particle velocity, temperature,
and size and is presented as follows:

(7)

COR � [1 − 4.296 × 10−4 × (T − 1073)]

× (2 × V−0.09035
ni − 0.8689) × (d/5)−0.1573

whereT , Vni, and d are the Kelvin temperature, normal
impact velocity, and diameter of particle, respectively. When
the normal velocity of the particle, denoted asVni, falls below
the critical deposition velocity,V cr, the particle adheres to the
surface. In contrast, if Vni exceeds V cr, the particle reflects
off the surface with a normal velocity magnitude of Vni ×
COR (coefficient of restitution). In this context, deposition is
primarily influenced by the normal COR, with the tangential
collision effects being disregarded.

2.2.2 Tangential collision

Although the tangential effect on deposition behavior is not
considered in present study, the tangential recovery coeffi-
cient is of great importance for particle motion in the flow
field. A function predicting sand particle tangential rebound
or recovery behavior is written as [30]:

et � 1 − μstanα · (1 + en) (8)

where α is the inclined angle between the particle incidence
velocity direction and thewall surface,μs is the friction coef-
ficient of sliding.

2.3 The surface topology of deposits reconstruction

As particles consistently accumulate on the structure’s sur-
face, the roughened deposits impact skin friction and cause

123



Computational Particle Mechanics

Fig. 1 Normal recovery coefficient of micron sand particles

variations in convective heat transfer rates [9]. Furthermore,
the surface characteristics of these deposits exert a notable
influence on the surrounding flow field, altering the collision
dynamics for subsequent particles. Therefore, it is essential to
develop maps of deposit distributions during the deposition
process. This study presents a methodology for generating
three-dimensional surface representations of deposits based
on the positions of deposited particles and the surface grid.

In Fig. 2, we present a flowchart illustrating the process
of generating the surface topology of deposits. As a particle
comes into contact with the surface structure, its velocity
perpendicular to the surface (Vi) is compared to the critical
depositing velocity (V cr). When Vi is less than or equal to
V cr, the particle adheres to the surface, and its impact position
is recorded. If Vi is greater than V cr, the particle undergoes
reflection according to the coefficient of restitution (COR).

At regular intervals, calculations are made to determine
the number of particles deposited in each surface grid, fol-
lowed by a redistribution process based on the Gaussian
probability density function. The height of each surface grid
is computed by equating it to the total volume of all particles
deposited within that specific grid. A construction process is
then executed to generate the final map depicting the rough-
ened surface resulting from these deposits. It is worth noting
that the effects of deposited particles rolling, tamping, or
flaking off have been disregarded in this analysis.

2.3.1 Target meshing

The surface of the coupon, which is exposed to particle
impacts, is divided into square cells as illustrated in Fig. 3.
To determine the number of particle collisions and deposi-
tions in each cell, we calculate this by comparing the particle

coordinates with the coordinates of the cell borders in both
the x and y directions.

Figure 3b, c illustrates that the number of particles within
each cell is influenced by the uniform grid size of the target
mesh. Consequently, the distribution of deposited particles
exhibits significant grid dependence, leading to variations in
the surface profile of the deposits. Additionally, it is worth
noting that the deposition model employed in this study does
not account for the potential rolling and stripping of parti-
cles after deposition, nor does it consider how the presence
of deposited particles might affect the deposition character-
istics of subsequent particles. The roughness of the deposited
surface exhibits a degree of randomness that warrants con-
sideration.

2.3.2 The Gaussian probability density function

The Gaussian distribution is a valuable tool for represent-
ing random variables with uncertain distributions. In fact,
the height distribution function of most real surfaces can be
approximated quite effectively using a Gaussian distribution
[26]. In our current study, we have employed the Gaussian
probability density function to model the random rough-
ness of surfaces that have been deposited upon by particles.
This function is used to describe the likelihood of particles
being displaced (either through rolling or sliding) to adjacent
positions or cells on the surface mesh. The one-dimensional
distribution function is expressed as follows:

f (x) �
(
2πσ 2

)− 1
2
exp

[

−1

2

(x − μ)2

σ 2

]

(9)
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Fig. 2 The production flowchart
of the roughed surface by
deposits

(a) particle distribution on the surface     (b) particles in large size cell           (c) particles in small size 

Fig. 3 Distribution of deposited particles in the surface cells

μ=0 σ=0.5

μ=0 σ=1.0

μ=0 σ=2.0μ=0 σ=3.0

Fig. 4 The curve of Gauss probability density function

In determining the axis of symmetry and the steepness of
the distribution curve, the parametersμ and σ play a crucial
role, as illustrated in Fig. 4. When it comes to the formation
and growth of particle deposits on a two-dimensional plate
surface, the Gaussian probability density function is adapted
or modified as follows:

f (x , y) � (
2πσiσ j

)− 1
2 exp

[

−1

2

(
(x − μi )

2

σ 2
i

+

(
y − μ j

)2

σ 2
j

)]

(10)

In the given context, the subscripts “i” and “j” represent
the x and y directions, respectively. The variables μi and μj

denote the coordinates of the cell center, where the particle
is deposited.

Figure 5 illustrates the probability diagram for a particle
within one cell moving to surrounding cells with parame-
ters μ � 0 and σ � 3.0. When a particle deposits on the
surface, the cell number where the particle is deposited is
recorded. These particles have varying probabilities of mov-
ing to one of the five nearby cells, as dictated by Function
10. The information presented in Fig. 5 suggests that when
a particle is deposited in one cell, it is likely to either roll
or slide to neighboring cells, in accordance with the proba-
bility distribution described in Function 10. The probability
of movement increases as the distance between the center of
the cell, where the particle is deposited and the centers of
the surrounding cells, decreases. To capture the randomness
of particle deposition on the surface, all the particles within
each cell are redistributed using a Gaussian probability den-
sity function, as defined by Function 10.
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(a) Bar graph of probability density (b) upper view of probability density

(c) three dimensional diagram of probability density

Fig. 5 The distribution of probability density

2.3.3 The height of deposition layer

Once all particles within each surface cell are redistributed
according to the Gaussian probability density function, we
calculate the total number of particles deposited in each indi-
vidual cell. In addition to the cell size, the height of each grid,
representing the thickness of the deposits, is determined by
the total volume of deposited particles. This is accomplished
using the volume equivalencemethodology, where the height
of deposits in each cell is determined according to the fol-
lowing function:

hg � ndep · Vp
A

· kacc (11)

The equivalent height of deposits for each grid (hg) is cal-
culated as the product of the deposited particle number (ndep)
and the individual particle volume (Vp), divided by the grid

area (A). In the following sections, the hg for each mesh call
will be denoted as the average nominal deposition height.
To expedite the deposition process and simulate hundreds
or thousands of hours under real engineering conditions, we
utilize the parameter Kacc. The Kacc is determined by the
equation asKacc � tactual

tsimulation
, where tactualandtsimulationare the

actual deposition time in real engine operationor experiments
and the total calculation time in simulation, respectively.Ulti-
mately, we create a three-dimensional representation of the
surface topography of deposits on the wall surface. This is
achieved through a process of smoothing and interpolation,
taking into account the equivalent height of deposits in each
grid.
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(a)  The geometrical model           (b) The flow field of velocity at Y=0

Fig. 6 The impingent jet model

3 Particle deposition on surface
under impingent jet

3.1 Model description

Figure 6a gives the geometrical model of the impingent jet,
a plane coupon is normally impacted by the air flow mixed
with micron sand particles. The inlet tube has a square cross-
section with side D and length 8D. The square-sectional
target plate has the side 0.7 D and length 10D. The computa-
tional domain has the size of 18.8D in length which is along
with the stream-wise direction. The length of the domain in
other two directions are both 10D. The target surface center is
in line with the axial of the inlet tube, so that particles impact
the target normally. The density of cooling air is 8.8 kg/m3,
and the viscosity coefficient is 8.49 × 10–5 m2/s, the operat-
ing pressure of inlet is 2.0265MPa, the convergence residuals
is set to be 1 × 10−6 s. Structured grid is used to obtain a
high quality mesh. A total number of 3.7 million cells are
obtained after the mesh dependency study.

Figure 6b shows the velocity contours in stream-wise
direction on the symmetry plane with flow streamlines. The
flow velocity is symmetrically distributed. It is seen that a
low-velocity region in front of the target and two backflow
region near the top and bottom walls of the obstacle behind
the target surface. The length of the vortex size is about 1.9
times of the target height which are consistent with the results
predicted by Tafti [19], indicating that the turbulent model
used here, is reliable.

3.2 Particle collision and deposition on surface

In this case, a total of 200,000 particles are uniformly injected
at the inlet surface in 20 consecutive injections, following the

attainment of flow field convergence and steadiness. The ini-
tial velocity and temperature of the injected particles are set
to match those of the surrounding fluid. These particles exit
the inlet tube and subsequently impact the target coupon sur-
face. Upon each particle–wall collision, a particle may either
reflect from the surface or adhere to it. The determination
of whether a particle will deposit or rebound is based on the
comparison of the particle’s normal velocity, denoted asVni,
with the critical deposition velocity, V cr,. Specifically, if Vni

is less than or equal to V cr, the particle deposits on the sur-
face. If Vni exceeds V cr, the particle will rebound into the
flow, potentially leading to another surface impact or cir-
cumnavigating the coupon.

Once deposition occurs, comprehensive data related to
each particle, including the number, location, collision time,
and velocity information, is meticulously recorded. The
terms “collision/impact ratio” (ηimp) and “deposition/stick
ratio” (ηdep) are defined as follows:

⎧
⎪⎪⎨

⎪⎪⎩

ηimp � nimp

ninj

ηdep � ndep
nimp

(12)

where ninj,nimp, ndep are representing the number of parti-
cles injected from the inlet, the number of particles impacted,
and the number of particles deposited on the target surface,
respectively. To analyze the influence of particle size on col-
lision and deposition, we employ the Stokes number (Stp).
The Stokes number is a valuable parameter for estimating
how particles respond to airflow. It is defined as follows:

Stp � ρpd2pu

18μgLc
(13)
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Fig. 7 The collision particle number for different size particles

In which u, Lc are the velocity and the inlet hydraulic
diameter of the airflow, respectively. In the present study,
The Stokes number Stp for particle with various diameter as
1µm, 2µm, 3µm, and 5µm are 0.114, 0.457, 1.029, 1.829,
and 2.858, respectively.

Figure 7 illustrates the contours and curves representing
particle impingement on the coupon for varying sizes of
micron-sized sand particles at a temperature of 1323 K. This
figure also provides a comparative analysis of the numeri-
cally predicted collision numbers along the diagonal of the
square target for particles of different sizes.

It is noteworthy, as observed from the figure, that there
is relatively low particle impingement in the center of the
coupon, which gradually increases with distance from the
center, particularly for 1µm particles, which have the lowest
Stokes number. The Stokes number is a parameter that quan-
tifies how quickly a particle responds to the flow. In the case
of 1µmparticles with a Stokes number much less than unity,
they tend to closely follow the surrounding flow, resulting in
a higher rate of collision in regions farther from the center.
The results also indicate that a greater number of particle col-
lisions occur in the center of the coupon when particle sizes
range from 2 to 5µm. As the Stokes number increases, parti-
cles tend to impact the coupon’s center more perpendicularly
due to their higher inertia.

In Fig. 8, we compare the anticipated number of deposited
particles on the coupon for the four particle diameters under
consideration. The data in Fig. 8 clearly indicate that 1 µm
particles exhibit the highest deposition rate, while signifi-
cantly lower deposition is observed in the other cases. In
the case of larger particles, the critical deposition velocity
(V cr) is too low to be met in high-velocity flows, resulting in
reduced deposition. For the 1 µm particles, the curve along
the diagonal of the surface displays a central valley on the
couponwith a random distribution of particles. In this central
region, a majority of particles tend tomove in alignment with
the flow, resulting in fewer particle collisions and subsequent
deposition.

Fig. 8 The deposition for different size particles

Fig. 9 The element coordinate of deposited particles along the diagonal
line

The impact of temperature on deposition is further exam-
ined for 1µmparticles, which exhibit a high deposition ratio,
as depicted in Fig. 9. The results indicate a direct correlation
between deposition and temperature increase. At a temper-
ature of 1343 K , the highest deposition is observed in areas
located away from the center of the coupon, highlighting a
notable trend. In contrast, a more uniform deposition pattern
is evident on the coupon surface as the temperature decreases.
This can be attributed to the behavior of particles at higher
temperatures; they tend to soften, leading to a faster increase
in deposition, particularly in regions away from the center
where collisions are more frequent.

In Fig. 10, the impact ratio and deposition ratio are pre-
sented for particles of varying diameters, as well as for 1 µm
particles at temperatures of 1273 K , 1323 K , and 1343 K .
The impact/collision ratio, defined as the number of collid-
ing particles divided by the total number of injected particles,
stands at 15.98%, 47.86%, 64.60%, 74.44%, and 78.70% for
particle sizes ranging from 1 to 5 µm, respectively.

As illustrated in Fig. 10a, the impact ratio increases with
particle size, while the deposition ratio for 2 µm particles
experiences a sharp decline when compared to that of 1 µm
particles, eventually approaching zero as the particle size
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Fig. 10 Impact ratio and deposition ratio for micron sand particles

increases. The deposition ratio, which represents the number
of deposited particles divided by the number of colliding
particles, for the five different-sized particles is 37.857%,
0.330%, 0.416%, 0.004%, and 0.004%, respectively. This
indicates that smaller particles exhibit a greater likelihood of
deposition due to their higher critical deposition velocity.

We analyzed the impact of temperature on both the impact
ratio and deposition ratio for 1 µm particles at various tem-
peratures, as illustrated in Fig. 10b. The results indicate that
the temperature has a negligible impact on the impact ratio,
but it does have a notable effect on the deposition ratio.
Specifically, as the temperature increases, the deposition
ratios correspondingly increase, reaching values of 21.27%,
37.85%, and79.07%, respectively.

While figure provides deposition information in the form
of contours and curves, it lacks the capability to offer a com-
prehensive view of the surface morphology of the deposits.
This limitation restricts our ability to gain a thorough under-
standing of the surface roughness and the actual height of
the deposits. To address this, the following section presents a
three-dimensional representation of the surface topology of
deposits. This representation specifically focuses on micron-
sized sand particles with a diameter of 1 µm. We achieve
this by applying a Gaussian probability density distribution
in conjunction with the volume equivalence methodology.

3.3 The surface roughness of deposits on plate

When creating a map of surface deposits caused by 1 µm
sand particles, it is crucial to account for the grid size of
the surface, as this greatly impacts the height of deposits for
each individual plane element. Additionally, the parameter
variables associated with the Gaussian probability density
function can also influence the surface roughness. Figure 11

illustrates the effect of the Gaussian parameter σ on sur-
face roughness. The curves represent the roughness along
the axes of the surface deposits, specifically along the sym-
metry axis at X � 0. As σ increases, a milder distribution
becomes apparent, and this trend remains consistent when σ

surpasses a value of three.
The impact of element size on surface roughness is also

investigated, as depicted in Fig. 12. The curves represent the
surface roughness at Y � 0. It is evident from Fig. 12 that
the surface roughness resulting from deposits decreases as
the element size increases. As the grid size increases, the
surface roughness tends to become smoother.

Roughness parameters such as the average roughness (Ra)
and the root mean square roughness (Rms), which effec-
tively convey surface profile information, are employed in
this context to characterize the roughness of a surface. These
parameters are defined by the following equations:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ra � 1

I J

I−1∑

I�0

J−1∑

J�0

ZI J

Rms �
√
√
√
√ 1

I J

I−1∑

I�0

J−1∑

J�0

(ZI J − Zmean)

(14)

whereI and J represent the number of elements along the X
and Y directions on the surface, respectively. The ZIJ denotes
the height of deposits within each cell. To explore the influ-
ence of element size on surface roughness caused by these
deposits, Fig. 13 presents a comparison of variations in Ra

and Rms concerning the element size and the parameter σ .
In Fig. 13, it is evident that the Ra exhibits little depen-

dence on both cell size and σ , while the Rms decreases as σ

and cell size increase. As illustrated in Fig. 13c, the highest
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Fig. 11 Construction of surface
map using the Gaussian
probability density function

Fig. 12 Surface map of deposits
for various grid sizes

Rms is observed with minimal σ and cell size. However, as σ

and cell size increase, Rms tends to decrease and eventually
levels off at a constant value. The critical values for σ and cell
size are determined to be 3.0 and 50 µm, respectively. Con-
sequently, we have chosen 3.0 and 50 µm for σ and cell size
to replicate the surface topography of the deposited coupon
particle. It is worth noting that our surface roughness predic-
tions closely align with the experimental results conducted
by Wammack [9].

To investigate the influence of temperature on surface
roughness due to deposits, Fig. 14 presents predictions of sur-
face roughness at different temperatures: 1273 K , 1323 K ,
and 1343 K. In Figure (a), it can be observed that both Ra

and Rms exhibit minimal change with temperature when the

temperature remains below the sand’s melting point, which
is set to be 1050°. However, when the temperature exceeds
1050°, a significant increase in surface roughness becomes
evident. This increase is attributed to the melting of micron-
sized sand particles, making them more prone to deposition
on the surface. On the coupon surface, a symmetric distribu-
tion of deposit roughness is observed.

In Figure (b) and (c), it is evident that deposits tend to grow
more prominently in the edge regions as opposed to the cen-
ter as the temperature increases. Under high temperatures,
a deep valley in surface roughness emerges, while a more
uniform distribution is observed at lower temperatures. This
difference is due to the edge area experiencing a higher inci-
dence of particle impingement and deposition under elevated
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Fig. 13 The parameters of roughness for different mesh sizes

temperature conditions. It is noted that the average nominal
deposition height under low-temperature is less than the par-
ticle diameter, due to the much short calculation time and
low acceleration factorKacc used in the simulation.

4 Rib effect on deposition

4.1 Model and flow field

The flow dynamics near the walls undergo significant alter-
ations as a consequence of the rib disturbance, which, in turn,
leads to an enhancement of heat transfer due to the presence
of surface ribs [31]. In this study, we apply a ribbed duct to
explore the impact of ribs on particle deposition. Particularly

for particles with diameters less than 5µm, the forces at play
include Vander Waals adhesion forces. When these particles
deposit and grow on the ribbed surface, the resulting changes
in surface roughness have an influence on adhesion forces,
subsequently affecting the deposition process.

For the sake of computational efficiency, a representa-
tive periodic single-ribbed duct with a square cross-section
is used in our simulation. The geometric and mesh models
can be visualized in Fig. 15a, b. The computational domain
measures 10 mm × 10 mm × 10 mm, and the ratio of rib
length to rib height is 10, with the rib height set at 1 mm. A
structured grid is applied, featuring fine grids near all walls,
including the rib walls. Following a thorough mesh depen-
dency analysis [21], a total of 2.4 million grid points are
employed.
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Fig. 14 The surface deposits morphology under different temperature

A periodic boundary condition is utilized for the outlet. A
pressure inlet boundary condition is imposed at 2.0265MPa,
resulting in an average velocity of 167m/s at the inlet surface.
The flow field remains stable until convergence is achieved.
In Fig. 15c, the stream-wise velocity pattern with streamlines
is depicted on the symmetry plane of the domain atY �5mm.
Three distinct vortex structures are observed in the flow field,
attributable to the rib-induced turbulence. These include a
recirculation region behind the rib, a vortex located at the
windward region near the rib wall junction, and a smaller
recirculation zone on top of the rib.

A total of 200,000 sand particles, each with a diameter
of 1 µm, are uniformly injected from the inlet surface. All
airflow parameters within the ribbed duct are configured to
match those of the impinging jet. In Fig. 15d, a planar view
illustrates the distribution of particles along the stream-wise
direction within the domain. These particles are represented
as points, with low-velocity particles depicted in blue.

The majority of low-velocity particles tend to aggregate
in the windward region near the junction of the rib and the
surroundingwalls. In this region, these particlesmay undergo
secondary collisions with the rib wall or remain suspended
in front of the rib for extended periods, which subsequently
leads to an increase in particle deposition.

4.2 Particle deposition in ribbed cooling duct

In the context of a gas turbine blade’s internal ribbed cooling
duct, the ribs are crucial for enhancing heat transfer. How-
ever, the accumulation and deposition of particles on the rib
surfaces can lead to a reduction in the cooling duct’s overall
performance, as discussed in reference [18].

Given that particles tend to primarily accumulate and
deposit at the junction between the rib and wall, Fig. 16
provides a three-dimensional representation of the surface
characteristics of deposits on the windward rib surface and
the adjacent up wall at a temperature of 1273 K. For a clearer
depiction of the textured deposit surface, the up wall and
windward rib surface are flattened into a plane and presented
in Fig. 16. The gap between the two curves, which represents
the roughness of deposits along the junction line, illustrates
that Gaussian redistribution results in amore uniform surface
roughness profile. Notably, there are two prominent peaks of
deposits observed at the junction between the rib and the sur-
rounding walls, coinciding with the location of recirculation.
This suggests that particle deposition is significantly influ-
enced by vortex dynamics, leading to an increase in surface
roughness on the nearby surfaces.

In Fig. 17, a comparison is made between the deposit pat-
terns on the upper wall and the windward rib wall surface
at varying temperature conditions (1273 K and 1343 K).
As depicted in Fig. 17, it is evident that an increase in

123



Computational Particle Mechanics

Fig. 15 The model of turbine blade ribbed cooling channel

Fig. 16 Particle deposition on the
surface of rib wall junction
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Fig. 17 The deposition topography on rib and top wall surface

Fig. 18 Particle deposition on the surface of front rib at different temperature

temperature leads to a higher deposition of particles in the
central regions of the wall. This can be attributed to the
fact that sand particles become more malleable at elevated
temperatures, making it easier for them to reach the criti-
cal deposition velocity, resulting in increased deposition in
the central region. However, the effect of temperature on
deposition on the rib surface remains obscured due to the
deposits covering the upper wall. To examine the changes

in the shape of deposits on the windward rib wall surface,
Fig. 18 illustrates the surface topology of deposits at various
temperatures.

In Fig. 18, the curves depicting the roughness of deposits
on the windward rib wall are presented along the rib wall
junction lines A and B, which are oriented parallel to the
rib’s length and height, respectively. The peaks of these
deposits are notably concentrated at the corners of the ribwall
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junction, measuring 0.889 µm, 1.097 µm, and 1.157 µm at
temperatures of 1273 K , 1323 K , and 1343 K , respectively.
It is worth noting a sharp increase in deposit height at the two
ends of the rib wall junction as the temperature rises. This
observation indicates that elevated temperatures significantly
enhance particle deposition, particularly in the corners of the
ribwall junction,where particle accumulation and deposition
are influenced by backflow.

Additionally, Figure (b) illustrates a more uniform growth
pattern along the rib’s height along junction line B as the tem-
perature increases. Higher temperatures lead to an increased
presence of low-velocity particles in the rib-surroundingwall
junction regions, which are more likely to meet the critical
deposition velocity and adhere to the junction surface. This
underscores the significant impact of rib turbulence on the
transport and deposition of micron-sized sand particles, as it
disrupts the flow dynamics.

5 Summary and conclusions

Numerical simulations are conducted to study the colli-
sion and deposition of micron-sized sand particles within
a cooling duct. The three-dimensional topography of the
deposit-roughened surface for both impingent jet and ribbed
cooling duct configurations are presented. We also examine
the influence of particle size and temperature on particle col-
lision and deposition. Furthermore, we analyze the impact
of ribbed turbulence and temperature on deposition within
ribbed ducts. The main work and conclusions are listed as
follows:

1. A more comprehensive collision and deposition model
formicron particles in numerical calculations are adopted
to predict the rebounding and depositing characteristics
of particles in the cooling ducts. The model considers
the effecting factors, such as particle and wall properties,
collision velocity, angle, temperature, size, particle rota-
tion and slip, and surface roughness. The coefficient of
rebounding for particles is obtained considering energy
loss during the collision process. Using this new model.
The numerical results show a higher incidence of parti-
cle collisions in the central region of the coupon when
particles range in size from 2 to 5 µm. Conversely, 1 µm
particles exhibit significantly fewer collisions in the cen-
tral area of the coupon.Notably, the impact ratio increases
with an elevated particle Stokes number. 1 µm particles
yield the highest deposition ratio, whereas larger parti-
cles show less noticeable deposition. The temperature’s
influence on the impact ratio is minimal, but it leads to a
higher deposition ratio as the temperature increases.

2. Based on the random distribution characteristics of
rough surfaces, the paper introduces a new method for

describing the morphology of deposits using a Gaus-
sian probability density function. Themethod can predict
the three-dimensional morphology of deposits of micron
particles in the cooling ducts, especially for long-term
deposition, the computation efficiency is increased sub-
stantially bymultiplying the acceleration coefficientKacc.
This will provide a valuable guidance for understanding
the depositing process and mechanisms.

3. This paper, based on our own micron particle collision
and deposition model combined with a Gaussian proba-
bility density distribution function, provides depositing
characteristics on rib surface and the effect of rib turbu-
lence on micron particle deposition. It also discusses the
impact of particle size and temperature on the distribution
pattern of deposits. A crater-like surface morphology is
observed at higher temperatures, while lower tempera-
tures result in a more uniform particle distribution. The
analysis of micron-sized sand particle deposition within
the ribbed duct reveals a clear tendency for particles to
predominantly accumulate and deposit in the windward
regions, particularly along the rib wall junctions. This
behavior is largely influenced by the vortices generated
by the rib turbulence. As the temperature rises, there is a
pronounced increase in particle deposition at both ends
of the rib wall junctions. This is attributed to the back-
flows, which result in greater particle accumulation and
subsequent deposition in these areas.

While we have provided the three-dimensional profiles of
surfaces roughened by deposits, our current study does not
delve into the impact of surface roughness on the adjacent
flow patterns and subsequent particle deposition. This aspect
will be thoroughly investigated in future research.
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