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We compute particle deposition rates on the back side of a cylinder at Reynolds numbers
Re = 1685, 6600 and 10 000 using direct numerical simulation and Lagrangian particle
tracking. We find that the deposition rates for Re = 6600 and 10 000 are highly variable
in time, with differences of up to a factor 27 in deposition rates between alternating low-
and high-deposition-rate periods. The deposition-rate fluctuations are found at frequencies
lower than the vortex-shedding frequency and therefore require long simulation times to be
discovered. Additionally, we find that these fluctuations correlate positively with the drag
and negatively with the cylinder base pressure. These observations imply that the back-side
deposition process is governed by the low-frequency modulation of the cylinder wake.
The high-deposition-rate regime is associated with a shorter wake and a more efficient
turbulent transport of particles towards the cylinder surface, where the wake length
modulation appears to have a more prominent effect. Consequently, the wake modulation
controls the deposition rate but does not significantly affect the deposition mechanism.
The back-side deposition has a maximum at Stokes number St =0.07, as particles of
lower Stokes number have too little inertia to deposit effectively and the deposition
rate decorrelates from the wake fluctuations for larger Stokes numbers. These results
highlight the strong sensitivity of the back-side deposition process to accurate descriptions
of the wake turbulence over long enough times. These observations are critical when
constructing accurate datasets for data-assisted methods to predict long-term back-side
deposition on bluff bodies.
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1. Introduction

The deposition of particles on the back side of a bluff body is an important problem in a
wide range of applications, such as fouling of heat exchanger tubes (Li, Zhou & Cen 2008;
Weber et al. 2013; Kleinhans et al. 2018) and fouling of vehicles (Gaylard, Kirwan &
Lockerby 2018; Eidevag et al. 2022). At the same time, this particular deposition process
remains poorly understood. It is known that the back-side deposition efficiency on bluff
bodies, such as cylinders, is much lower than that on the front side, but the spread in the
available data is up to three orders of magnitude for the same flow conditions, as illustrated
in figure 1 (Li et al. 2008; Haugen & Kragset 2010; Weber et al. 2013). In this study,
we investigate particle deposition on the back side of a cylinder in the so-called shear-
layer transition regime (Williamson 1996), where the flow in the wake is distinctively
three-dimensional. More specifically, we investigate the Reynolds number range 1685-
10 000, where the single-phase flow is amenable to direct numerical simulation (DNS).
We track Lagrangian particles in the flow and analyse the back-side deposition events in
an attempt to clarify the governing phenomena. Despite the industrial relevance and the
current lack of understanding of the particle back-side deposition process, this is the first
three-dimensional DNS with particle tracking to be performed for this canonical problem.

For the flow around a cylinder at the relevant Reynolds numbers, properties such
as general wake behaviour, vortex-shedding frequencies and separation angles are well
characterised in the literature, whereas there is a large scattering in the mean near-wake
statistics (cf. Parnaudeau et al. 2008). This spread has been attributed to the existence
of a slow modulation of the wake size behind bluff bodies such as disks, spheres and
cylinders (Berger, Scholz & Schumm 1990; Rodriguez et al. 2011; Lehmkubhl et al. 2013).
These modulations typically act on significantly longer time scales than vortex shedding,
sometimes more than a factor 30 slower (Lehmkuhl er al. 2013). The effect of such low-
frequency phenomena on the back-side particle deposition is, however, not known, and
hence their contribution to the scatter in figure 1 is also unknown.

This work aims to reveal the underlying mechanisms responsible for particle back-
side deposition on a cylinder for Reynolds numbers in the range 1685-10 000. By fully
resolving all scales of the fluid flow using DNS and by collecting particle statistics for
more than 100 vortex-shedding periods, we are able to provide a comprehensive analysis of
the back-side deposition process and its temporal variation. To the best of our knowledge,
this is the first analysis of particle back-side deposition over such long periods of time
so as to enable assessment of the role of low-frequency wake modulation. We first
present the relevant equations and modelling assumptions in § 2. Then, § 3 presents the
computational domain, modelling parameters and solvers used. The results for the time-
dependent behaviour of the back-side deposition are given in § 4. Finally, § 5 summarises
the main conclusions drawn from this work.

2. Theory

The DNS method used in this work directly solves the incompressible Navier—
Stokes equations for the fluid flow. These equations are expressed in non-dimensional
form as
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Figure 1. Back-side particle deposition efficiencies 14« as a function of the Stokes number on a circular
cylinder in the range Re = 1065 to Re =28 000 (Li et al. 2008; Haugen & Kragset 2010; Weber et al. 2013).

where the asterisk represents non-dimensionalised quantities and operators. In the above
equation, u}k =uyr/U is fluid velocity, t* = tU/D is time, p* = p/(pr U?) is pressure, Pf
is fluid density and V* = DV is the nabla operator. The quantities have been normalised
using the fluid free-stream velocity U and the diameter of the cylinder D. The Reynolds
number Re is Re = UD /v, where v = ./ pr is the kinematic viscosity and x is the dynamic
viscosity. Frequencies are reported in non-dimensional form using the Strouhal number,
Str=fD/U, where f is the dimensional frequency.

Particle trajectories are evolved using Lagrangian point-particle tracking, assuming that
the particles are spherical and small in comparison with the relevant fluid flow scales. The
particle positions and velocities are determined from Newton’s second law of motion:

dry

T = (2.3)
du*

m*—L = F* (2.4)
dr*

with particle position x; =x,/D, particle velocity u, =u,/U, particle mass m* =
m/ (,ofD3) and force from the fluid on the particle F* = F/ ,OfDZU 2 1t is assumed that

the particle motion is determined by the drag force, such that

1
F*=CpAujylu},| (2.5)

with drag coefficient Cp, projected area of the particle A* = ndpz /4D?, relative velocity
between fluid and particle u},, = (uy —u,)/U and particle diameter d,. The drag
coefficient is determined as

Cp = 24 (14 Lppn (2.6)
Re, 6 °

with particle Reynolds number Re, = |ue|dy /v.
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The assumption that F* can be determined from the drag force alone, as given by (2.5)
and (2.6), implies that other effects (e.g. gravitational acceleration, buoyancy, unsteady
drag (added mass and history effects), undisturbed fluid stresses, lift, Brownian motion and
thermophoresis) are small in comparison with the steady drag. This is a good assumption
for typical gas—solid flow scenarios involving small, spherical non-Brownian particles,
where the particle-to-fluid density ratio is large and Re, is small (Bretherton 1962; Morsi &
Alexander 1972; Maxey & Riley 1983; Haugen & Kragset 2010; Michael et al. 2025). For
the current problem, p,/ pr is set equal to 1000 (p, is the particle density) and the particle
Reynolds number remains small. Even so, the drag correlation used (equation (2.6))
permits application beyond the Stokes flow regime, being valid until Re,, < 1000 (Schiller
1933; Morsi & Alexander 1972; Haugen & Kragset 2010). Furthermore, we employ a one-
way coupled approach in which the presence of particles does not influence the fluid and
particles do not interact, neither hydrodynamically nor through collisions. The results are
therefore limited to scenarios in which local particle concentrations do not exceed >~ 10 %.
The current assumptions are well established in a wide range of industrially relevant
applications involving particle deposition from a turbulent flow (Hansson et al. 2025).

Previous two-dimensional DNS studies of back-side deposition on a cylinder suggest
that only particles of intermediate Stokes number deposit, as the particle response time
needs to be of the same order of magnitude as the eddy turnover time for the wake
motion to be able to throw the particle all the way to the wall (Haugen & Kragset
2010). Preliminary exploratory simulations indicated that maximum deposition occurs
for a Stokes number, St= p,U dp2 /9D u, of approximately 0.07, in agreement with
previous results at the current Reynolds numbers (Haugen & Kragset 2010; Hansson et al.
2025). We therefore focus our analysis on St =0.07 (note that, with the given problem
specification, the choice of Stokes number effectively determines the particle diameter).
However, we also include a range of other Stokes numbers in the interval [0.045, 2] to
enable elucidation of the role of the Stokes number in the transient particle deposition
dynamics.

The wake behind bluff bodies is in general not stable, and different types of time-
dependent instabilities manifest as the Reynolds number increases (Berger et al. 1990;
Williamson 1996). There are three main forms of instabilities. Firstly, low-frequency
modulation of wake size has been reported around Str ~ 0.006 to 0.05 for several bluff
bodies (Berger et al. 1990; Rodriguez et al. 2011; Lehmkuhl et al. 2013; Yang et al. 2014;
Shinji et al. 2020; Cao & Tamura 2020). Secondly, vortex shedding is typically found at
frequencies Str = 0.135 for disks and Str &~ 0.2 for cylinders and spheres. Notably, spheres
have an additional vortex-shedding mode for Re < 10000, the oscillation frequency of
which is highly Reynolds-number-dependent (Sakamoto & Haniu 1990). Finally, Kelvin—
Helmholtz instabilities in the shear layer between the wake and free-stream flow are found
at higher frequencies, and these depend on the Reynolds number. Examples of reported
values include Str=1.62 for a disk at Re = 15000 (Berger et al. 1990), Str=0.72 for
a sphere at Re = 3700 (Rodriguez et al. 2011) and Str = 1.34 for a cylinder at Re = 3900
(Lehmkuhl ez al. 2013). It is also known that the drag force on a cylinder fluctuates at twice
the frequency of the lift (because vortices shed alternately and the drag does not change
sign), although the fluctuating drag coefficient is approximately one order of magnitude
lower than the lift coefficient (Bishop & Hassan 1964). Low-frequency drag fluctuations
have been linked to recirculation bubble ‘pumping’ for circular cylinders of short aspect
ratio at Re =40 000 (Kuwata et al. 2021).

The low-frequency wake modulation process requires the longest observation times
and has therefore been largely overlooked in deposition studies. For example, Haugen &
Kragset (2010) studied particle deposition on a cylinder at Reynolds numbers up to
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Figure 2. The computational domain used in this study. Distances are given in terms of cylinder diameters D.
The z direction (out of the plane of the paper) goes from z/D =0 to z/D = 6 and features periodic boundary
conditions at the front and back.

6600 by injecting particles for a duration of only three von Kdrman eddies. The wake
modulation process has, however, been studied both experimentally and computationally
for the single-phase problem by several authors, notably Berger et al. (1990), Miau et al.
(1999), Rodriguez et al. (2011) and Lehmkubhl et al. (2013). Several studies linked the wake
behaviour to the base pressure, measured at the stagnation point at the surface of the back
of the bluff body (Unal & Rockwell 1988). When the base pressure decreases, the wake
size tends to decrease. This decrease in the wake size is accompanied by an increase in the
turbulent fluctuations in the shear layers. The cylinder base pressure is therefore expected
to carry information needed to assess the effect of the overall wake behaviour on the
back-side deposition process.

3. Method
3.1. Computational domain

To accurately capture wake dynamics on an infinitely long cylinder in an unbounded
domain, the computational domain needs to be large enough so as to not influence
the obtained results. As the computational cost scales with domain size, a trade-off is,
however, necessary in practice. Here, the fluid flow fields are solved in a domain with
extent [—10D, 20D] in the streamwise direction x, [—10D, 10D] in the crosswise
direction y and [0, 6D] in the spanwise direction z. The centre of the bottom side of
the cylinder is placed at (0, 0, 0) and the centre of the top side is placed at (0, 0, 6 D). The
cylinder fills the entire domain size in the spanwise direction. The computational domain
is illustrated in figure 2.

The spanwise direction must be long enough to enable description of the different
shedding modes, full three-dimensionality of vortex dislocations and turbulence statistics
in the wake. Here, we employ a spanwise length equal to 6D, which is considerably
longer than the commonly used 7 D, which has been challenged previously for preventing
the emergence of one of the two possible wake states (Ma, Karamanos & Karniadakis
2000; Lehmkubhl et al. 2013; Jiang, Cheng & An 2017). At the same time, the downstream
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distance must be large enough to allow the wake sufficient space to develop. At the current
Reynolds numbers, the recirculation region is O(D) and the very-near-wake region is
considered to last O(3D) downstream the cylinder (Ma et al. 2000). Here, the chosen
distance from the cylinder to the outlet boundary is 20D, which is on a par with most
previous works (15D-25D) (Farrant, Tan & Price 2000; Ma et al. 2000; Yeo & Jones
2008; Wissink & Rodi 2008; Lehmkuhl et al. 2013), yet slightly lower than the most
conservative choices documented in the literature (50D) (Dong & Karniadakis 2005) at
the relevant Reynolds numbers. We therefore stress that the purpose of the current fluid
flow simulations is to produce high-fidelity velocity fields for studies of particle deposition
on the back side of a cylinder. The robust vortex-shedding region downstream the very-
near wake, which is never visited by depositing particles, is not expected to contribute
critically to the statistics of the very-near wake (Ma et al. 2000), and should therefore not
significantly influence the particle deposition processes.

The placement of the upstream inlet boundary should be so far removed from the
cylinder that the flow can be considered fully developed, and the chosen 10D agrees
with what is conventionally used in the literature (8 D-10D) (Wissink & Rodi 2008;
Lehmkubhl et al. 2013). The location of the lateral boundaries effectively determines the
blockage ratio, which should ideally be close to zero (corresponding to an infinite lateral
domain extension). A blockage of 5 %, corresponding to the 20D extension used here, is
usually considered acceptable (Yeo & Jones 2008; Wissink & Rodi 2008; Lehmkubhl et al.
2013; Nguyen & Lei 2021). Higher blockages are known to increase the predicted Cp and
Strouhal number (Nguyen & Lei 2021).

3.2. Boundary conditions

At the inlet domain boundary, a constant velocity in the streamwise x direction and a
streamwise pressure gradient of zero are prescribed. For the outlet, the streamwise velocity
gradient is zero and the pressure is constant. In the spanwise and crosswise directions, the
domain boundaries are periodic.

It should be noted here that global-mode analyses of the cylinder wake demonstrate
that the unsteady pressure and velocity fields support spatially extended modes
whose dynamics depend sensitively on the overall domain and the imposed boundary
conditions (Giannetti & Luchini 2007; Sipp & Lebedev 2007; Khor et al. 2008;
Leontini, Thompson & Hourigan 2010). In incompressible solvers, artificial boundaries
can introduce slowly evolving, pressure-like disturbances that propagate across the
computational domain on time scales significantly longer than the basic vortex-shedding
period, being proportional to the domain length (Kwak & Chang 1984; Liu, Zheng &
Sung 1998; Hasan, Anwer & Sanghi 2005). For the specific case of flow around a
cylinder, several investigations have shown that the computed unsteady wake, including
its pressure distribution, depends on the placement and type of the external boundaries
(Behr et al. 1991, 1995; Lima E Silva et al. 2003). As such artificial pressure disturbances
in incompressible external-flow simulations propagate at the convective speed of the flow,
they exhibit characteristic time scales no longer than the domain-transit time L, / U,. This
behaviour follows from the nature of the pressure—velocity coupling in incompressible
formulations (Gresho & Sani 1998) and has been explicitly demonstrated in studies of
outflow boundary conditions and global pressure adjustment modes (Kwak & Chang
1984; Liu et al. 1998; Hasan et al. 2005). As is clear in the subsequent analysis, the low-
frequency variations observed in our simulations are therefore far too slow to be explained
by domain-length or boundary-condition effects alone. This large separation of time scales
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strongly indicates that the observed low-frequency dynamics originates from the physical
flow evolution itself rather than from numerical artefacts.

3.3. Computational mesh

The main interest of the current work is the time dependence of the turbulent particle
transport in the very-near wake. Consequently, a long integration time is required.
In this situation, the huge computational effort associated with performing DNS with
simultaneous Lagrangian particle tracking needs to be focused carefully. We therefore
choose to work with two different meshes in parallel, labelled Mesh A and Mesh B,
respectively. Whereas Mesh A is finer than Mesh B, longer integration times can be
afforded with Mesh B. We use Mesh A to assess the accuracy of the results obtained
on Mesh B, and use Mesh B (if proven adequate) to obtain long enough time signals for
analysis of low-frequency phenomena.

Two unstructured meshes of 47932834 (Mesh A) and 11390640 (Mesh B) cells,
generated using SnappyHexMesh, are used for discretising the Navier—Stokes equations
in the domain. As we employ the same mesh for all Reynolds numbers investigated, it
follows directly that if the mesh is adequate for Re = 10 000 then it is definitely acceptable
for Re = 6600 and Re = 1685 (since n/ D scales with Re=3/*, with n being the Kolmogorov
length scale (Pope 2000; Jiang ef al. 2022)). Given that the flow in the very-near wake
is very sensitive to disturbances, and therefore to resolution (Ma et al. 2000), we direct
special attention to the mesh quality in the very-near wake.

3.3.1. Mesh A

The largest y* value in the first cell layer next to the cylinder surface is below 0.12, and
the average y™ over the surface is 0.04. The grading of mesh in the direction normal to
the surface is done with a factor of 1.2 in 22 steps. Dong & Karniadakis (2005) had more
than 6 grid points within the boundary layer along a vertical line crossing the cylinder axis
in their coarser mesh, and more than 12 grid points in their finest mesh. We have 21 grid
points within the boundary layer along the same line. Along a vertical line crossing the
cylinder axis at 26.6° inclination from the vertical line, there are 14 grid points within the
boundary layer on the front side of the cylinder. This latter line cuts through the boundary
layer where it is thinner and gradients are larger, whereas the sensitivity to the degree of
resolution is more pronounced in the shear layers emerging from the top of the cylinder
(Prasad & Williamson 1997; Ma et al. 2000). We therefore conclude that the resolution of
the boundary layer is sufficiently fine.

Furthermore, in a posteriori analysis of the mesh, we calculate the Kolmogorov length
scale within a region corresponding to approximately 150 % of the recirculation length
(i.e. x/D < 1.5). This encompasses the entire portion of the wake sampled by particles
that later deposit on the back side of the cylinder. Within this zone, the ratio Ax /n =~ 2.25
on average and the maximum Ax /7 is 2.6. Although a commonly mentioned condition for
DNS is to aim for Ax/n ~ 1, the strong anisotropy and shear-dominated dissipation in the
near-wall region render Kolmogorov theory invalid for low y*. Moreover, n is known
to underestimate the size of the dissipative motions, and a more reasonable ambition is
therefore Ax/n <2.1 for DNS (Pope 2000). In practice, DNS is often performed with
wake resolution O(n). Rai (2010) performed DNS of wakes behind circular cylinders
at Re =3900. At x/D = 10, the employed grid provided Ax/n in the range 3.81-5.18.
Rai (2013) and Rai (2014) report DNS of the very-near wake of a flat plate with a circular
trailing edge, exhibiting pronounced shedding of wake vortices, with grids achieving
Ax/n ~2.1-4.0. The investigated Reynolds numbers based on the trailing-edge diameter
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Mesh Re Duration tU/D
A 10000 560.0

A 6600 251.5

B 10000 484.0

B 6600 1327.0

B 1685 1301.0

Table 1. Duration of the simulations performed (in convective time units).

were 5000 and 10 000. Morello et al. (2024) carried out DNS investigations of the flow
dynamics around a 5 : 1 rectangular cylinder at Re = 14 000. The largest Ax/n seen
was 6.3. Massaro, Peplinski & Schlatter (2022) performed DNS of turbulent flow around
a stepped cylinder (two cylinders of different diameters joined at one extremity) at a
Reynolds number of 1000 based on the larger cylinder diameter. They report a maximum
value Ax/n= 8 in the wake. Jiang et al. (2022) performed DNS of the flow around a
circular cylinder at a Reynolds number of 1000. They show a maximum Ax/n <4 in
the near wake (x/D < 5). Trias, Gorobets & Oliva (2015) carried out DNS of the flow
around a square cylinder at Re =22 000 and concluded that grid spacings <5 are too
stringent, as the Kolmogorov length scale is at the far end of the dissipative range. They
obtained good agreement with experimental results, also for turbulent statistics in the near-
wall region, with Ax/n=4.4 at x/D =1 and Ax/n=>5.8 at x/D = 1.5. Meanwhile,
Lehmkuhl e al. (2013) chose to perform their DNS of the flow around a cylinder at
Re =3900 with Ax/n=0.9 in the near wake on average (not reporting the maximum
value), instead limiting the spanwise length of the domain to make the long simulations
computationally affordable. In conclusion, we find that the resolution of the very-near
wake, and thus of the particle deposition process, is acceptable on the given mesh.

3.3.2. Mesh B

Mesh B has the same first cell layer closest to the cylinder surface as Mesh A, but applies
a different grading (a factor of 1.1 over 47 steps). The largest y* value in the first cell
layer next to the cylinder surface is therefore similar to that in Mesh A (below 0.1 with an
average y* over the surface of 0.04). There are 35 grid points within the boundary layer
along a vertical line crossing the cylinder axis. The same a posteriori analysis as for Mesh
A yields that the ratio Ax /7 is 3.75 on average within the region of the wake visited by
depositing particles. We therefore conclude that the resolution of the boundary layer and
the cylinder boundary layer is sufficiently fine also with this mesh.

3.4. Solver

The Navier—Stokes equations are solved using the OpenFOAM v2406 simulation software
(ESI Group 2024). The simulations use second-order discretisation schemes to ensure
high accuracy. However, for reasons of numerical stability, the divergence term has
an additional limiter, which means this term achieves between first- and second-order
accuracy.

In order to eliminate the effects of start-up transients, the simulation is allowed to settle
for tU/ D = 100 before data are collected. The total duration of each simulation, excluding
this initial transient, is listed in table 1. It may be noted that we have prioritised the
acquisition of the longest possible signals for Re = 1685 and Re = 6600 on Mesh B, and
for Re =10 000 on Mesh A.
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https://doi.org/10.1017/jfm.2026.11238

https://doi.org/10.1017/jfm.2026.11238 Published online by Cambridge University Press

Journal of Fluid Mechanics

Reference Method Re Cp mean Cp std Cp rms Strouhal number

This work — Mesh A DNS 10000 1.300 0.076 0.593 0.199

This work —Mesh B DNS 10000 1.209 0.067 0.450 0.204

Dong & DNS 10000 1.143 0.078 0.448 0.203
Karniadakis
(2005)

Norberg (2003) Exp. 10000 — — 0.25-0.45 ~0.2

Gopalkrishnan Exp. 10000 1.1856 4+ 0.0315 0.0215 £0.0076 0.3842 4+ 0.0873 0.1932 £ 0.0014
(1993)

Wieselsberger Exp. 10000 1.10 — — —
(1921)

Bishop & Hassan Exp. 10000 — 0.066 0.622 0.199
(1964)

This work —Mesh A DNS 6600 1.238 0.075 0.504 0.204

This work —Mesh B DNS 6600 1.052 0.045 0.212 0.210

Wieselsberger Exp. 6600 1.01 — — —
(1921)

Bishop & Hassan Exp. 6600 — 0.060 0.529 0.194
(1964)

Table 2. Computed flow metrics and literature values for Re = 6600 and 10000. The values reported as £
for Gopalkrishnan (1993) are standard deviations for 122 repeated experiments, indicative of the experimental
accuracy. The value for Cp std for Dong & Karniadakis (2005) is obtained from statistical analysis of the signal
for Cp presented in their figure 2.

The particles are injected in a plane in front of the entire span of the cylinder, 5D
upstream of the cylinder symmetry axis. A total of 240 000 particles are injected in each
time unit U/ D when using Mesh A and 120 000 particles per time unit when using Mesh
B. The particles are tracked as they move through the fluid flow field, and it is assumed
that a particle has deposited if its centre of mass arrives within d,/2 from the cylinder
surface. Trajectories of deposited particles are not evolved further. Particles that have
completely passed the recirculation zone can no longer deposit on the cylinder surface,
since the velocity fields in the x direction are always directed away from the surface. Such
particles are removed from the simulation when they pass the particle removal plane in
figure 2.

4. Results
4.1. Direct numerical simulation validation

The accuracy of the DNS in this work is assessed against the available previous results
in table 2. For Re = 10 000, the obtained drag coefficient is on the higher side, yet within
the experimental uncertainty of Gopalkrishnan (1993) for Mesh B. The same observation
is true for the lift coefficient, where the predictions obtained with Mesh B are within
the experimental uncertainty of Gopalkrishnan (1993) while the results from Mesh A are
somewhat higher. The agreement for Mesh B with the DNS of Dong & Karniadakis (2005)
is within 6 % for Cp, and within 0.5 % for the Strouhal number and C;. The standard
deviation of the Cp signal is in excellent agreement with the experiments of Bishop &
Hassan (1964) for Mesh B and with the simulations of Dong & Karniadakis (2005) for
Mesh A. We also note that the Strouhal number, which converges more quickly than the
mean drag, agrees within 3 % for Mesh A and Mesh B at Re = 10 000. For Re = 6600, the
mean Cp is in good agreement with the experiments of Wieselsberger (1921).
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Figure 3. Mean base pressure C_’p = (p — Poo)/(1/2)pU?, where p is the mean pressure at the rear stagnation
point of the cylinder and p is the free-stream static pressure. Our results on Mesh A and Mesh B are shown
alongside the results of the two finest meshes employed by Dong & Karniadakis (2005), named DNS-A3 and
DNS-B3, at Re = 10000, and the experimental data of Norberg (2003) at Re = 8000. The error bars on our
results show the standard deviation of the fluctuating base pressure signal.

We also compare the predicted base pressure signal at the rear stagnation point of the
cylinder at Re = 10000 with some of the computational results of Dong & Karniadakis
(2005) and the experimental results of Norberg (2003) (at Re = 8000) in figure 3. The
results from our Mesh B agree within 4 % with the results from the finest mesh of Dong &
Karniadakis (2005), and within 10 % with the experimental value. The standard deviation
of the fluctuating base pressure signal is significantly larger (22.1 % for Mesh A and 17.8 %
for Mesh B), indicating that the degree of agreement is well within the noise level of the
signals.

Overall, these observations point to that the unsteady wake fluctuations are well
resolved and that time convergence is more critical than further grid refinement beyond
the resolution offered by Mesh B. As the mesh resolution employed at Re = 10000 is
maintained also for the lower-Reynolds-number cases, we expect the DNS of the fluid
flow in this work to be accurate for the purpose of the current work.

4.2. Time dependence of deposition rates

The time dependence of particle deposition on the back of the cylinder for the cases
Re = 1685, 6600 and 10000 are illustrated in figure 4. This figure shows the number of
deposition events within a sliding window with a width of tU/D = 15, which corresponds
to about three vortex-shedding periods. At Re = 1685, there is very little deposition on the
back side of the cylinder, consistent with previous investigations at this Reynolds number
(Haugen & Kragset 2010). At Re=6600 and 10000, however, we note a significant
deposition of particles on the back of the cylinder, which increases with increasing
Reynolds number. The most striking observation is the presence of significant fluctuations
over time in the deposition rate signals. These fluctuations occur on time scales much
longer than the main vortex-shedding frequency. In fact, even after observing the back-
side deposition process at Re = 6600 over more than 250 vortex-shedding periods (i.e.
more than 1250 convective time units) in figure 4, the uncertainty in determination of the
average behaviour remains significant. The reason for this uncertainty is thus the presence
of pronounced low-frequency fluctuations. More specifically, the deposition rates on the
back of the cylinder at the higher Reynolds numbers are seen to oscillate between what
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Figure 4. Time-resolved back-side particle deposition rates using a sliding window of tU/D =15,
approximately three vortex-shedding periods. Deposition rates are highly time-dependent and increase with
the Reynolds number. Results obtained using Mesh B.

could be described as high-deposition and low-deposition regimes. For example, between
times 180 and 265 for the Re = 10000 case, the difference is about a factor 3.5. The
Re = 6600 case exhibits even larger fluctuations, with a factor 27 difference in deposition
rate between the times tU/D = 415 and 895.

The characteristics of the signals in figure 4 are insensitive to the width of the sliding
window, as can be seen in figures 5(a) and 5(b). These two figures illustrate the deposition
rates for the Re = 10 000 case using two different widths for the sliding window, tU/D =5
and tU/D =1/2. As long as the width of the sliding window is clearly smaller than the
time scales of the low-frequency fluctuations to be captured, the overall characteristics
will remain unaffected by the width of the window. We note, however, that the deposition
rates show sharper and higher peaks when using shorter sliding windows, indicating that
the high-deposition-rate events that correspond to the highest peaks happen quickly. These
peaks are caused by individual flow structures in the wake that bring particles close enough
to the cylinder surface for them to deposit.

The difference between the low- and high-intensity deposition regimes can be visually
illustrated using the deposition locations on the back of the cylinder, as presented in
figure 6 for the Re = 10 000 case. In this figure, the deposition locations of particles during
a period of a low deposition rate (at times 150 < tU/D < 175; figure 6a) and a period
of a high deposition rate (for times 250 < tU/D < 275; figure 6b) are compared. During
this same time interval of approximately five vortex-shedding periods, more than twice as
many particles deposit during the high-intensity regime. The particles are relatively evenly
spread out in the spanwise direction, with some small indications of clustering caused by
flow structures that bring groups of particles to the surface in discrete events. There is a
higher concentration of deposited particles close to the horizontal symmetry line along the
middle of the cylinder surface, corresponding to regions close to the rear stagnation point,
as seen in figure 6(c). It is also evident that the angular distribution of deposited particles
on the back side of the cylinder does not change between high- and low-intensity regimes,
but remains stable over time. This fact points to that the route to deposition remains
the same at all times, and that high-intensity regimes feature more of the same type of
deposition that also occurs, to a much lower extent, during the low-intensity regimes.

1029 A48-11


https://doi.org/10.1017/jfm.2026.11238

https://doi.org/10.1017/jfm.2026.11238 Published online by Cambridge University Press

J. Hansson, S. Sasic and H. Strom

(a) ()

— 150 T 3007

= f‘-\

S S

S S

= < 200

E 100 — o

s ]

= =

2 5 2 100

‘B 7

o o

2, a,

[5) ()

A a 0

0 T T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Time tU/D Time tU/D

Figure 5. Time-resolved back-side particle deposition rates for window widths of (a) tU/D =5 and
(b) tU/D = 1/2, approximately 1 and 1/10 vortex-shedding periods. The overall characteristics of the graphs
(presence of significant low-frequency fluctuations) are invariant with regards to window size in the range
1/2 <tU/D < 15. Results obtained at Re = 10 000 using Mesh B.

Figure 7 presents the temporal power spectral density of the particle deposition rate
at Re = 6600 (our longest available signal). We first note that the raw signal is highly
intermittent (as particles do not deposit in every time step) and therefore has been
smoothed with a sliding window of tU/D =5, which removes high-frequency features.
The spectrum does not exhibit a distinct low-frequency peak below fD/U < 1072
However, this does not imply that the flow lacks slow dynamics, as the smoothed
deposition signal shows intermittent transitions between high- and low-deposition states
with a characteristic time scale roughly of order 200D/ U (identified by visual inspection
of figure 4). Instead, the absence of a spectral peak is explained by the limited duration of
the time series. Reliable identification of a low-frequency spectral feature corresponding
to fD/U ~ 1072 typically requires at least one order of magnitude more data, i.e. of
O(2000—4000) convective time units (Welch 2003; Bendat & Piersol 2011). Our longest
available record contains only two to three such slow episodes, which is insufficient for
a statistically converged estimate. At the same time, the computational effort involved in
performing DNS with particle tracking at the current Reynolds numbers for such long
durations is tremendous. This difficulty is exacerbated by the broadband character of
turbulence: when the underlying process is non-periodic and dominated by stochastic
fluctuations, the variance of low-frequency spectral estimates becomes large unless very
long signals are used (Lumley 1965; Pope 2000; George 2013; Lehmkuhl et al. 2013).
Consequently, although the spectrum does not show a sharp low-frequency peak, the time-
domain analysis indicates that slow, intermittent modulation of deposition does occur, but
cannot be robustly resolved in the frequency domain with the present data length. In the
following, we will therefore primarily rely on cross-correlations between the deposition
rate signal and various signals characterising the wake properties in the time domain. This
approach was also suggested by Lehmkuhl er al. (2013) as a means to elucidate questions
related to the physics of the low-frequency modulation of the cylinder wake, arising from
identification of low-frequency peaks in velocity signals (obtained over a period of 3900
convective time units at Re = 3900).

From this analysis, we conclude that periods of high and low deposition rate on the back
of a cylinder alternate over time, and that such periods are much longer than the main
vortex-shedding period. We also infer that the periods of higher deposition rate are
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Figure 6. Deposition locations on the back of the cylinder for a period of high and a period of low deposition
rate, at Re = 10000 using Mesh B. (a) Period of low deposition rate: 150 <tU/D < 175; 1243 deposited
particles. (b) Period of high deposition rate: 250 < tU/D < 275; 2777 deposited particles. (¢) Normalised
deposition density as a function of angle relative to the front stagnation point.

characterised by an increase in the efficiency at which individual flow structures bring
particles to the surface, such that these periods are characterised by more of the same
deposition as seen during low-deposition-rate periods.

4.3. Particle behaviour: residence times and trajectories

To understand the underlying reasons for the significant fluctuations in the deposition rate
on the back side of the cylinder, we now analyse the trajectories of depositing particles
in the wake. A histogram of the particle residence time in the wake prior to deposition is
presented in figure 8. The residence time is here defined as the time between the moment
when the particle crosses the cylinder cross-section from the front to the back side and
the time when the particle deposits on the cylinder surface. Note that this histogram only
considers particles that eventually deposit on the cylinder. The figure illustrates how a large
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Figure 7. Power spectral density of the deposition rate signal at Re = 6600 using Mesh B.
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Figure 8. Particle residence time in the wake before deposition in the Re = 10 000 case. Most particles spend
time equivalent to approximately one vortex-shedding period (tU/D = 5) or less in the cylinder wake, whereas
some particles remain in the wake for a very long time before deposition. Insets: particle tracks for 20 randomly
selected particles, categorised by wake residence time. The particles that deposit quickly, with less than one
vortex-shedding period of wake residence time, are illustrated in the top inset. The particles that linger more
than four vortex-shedding periods in the wake before depositing are illustrated in the bottom inset. Results
obtained using Mesh B.

fraction of the particles reside in the wake for tU/D = 5 or less, approximately one vortex-
shedding period, before depositing on the cylinder surface. This observation indicates that
the particle deposition process is mainly governed by the vortex shedding. Another notable
feature of figure 8 is the comparatively long tail for longer residence times of several
vortex-shedding periods, indicating that certain particles remain suspended in the wake
for extended periods of time before eventually depositing.
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The long- and short-lived particles exhibit markedly different trajectories in the wake
(see the two insets in figure 8). In the top inset, a random sample of 20 short-residence-
time particles is shown. All of these particles deposit within one vortex-shedding period of
entering the cylinder wake. The trajectories are relatively rectilinear, with generally only
some curvature downstream of the cylinder, which enables the particles to travel back
to the surface. Most of these particles deposit in a somewhat thin band around the rear
cylinder stagnation point.

Similarly, the bottom inset in figure 8 illustrates the trajectories of a random sample of 20
long-residence-time particles. These particles spend at least four vortex-shedding periods
in the wake before depositing on the cylinder. The trajectories are much more irregular,
with tracks of significant curvature, several reversals of direction and a more uniform
distribution in the wake, as compared with the band in the upper inset. The long-residence-
time particles appear to be much more prone to propagating to the regions close to the
separation points on the top and bottom of the cylinder. These particles also tend to pass
close to the cylinder surface without colliding, before eventually depositing elsewhere.
These observations are consistent with the description of the role of the different vortical
structures in the cylinder wake on the back-side deposition of particles offered by Li et al.
(2008), namely that deposition by the main structures tends to take place close to the rear
stagnation point, whereas other structures need to participate in deposition closer to the
top and bottom of the cylinder.

Interestingly, periods of low and high deposition rates correlate with a shift in the
wake residence time distribution. For the low-deposition-rate interval 150 < tU/D < 175
in the Re =10000 case illustrated in figure 6, the mean and median of the residence
time distribution of depositing particles are tU/D =~ 6.88 and 4.5, respectively. The
corresponding values for the high-deposition-rate interval at 250 < tU/D < 275 are mean
and median residence times corresponding to tU/D ~ 6.03 and 3.88. These observations
point to that the increase in back-side particle deposition rate is correlated with shorter
wake residence times, which in turn suggests that the particle trajectories in the wake
are shorter during periods of more intense deposition. It is thus possible that the higher
efficiency in flow structures bringing particles all the way to the back side of the cylinder
during the high-deposition-rate periods is explained by a modulation of the size of the
wake and the turbulent fluctuations at the wake edge. This hypothesis is seemingly
corroborated by observations of varying mean recirculation lengths in table 3, with high-
deposition-rate periods exhibiting a shorter recirculation length than low-deposition-rate
periods. The table also illustrates that there is a clear difference in the intensity of
the shear-layer turbulent fluctuations at two probe locations in the shear layer, P1 at
(0.71D, 0.66D, 3D) and P2 at (1.3D, 0.69D, 3D). These probe locations are identical
to the probe locations in Lehmkuhl et al. (2013). Due to the clear wake modulation
effects between the high- and low-deposition-rate regimes, we continue to quantify the
characteristics of wake modulation in the flow and their correlation with the particle
deposition rate.

4.4. Correlation between wake size and deposition rates

The temporal behaviour of the wake is characterised using the time histories of the
drag coefficient and the cylinder base pressure. We start by comparing the temporal
characteristics of the back-side impact rate at St = 0.07 with that of the drag coefficient
on the cylinder in figure 9. A striking visual similarity is easily observed between the
two signals. To quantify this correlation, we compute the Pearson correlation coefficient
for the two signals at both Reynolds numbers (Pearson 1895; Press 2007). Notably,
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Re Time span tU/D  w'u'/U?at P1  u'u’'/U*>atP2  L,/D

Long term 6600 [100, 1437] 0.0205 0.0541 1.2967
Low deposition rate 6600 [300, 325] 0.0020 0.0251 1.5121
High deposition rate 6600 [600, 625] 0.0349 0.1913 1.0731
Long term 10000 [100, 590] 0.0481 0.1268 0.7994
Low deposition rate 10000 [150, 175] 0.0299 0.0857 0.8664
High deposition rate 10000 [250, 275] 0.0489 0.1221 0.7260

Table 3. Wake shear-layer fluctuations at probe locations P1 and P2 and wake recirculation length for
different deposition rate (wake behaviour) regimes. Results obtained using Mesh B.
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Figure 9. Drag coefficient (orange) and particle deposition rates (blue) for (a) Re = 6600 and (b) Re = 10 000
at St =0.07. The deposition rate signal is seen to follow a similar transient behaviour to the drag coefficient
signal. Results obtained using Mesh A.

there might be a time lag between the drag coefficient signal and the deposition signal,
caused by a delayed response of the particles to changes in the cylinder wake structure.
Therefore, a time series of correlation coefficients is computed, where each time-sampling
point represents a given time lag between the drag coefficient and deposition signals.
By finding the maximum of the magnitude of the correlation coefficient, we obtain
0.759 for Re = 6600 and 0.639 for Re = 10 000 at non-dimensional time lags of 1.75 and
0.75, respectively, when the sliding window for the particle depositions has a width of
tU/D = 5. The drag coefficient signal leads the deposition signal. These values indicate a
strong correlation between the drag on the cylinder and the back-side particle deposition,
such that higher-than-average impaction rates are associated with higher-than-average
drag, and vice versa. It is known that high-drag episodes are associated with a compressed
recirculation region and stronger shear-layer turbulence (Minelli et al. 2020; Jiang &
Cheng 2021). These observations are in direct agreement with the previous analysis.
However, the variation of the wake size and topology occurs on several time scales, and
we are here also interested in possible low-frequency oscillations of the deposition process
owing to slow modulation of the wake. A well-established indicator variable for the long-
term cylinder wake behaviour is the cylinder base pressure (Lehmkuhl ez al. 2013), and we
therefore turn to the investigation of the correlation between this signal and the fluctuating
impact rates next.

When plotting the time-resolved particle deposition rates and cylinder base pressures
together in figure 10, a negative correlation between the two signals is clearly seen. A
drop in base pressure, such as the one just before tU/D = 600 for the Re = 6600 case
in figure 10(a), is immediately accompanied by a sudden increase in particle deposition
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Figure 10. Base pressure (orange) and particle deposition rates (blue) for (@) Re = 6600 and (b) Re = 10 000
at St =0.07. A drop in base pressure is almost immediately followed by an increase in particle deposition rate.
Results obtained using Mesh B.

rate. Similarly for the Re = 10 000 case, the drop in base pressure just after tU/D = 200
coincides with a rapid increase in the particle deposition rate. We conclude that the base
pressure is an important indicator not only of changes in cylinder wake behaviour, but also
of variations in particle deposition rate, and hence deposition rates can be directly linked
to wake behaviour.

To quantify the strength of this link, we compute Pearson’s correlation coefficient for
these two cases and obtain —0.514 for Re = 6600 and —0.361 for Re = 10000 at a non-
dimensional time lag of 4.25 and 3.75, respectively, when the sliding window for the
particle depositions has a width of tU/D =5. The pressure signal leads the deposition
rate signal. These correlation values indicate up to moderate correlation between cylinder
base pressure and particle—cylinder deposition rates. Interestingly, the best correlation is
found for a time lag of almost one vortex-shedding period between the pressure and the
deposition rate signals.

We have also computed the temporal spectra of the Cp and base pressure signals,
but apart from a dominant peak at fD/U = 0.4 (corresponding to double the vortex-
shedding frequency obtained from the temporal spectrum of Cy ) no distinct low-frequency
peaks could be clearly identified. We attribute this observation to insufficiently long
signals, which renders low-frequency spectral features very difficult to pinpoint. The
time correlation between flow and particle signals, however, confirms the existence slow
dynamics.

As a decrease in base pressure characterises a shortening of the wake, the negative
correlation between the two signals implies that a high-deposition-rate regime starts when
the wake becomes smaller. In a smaller wake, turbulent fluctuations in the shear layers are
also stronger. The combination of shorter wake length (which reduces the distances to be
traversed by depositing particles) and more intense fluctuations leads to flow structures
being more efficient in bringing particles directly to the surface, and the deposition rate
increases on a time scale characteristic of the vortex shedding, which controls the majority
of the deposition events. The high-deposition-rate regime lasts for as long as the wake is
short, and the system reverts to the low-deposition-rate regime when the wake expands
again. In this way, the deposition rate on the back of a cylinder is governed by the low-
frequency oscillations of the wake structure. We, however, also wish to assess the relative
contributions of the shorter wake length and the more intense turbulent fluctuations in
the shear layers to the increased particle deposition during high-deposition episodes. We
therefore compare the Pearson correlation coefficients for the lateral velocity uy in the
point P1 (0.71D, 0.66D, 3D) in one of the shear layers and the deposition rate signal for
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Re = 6600 with Mesh B. We find that this correlation coefficient is —0.282, which does
imply that although the inflow of particles into the wake (when u, is negative) correlates
with increasing deposition rate, the degree of correlation is almost half of that obtained
between the deposition and the base pressure signals. Similarly, the streamwise velocity
uy in the point P2 (1.3D, 0.69D, 3D) (indicative of fluid motion towards the cylinder in
the outer shear layer) is mildly correlated with the deposition signal (—0.288), while the
correlation between deposition rate and streamwise velocity in the point P3 (2D, 0, 3D)
(indicative of wake length) is noticeably stronger (0.380, a positive correlation meaning
that the deposition is higher when the wake is shorter). We therefore conclude that the
reduction of the length of the wake has a relatively stronger contribution to the increased
deposition seen during high-deposition events than the increased turbulent fluctuations in
the shear layers.

The above analysis sheds light on the particle residence time distribution shown
previously in figure 8. The pronounced tail of this distribution towards long residence times
highlights the fact that a significant fraction of particles are not thrown all the way to the
cylinder surface by turbulent eddies in the shear layers. Rather, particles enter the wake and
may remain there for several vortex-shedding periods before they eventually deposit. These
observations are in agreement with the fact that the fluid motion in the shear layers is less
strongly correlated with deposition than wake length descriptors, such as base pressure and
streamwise velocity in the wake. More specifically, we note a certain log-normal character
of the probability distribution function of wake residence times in figure 8 (u = 1.33,
o = 0.826 with a shift of 0.943 yields a Q—Q correlation of 0.974). Given that log-normal
distributions result from processes governed by multiplicative randomness (Aitchison &
Brown 1957; Crow & Shimizu 1987; Limpert, Stahel & Abbt 2001; Wang, Chen & Zheng
2024), this observation lends additional support to the conclusion that particle back-
side deposition occurs through a series of steps characterised by randomness (essentially:
injection into the wake by turbulent fluctuations in the shear layers, followed by ejection
from turbulent eddies in the very-near wake towards the cylinder surface). Interestingly, if
the back-side deposition indeed occurs through a series of events, in which particles pass
through several eddies, then one should expect that the efficacy of such a process is highly
dependent on the particle Stokes number. Next, we therefore expand the analysis beyond
St =0.07, and investigate the role of the Stokes number in the time-resolved back-side
deposition on a cylinder.

4.5. Stokes number dependence

As shown by Haugen & Kragset (2010), back-side impaction on a cylinder happens only for
particles in some intermediate Stokes number range. This type of deposition results from
particles having large enough inertia in the direction towards the back side of the cylinder,
which they can only gain from the eddies in the wake of the cylinder. To be efficient
in causing particle deposition, these eddies must have a turnover time that is neither too
short (such eddies will not accelerate the particles enough) nor too long (such eddies will
not throw particles out towards the cylinder surface) in relation to the particle response
time. In their simulations, Haugen & Kragset (2010) identified an upper limit of St =~
0.13 and a decrease towards no deposition in the limit St — 0. Their lowest investigated
Stokes number was 0.001. Furthermore, they also noted a strong dependence of the back-
side deposition efficiency on the Reynolds number. However, as the previous analysis has
revealed, the strategy to inject particles during only three vortex-shedding periods, and to
perform the fluid flow simulations in two dimensions even at Re = 6600, must be expected
to impart significant uncertainty onto the results.
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Figure 11. Back-side particle deposition efficiency as a function of Stokes number for Re = 10 000 and
Re = 6600, obtained using Mesh A.

Here, we confirm the existence of a maximum in the back-side deposition efficiency on a
cylinder as a function of Stokes number, as shown in figure 11, for the first time in full three
dimensions and for much longer simulation times. We also corroborate the observation that
the deposition efficiency increases with the Reynolds number. The deposition efficiencies
are overall lower than in Haugen & Kragset (2010), which is expected due to the
artificially strong and coherent turbulence in their two-dimensional simulations of a three-
dimensional flow (Mittal & Balachandar 1995). We see some deposition for St = 0.2 but
only a few sporadic hits for St = 0.25, indicating a somewhat higher upper limit than that
identified by Haugen & Kragset (2010) (St & 0.13).

We now turn to analysing the correlation between the impact rate and the wake
behaviour (Cp and base pressure signals) for Stokes numbers other than 0.07. In figure 12
the impact rate signals for five Stokes numbers in the range [0.045, 2] are shown for
Re = 6600. Significant temporal fluctuations are present at all Stokes numbers. However,
the degree of correlation with the drag signal becomes noticeably weaker as the Stokes
number increases. In a similar fashion, the negative correlation between the impact rate
signal and the base pressure signal is most pronounced for the lowest Stokes numbers.
The Pearson correlation coefficients are depicted in figure 13 as a function of the Stokes
number. It can clearly be seen that, as the particle Stokes number increases, the degree of
correlation between the particle and fluid motion decreases. This decorrelation lowers the
back-side deposition efficiency at the high Stokes numbers (see figure 11).

Analysis of the degree of correlation between the deposition signals of particles at
various Stokes numbers with velocity signals in the shear layers and in the wake, shown
in table 4, confirms the conclusions obtained for St =0.07. The reduction of the length
of the wake has a stronger influence on the deposition signal than the occurrence of
inward velocities in the shear layers, and this observation holds for all Stokes numbers
investigated. Just as was previously observed for Cp and the base pressure (see figure 13),
all velocity signals decorrelate from the deposition signal as the Stokes number increases
and deposition decreases (see figure 11).
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Signal St=0.045 St=0.07 St=01 St=0.15 St=02

uy at P1 —0.214 —0.282 —0.286 —0.236 —0.167
uy at P2 —0.258 —0.288 —0.290 —0.259 —0.183
uy at P3 0.288 0.380 0.397 0.383 0.254

Table 4. Pearson’s correlation coefficients between the deposition rate signal and various other signals
(leftmost column), as a function of Stokes number at Re = 6600 using Mesh B. The point locations are taken
from Lehmkubhl et al. (2013): P1 = (0.71D, 0.66D, 3D), P2 =(1.3D, 0.69D, 3D) and P3 = (2D, 0, 3D).
It is clear that signals related to wake length (1, at P3 in this table and base pressure in figure 13) correlate
more strongly with the deposition rate than signals related to turbulent fluctuations in the shear layer (velocity
signals sampled at P1 and P2 in this table).

51=10.045 51=10.07 St=0.1
100 1 . .
T 501 . .
—
Q
SEE ; . . ; | | | |
N—"
£ St=0.15 S1=02 -
g Q
=) A ™~
-2 100 - - 5 14 3
7 — ~~
=} 2 Q,
& 4 =
a 01 I 212 5
o n
PO L W &
0 : : : : . = : . . ~
100 200 300 100 200 300 S 100 200 300

Time (tU/D)

Figure 12. Back-side deposition rate for St = 0.045, 0.07, 0.1, 0.15 and 0.2 at Re = 6600, obtained using
Mesh A. Also shown are the drag and base pressure signals from the same simulation.
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Figure 13. Pearson correlation coefficient between the deposition rate signal and the Cp signal and the base
pressure signal, as a function of Stokes number, for Re = 6600 and Re = 10 000. Results obtained using Mesh A.
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St Timing tU/D
0.045 305.5
0.07 281.5
0.1 421.5
0.15 4375
0.2 572.0

Table 5. Timings of convergence of cumulative averages in figure 15 to within &5 %. The signal collection
starts at tU/D = 107.0.
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Figure 14. Back-side deposition rate for St = 0.045, 0.07, 0.1, 0.15 and 0.2 at Re = 10 000, obtained using
Mesh A. Also shown are the drag and base pressure signals from the same simulation.

The results of the same analysis at Re = 10 000 are similar, as shown in figures 13 and
14. The impact rate signal is characterised by significant fluctuations at all Stokes numbers.
As previously seen for St = 0.07 (see figure 4), the overall deposition is more effective at
this higher Reynolds number, while the relative magnitudes of the fluctuations are lower.
The higher the turbulence level is in the wake, the more effective the back-side deposition
becomes, and therefore the relative fluctuations in the impact rate signal decrease. As for
Re = 6600, a decorrelation of the impact rate signal and the wake characterisation (Cp
and base pressure signals) with increasing Stokes numbers is evident. This observation
supports the previous analysis that, for back-side deposition to occur, the particles must
respond efficiently to the turbulent eddies in the wake. As the Stokes number increases, the
particle response time becomes relatively longer as compared with the relevant turbulent
time scales. In the limit St — 0.2 in the wake, the dominant eddies become too small
and short-lived to be able to transfer enough momentum to the particles to cause eventual
impaction.

We finally illustrate the slow convergence of the average particle deposition rate by
plotting the cumulative average of the signal at Re = 10000 in figure 15. Under the
assumption that the mean obtained by averaging the signal over the full duration of
tU/D =560 is a fully converged estimate of the true value, we normalise all cumulative
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Figure 15. Normalised cumulative average of the back-side particle deposition rate for various Stokes
numbers at Re = 10 000, obtained using Mesh A. The shaded band represents a +5 % variation about the
mean.

averages by their final value. In doing so, it becomes clear that the rate of convergence
towards a stable mean is a function of the Stokes number: the lower the Stokes number,
the faster the convergence. We note that the time from which point onwards each signal
is fully confined within a 5 % band about the true value (the shaded band in figure 15)
in general increases with the Stokes number, as shown in table 5. Importantly, the time
duration needed to converge the average within this threshold is significantly longer for
St =0.1 as compared with St =0.045, even though the deposition efficiency is overall
higher at St = 0.1 (see figure 11). This observation indicates that the slower convergence
at higher St is due to the decorrelation of the fluid and particle motions, and not to the
larger relative uncertainty associated with the sampling of rarer events. It is also evident
that the convergence towards the true mean is not monotonic. For example, the signal
for St =0.15 is within the grey band for more than 10 vortex-shedding periods between
tU/D =300 and tU/D =400, but thereafter leaves, only to re-enter at tU/D = 437.5.
This is yet another indication of the fact that low-frequency phenomena are present in
the underlying physics: after almost 40 vortex-shedding periods of observation, the new
data added to the cumulative average result in a noticeable drift away from the long-term
ground truth.

We thus find that, for predictions of the back-side deposition rate to converge within
some meaningful statistical uncertainty level, the acquired time signals must be very long.
If assuming that the 112 vortex-shedding periods included in figure 15 are sufficient to
establish the ground truth, signals of at least O(35—100) vortex-shedding periods in
length are required for an uncertainty level corresponding to +5 %. This estimation is
conservative, since a longer time to establish the ground truth would necessarily imply a
need for longer signals to sufficiently estimate the same. As the slow wake modulation
behind a cylinder has been found to act on time scales O(30) vortex-shedding periods
(Lehmkuhl ef al. 2013), the statistical analysis of the deposition rate signals themselves
thus corroborates the fact that the presence of slow wake modulation must be accounted
for in quantitative studies of particle back-side deposition.
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5. Conclusions

We study the deposition of particles on the back of a cylinder in a turbulent flow. The
fluid flow is resolved using DNS for Reynolds numbers Re = 1685, 6600 and 10 000,
and particle trajectories are determined using Lagrangian particle tracking. It is assumed
that particle motion is determined by the drag force. We find that the back-side particle
deposition is a highly time-dependent process, with fluctuations of up to a factor 3.5
in the short-term particle deposition rates at Re = 10 000 and a factor 27 difference for
Re = 6600. To the best of our knowledge, this is the first time that such time dependence
has been reported for particle deposition on the back side of a bluff body.

The observed low-frequency fluctuations in deposition rates are significantly slower than
the vortex-shedding period. We find that particle deposition rates are positively correlated
with the drag coefficient and negatively correlated with cylinder base pressure. A decrease
in base pressure characterises a decrease in wake size and an increase in turbulent
fluctuations in the wake shear layers. Using these two observations, we establish a link
between the slow back-side particle deposition rate fluctuations and the low-frequency
modulation of the wake.

We confirm the existence of a maximum in the back-side deposition efficiency at
St~ 0.07, with little deposition beyond St =0.2 and decreasing deposition efficiency
in the limit of decreasing Stokes numbers. The particle back-side impact rate signals
and the cylinder drag and base pressure signals are clearly correlated for low Stokes
numbers, whereas beyond St 2> 0.1, the particle and flow signals decorrelate. The
maximum deposition efficiency is thus seen for particles that respond well to the turbulent
fluctuations in the cylinder wake, yet also have enough inertia to escape the turbulent
structures and reach the cylinder surface. These observations are well aligned with the
inference that particle back-side deposition on a cylinder exhibits a pronounced sensitivity
to turbulent structures in the very-near wake, which are known to be highly sensitive to
local disturbances and alternate between high- and low-energy modes.

The pronounced time dependence of the particle deposition rates presents challenges
for investigations of deposition on the back of bluff bodies. Slow wake modulations
invariably mean that accurately capturing particle deposition rates requires very large
datasets. The important role played by these modulations also raises the question
whether turbulence models based on the Reynolds-averaged Navier—Stokes equations can
successfully describe the relevant deposition dynamics. The large dataset requirement is
especially severe for data-assisted methods that rely on small datasets of flow-field data
to train, for example, artificial intelligence, machine learning or recurrence computational
fluid dynamics models.

Funding. This work has been financed by the Swedish Agency for Innovation Systems (Vinnova) under
the Strategic Vehicle Research and Innovation collaborative programme (FFI) (H.S., grant number 2021-
05061). The computations were enabled by resources provided by the National Academic Infrastructure
for Supercomputing in Sweden (NAISS), partially funded by the Swedish Research Council through grant
agreement no. 2022-06725, and by Chalmers e-Commons at Chalmers.

Declaration of interests. The authors report no conflict of interest.

REFERENCES

AITCHISON, J. & BROWN, J.A.C. 1957 The Lognormal Distribution. Cambridge University Press.

BEHR, M., HASTREITER, D., MITTAL, S. & TEZDUYAR, T.E. 1995 Incompressible flow past a circular
cylinder: dependence of the computed flow field on the location of the lateral boundaries. Comput. Meth.
Appl. Mech. Engng 123 (1), 309-316.

1029 A48-23


https://doi.org/10.1017/jfm.2026.11238

https://doi.org/10.1017/jfm.2026.11238 Published online by Cambridge University Press

J. Hansson, S. Sasic and H. Strom

BEHR, M., Liou, J., SHIH, R. & TEZDUYAR, T.E. 1991 Vorticity-streamfunction formulation of unsteady
incompressible flow past a cylinder: sensitivity of the computed flow field to the location of the outflow
boundary. Intl J. Numer. Meth. Fluids 12 (4), 323-342.

BENDAT, J.S. & PIERSOL, A.G. 2011 Random Data: Analysis and Measurement Procedures. John Wiley &
Sons.

BERGER, E., SCHOLZ, D. & SCHUMM, M. 1990 Coherent vortex structures in thewake of a sphere and a
circular disk at rest and under forced vibrations. J. Fluids Struct. 4 (3), 231-257.

BisHOP, R.E.D. & HASSAN, A.Y. 1964 The lift and drag forces on a circular cylinder in a flowing fluid. Proc.
R. Soc. Lond. A. Math. Phys. Sci. 277 (1368), 32-50.

BRETHERTON, F.P. 1962 The motion of rigid particles in a shear flow at low Reynolds number. J. Fluid Mech.
14 (2), 284-304.

CA0, Y. & TAMURA, T. 2020 Low-frequency unsteadiness in the flow around a square cylinder with critical
angle of 14° at the reynolds number of 2.2 x 10*. J. Fluids Struct. 97, 103087.

Crow, E.L. & SHIMIZU, K. 1987 Lognormal Distributions. Marcel Dekker New York.

DONG, S. & KARNIADAKIS, G.E. 2005 DNS of flow past a stationary and oscillating cylinder at Re = 10000.
J. Fluids Struct. 20 (4), 519-531.

EIDEVAG, T., ENG, M., KALLIN, D., CESSELGREN, J., BHARADHWAJ, Y., BANGALORE NARAHARI,
T.S. & RASMUSON, A. 2022 Snow contamination of simplified automotive bluff bodies. SAE Intl J. Adv.
Curr. Practices Mobility 4 (2022-01-0901), 2120-2134.

GRoUP, E.S.I. 2024 Openfoam v2406. Available at: https://www.openfoam.com/news/main-news/openfoam-
v2406.

FARRANT, T., TAN, M. & PRICE, W.G. 2000 A cell boundary element method applied to laminar vortex-
shedding from arrays of cylinders in various arrangements. J. Fluids Struct. 14 (3), 375-402.

GAYLARD, A.P., KIRWAN, K. & LOCKERBY, D.A. 2018 Surface contamination of cars: a review. Proc. Instit.
Mech. Engng Part D: J. Automobile Engng 231, 1160-1176.

GEORGE, W.K. 2013 Lectures in Turbulence for the 21st Century, vol 550. Chalmers University of Technology.

GIANNETTI, F. & LUCHINI, P. 2007 Structural sensitivity of the first instability of the cylinder wake. J. Fluid
Mech. 581, 167-197.

GOPALKRISHNAN, R. 1993 Vortex-induced forces on oscillating bluff cylinders. PhD thesis, Massachusetts
Institute of Technology.

GRESHO, P.M. & SANI, R.L. 1998 Incompressible Flow and the Finite Element Method. Isothermal Laminar
Flow, vol. 2. John Wiley & Sons Inc.

HANSSON, J., LICHTENEGGER, T., PIRKER, S., SASIC, S. & STROM, H. 2025 Recurrence computational
fluid dynamics for efficient predictions of long-term particle deposition on a cylinder. Phys. Fluids 37 (9),
093320.

HASAN, N., ANWER, S..F. & SANGHI, S. 2005 On the outflow boundary condition for external incompressible
flows: a new approach. J. Comput. Phys. 206 (2), 661-683.

HAUGEN, N.E.L. & KRAGSET, S. 2010 Particle impaction on a cylinder in a crossflow as function of Stokes
and Reynolds numbers. J. Fluid Mech. 661, 239-261.

JIANG, H. & CHENG, L. 2021 Large-eddy simulation of flow past a circular cylinder for Reynolds numbers
400 to 3900. Phys. Fluids 33 (3), 034119.

JIANG, H., CHENG, L. & AN, H. 2017 On numerical aspects of simulating flow past a circular cylinder. Intl J.
Numer. Meth. Fluids 85 (2), 113-132.

JIANG, H., Hu, X., CHENG, L. & ZHOU, T. 2022 Direct numerical simulation of the turbulent kinetic energy
and energy dissipation rate in a cylinder wake. J. Fluid Mech. 946, A1l.

KHOR, M., SHERIDAN, J., THOMPSON, M.C. & HOURIGAN, K. 2008 Global frequency selection in the
observed time-mean wakes of circular cylinders. J. Fluid Mech. 601, 425-441.

KLEINHANS, U., WIELAND, C., FRANDSEN, F.J. & SPLIETHOFF, H. 2018 Ash formation and deposition in
coal and biomass fired combustion systems: progress and challenges in the field of ash particle sticking and
rebound behavior. Prog. Energy Combust. 68, 65—168.

KUWATA, M., ABE, Y., YOKOTA, S., NONOMURA, T., SAWADA, H., YAKENO, A., AsAl, K. &
OBAYASHI, S. 2021 Flow characteristics around extremely low fineness-ratio circular cylinders. Phys. Rev.
Fluids 6, 054704.

KwAK, D. & CHANG, J.L.C. 1984 A computational method for viscous imcompressible flows. NASA Tech.
Memorandum 85958, 1-12.

LEHMKUHL, O., RODRIGUEZ, I., BORRELL, R. & OLIVA, A. 2013 Low-frequency unsteadiness in the vortex
formation region of a circular cylinder. Phys. Fluids 25 (8), 085109.

LEONTINI, J.S., THOMPSON, M.C. & HOURIGAN, K. 2010 A numerical study of global frequency selection
in the time-mean wake of a circular cylinder. J. Fluid Mech. 645, 435-446.

1029 A48-24


https://www.openfoam.com/news/main-news/openfoam-v2406
https://www.openfoam.com/news/main-news/openfoam-v2406
https://doi.org/10.1017/jfm.2026.11238

https://doi.org/10.1017/jfm.2026.11238 Published online by Cambridge University Press

Journal of Fluid Mechanics

L1, X., ZHOU, H. & CEN, K. 2008 Influences of various vortex structures on the dispersion and deposition of
small ash particles. Fuel 87 (7), 1379-1382.

LmMA E S1LvA, A.L.F., SILVEIRA-NETO, A. & DAMASCENO, J.J.R. 2003 Numerical simulation of two-
dimensional flows over a circular cylinder using the immersed boundary method. J. Comput. Phys. 189 (2),
351-370.

LIMPERT, E., STAHEL, W.A. & ABBT, M. 2001 Log-normal distributions across the sciences: keys and clues.
BioScience 51 (5), 341-352.

Liu, C., ZHENG, X. & SUNG, C.H. 1998 Preconditioned multigrid methods for unsteady incompressible
flows. J. Comput. Phys. 139 (1), 35-57.

LUMLEY, J.L. 1965 Interpretation of time spectra measured in high-intensity shear flows. Phys. Fluids 8 (6),
1056-1062.

MaA, X., KARAMANOS, G.-S. & KARNIADAKIS, G.E. 2000 Dynamics and low-dimensionality of a turbulent
near wake. J. Fluid Mech. 410, 29-65.

MASSARO, D., PEPLINSKI, A. & SCHLATTER, P. 2022 Direct numerical simulation of turbulent flow around
3d stepped cylinder with adaptive mesh refinement. In Twelfth International Symposium on Turbulence and
Shear Flow Phenomena (TSFP12).

MAXEY, M.R. & RILEY, J.J. 1983 Equation of motion for a small rigid sphere in a nonuniform flow. Phys.
Fluids 26 (4), 883-889.

MiAu, J.J., WANG, J.T., CHOU, J.H. & WEI, C.Y. 1999 Characteristics of low-fequency variations embedded
in vortex-shedding process. J. Fluids Struct. 13 (3), 339-359.

MICHAEL, A.J., MARK, A., SASIC, S. & STROM, H. 2025 Generalized langevin dynamics in multiphase
direct numerical simulations using hydrodynamically optimized memory kernels. Phys. Fluids 37 (3),
033317.

MINELLI, G., DONG, T., NOACK, B.R. & KRAINOVIC, S. 2020 Upstream actuation for bluff-body wake
control driven by a genetically inspired optimization. J. Fluid Mech. 893, Al.

MITTAL, R. & BALACHANDAR, S. 1995 Effect of three-dimensionality on the lift and drag of nominally
two-dimensional cylinders. Phys. Fluids 7 (8), 1841-1865.

MORELLO, M., LUNGHI, G., MARIOTTI, A., SALVETTI, M.V., CORSINI, R., CIMARELLI, A. & STALIO, E.
2024 Flow over a 5: 1 rectangular cylinder at moderate reynolds numbers: Comparison between dns, les,
and experiments. In The 8th International Conference on Jets, Wakes and Separated Flows, ICJWSF-2024
September 23-25, 23-25.

MORSI, S.A. & ALEXANDER, A.J. 1972 An investigation of particle trajectories in two-phase flow systems.
J. Fluid Mech. 55 (2), 193-208.

NGUYEN, Q.D. & LEI, C. 2021 Hydrodynamic characteristics of a confined circular cylinder in cross-flows.
Ocean Engng 221, 108567.

NORBERG, C. 2003 Fluctuating lift on a circular cylinder: review and new measurements. J. Fluids Struct. 17
(1), 57-96.

PARNAUDEAU, P., CARLIER, J., HEITZ, D. & LAMBALLAIS, E. 2008 Experimental and numerical studies of
the flow over a circular cylinder at Reynolds number 3900. Phys. Fluids 20, 085101.

PEARSON, K. 1895 Vii. note on regression and inheritance in the case of two parents. P. R. Soc. Lond. 58
(347-352), 240-242.

PoPE, S.B. 2000 Turbulent Flows. Cambridge University Press.

PRASAD, A. & WILLIAMSON, C.H.K. 1997 The instability of the shear layer separating from a bluff body.
J. Fluid Mech. 333, 375-402.

PRESS, W.H. 2007 Numerical Recipes 3rd Edition: The Art of Scientific Computing. Cambridge University
Press.

RAIL, M.M. 2010 A computational investigation of the instability of the detached shear layers in the wake of a
circular cylinder. J. Fluid Mech. 659, 375-404.

RAIL, M.M. 2013 Flow physics in the turbulent near wake ofa flat plate. J. Fluid Mech. 724, 704-733.

RAI, M.M. 2014 Flow phenomena in the very near wake of a flat plate with a circular trailing edge. J. Fluid
Mech. 756, 510-543.

RODRIGUEZ, 1., BORELL, R., LEHMKUHL, O., SEGARRA, C.D.P. & OLIVA, A. 2011 Direct numerical
simulation of the flow over a sphere at Re =3700. J. Fluid Mech. 679, 263-287.

SAKAMOTO, H. & HANIU, H. 1990 A study on vortex shedding from spheres in a uniform flow. J. Fluids
Engng 112 (4), 386-392.

SCHILLER, L. 1933 A drag coefficient correlation. Zeit. Ver. Deutsch. Ing. 77, 318-320.

SHINJI, K., NAGAIKE, H., NONOMURA, T., AsAl, K., OKuizuMi, H., KONISHI, Y. & SAWADA, H. 2020
Aerodynamic characteristics of low-fineness-ratio freestream-aligned cylinders with magnetic suspension
and balance system. AIAA J. 58 (8), 3711-3714. American Institute of Aeronautics and Astronautics.

1029 A48-25


https://doi.org/10.1017/jfm.2026.11238

https://doi.org/10.1017/jfm.2026.11238 Published online by Cambridge University Press

J. Hansson, S. Sasic and H. Strom

Stpp, D. & LEBEDEV, A. 2007 Global stability of base and mean flows: a general approach and its applications
to cylinder and open cavity flows. J. Fluid Mech. 593, 333-358.

TRIAS, F.X., GOROBETS, A. & OLIVA, A. 2015 Turbulent flow around a square cylinder at Reynolds number
22000: a dns study. Comput. Fluids 123, 87-98.

UNAL, M.F. & ROCKWELL, D. 1988 On vortex formation from a cylinder. Part 1. The initial instability.
J. Fluid Mech. 190, 491-512.

WANG, G.H., CHEN, W.B. & ZHENG, X.J. 2024 Experimental study of the effect of particle-wall interactions
on inertial particle dynamics in wall turbulence. J. Fluid Mech. 984, A4.

WEBER, R., SCHAFFEL-MANCINI, N., MANCINI, M. & KuPKA, T. 2013 Fly ash deposition modelling:
requirements for accurate predictions of particle impaction on tubes using RANS-based computational fluid
dynamics. Fuel 108, 586-596.

WELCH, P. 2003 The use of fast fourier transform for the estimation of power spectra: a method based on time
averaging over short, modified periodograms. /IEEE Trans. Acoust. Speech. 15 (2), 70-73.

WIESELSBERGER, C.V. 1921 Neuere feststellungen under die gesetze des flussigkeits und luftwiderstandes.
Phys. z. 22, 321-328.

WILLIAMSON, C.H.K. 1996 Vortex dynamics in the cylinder wake. Annu. Rev. Fluid Mech. 28, 477-5309.

WISSINK, J.G. & RoDp1, W. 2008 Numerical study of the near wake of a circular cylinder. Intl J. Heat Fluid
Flow 29 (4), 1060-1070.

YANG, J., L1u, M., WU, G., ZHONG, W. & ZHANG, X. 2014 Numerical study on coherent structure behind a
circular disk. J. Fluids Struct. 51, 172-188.

YEO, D. & JONES, N.P. 2008 Investigation on 3-d characteristics of flow around a yawed and inclined circular
cylinder. J. Wind Engng Ind. Aerod. 96 (10), 1947-1960. 4th International Symposium on Computational
Wind Engineering (CWE2006).

1029 A48-26


https://doi.org/10.1017/jfm.2026.11238

	1. Introduction
	2. Theory
	3. Method
	3.1. Computational domain
	3.2. Boundary conditions
	3.3. Computational mesh
	3.3.1. Mesh A
	3.3.2. Mesh B

	3.4. Solver

	4. Results
	4.1. Direct numerical simulation validation
	4.2. Time dependence of deposition rates
	4.3. Particle behaviour: residence times and trajectories
	4.4. Correlation between wake size and deposition rates
	4.5. Stokes number dependence

	5. Conclusions
	References

