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This study presents direct numerical simulations of turbulent Rayleigh–Bénard convection in12
non-colloidal suspensions, with special focus on the heat transfer modifications in the flow.13
Adopting a Rayleigh number of 108 and Prandtl number of 7, parametric investigations of14
the particle volume fraction 0 ! Φ ! 40% and particle diameter 1/20 ! !∗! ! 1/10 with15
respect to the cavity height, are carried out. The particles are neutrally buoyant, rigid spheres16
with physical properties that match the fluid phase. Up to Φ = 25%, the Nusselt number17
increases weakly but steadily, mainly due to the increased thermal agitation that overcomes18
the decreased kinetic energy of the flow. Beyond Φ = 30%, the Nusselt number exhibits a19
substantial drop, down to about 1/3 of the single-phase value. This decrease is attributed20
to the dense particle layering in the near-wall region, confirmed by the time-averaged local21
volume fraction. The dense particle layer reduces the convection in the near-wall region and22
negates the formation of any coherent structures within one particle diameter from the wall.23
Significant differences between Φ ! 30% and 40% are observed in all statistical quantities,24
including heat transfer and turbulent kinetic energy budgets, and two-point correlations.25
Special attention is also given to the role of particle rotation, which is shown to contribute to26
maintaining high heat transfer rates in moderate volume fractions. Furthermore, decreasing27
the particle size promotes the particle layering next to the wall, inducing a similar heat28
transfer reduction as in the highest particle volume fraction case.29
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1. Introduction31

Turbulent thermal convection characterises many physical phenomena such as heat transport32
in stars (Busse 1970), atmospheric flows (Wyngaard 1992) and oceanic currents (Thorpe33
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2004). Even though these phenomena appear to be very different with one another, they share34
some fundamental features and can therefore be studied by using essentially the same set of35
equations (Busse 1978). The most commonly studied configuration resembling these flows is36
the Rayleigh–Bénard convection, i.e. a fluid layer that is heated from below and cooled from37
above. This simple configuration helped to shed some light on the rich physics of turbulent38
thermal convection, both in terms of large-scale (Ahlers et al. 2009) and small-scale (Lohse39
& Xia 2010) dynamics. Several studies enriched the classical Rayleigh–Bénard system with40
additional features such as emulsions (Liu et al. 2021a), two fluid layers (Liu et al. 2021b),41
phase transition (Wang et al. 2019) and point-like particles (Oresta&Prosperetti 2013). To the42
best of theAuthors’ knowledge, therewas no previous study considering suspensions of finite-43
size particles (or non-colloidal suspensions) under turbulent conditions.Given the importance44
of particle-laden natural convection in applications such as atmospheric pollution (Xu et al.45
2020) and energy harvesting in solar thermal plants (Pouransari &Mani 2017; Rahmani et al.46
2018), the present study focuses on turbulent Rayleigh–Bénard convection in non-colloidal47
suspensions.48
Two of the most important characteristics of turbulent Rayleigh–Bénard convection are49

the large-scale circulation structures and the boundary layers that form next to the horizontal,50
thermally-active walls. The large-scale circulation structures are fed by plumes ejected from51
the boundary layers, and their behaviour is strongly affected by the domain geometry (Zhou52
et al. 2007). These structures can exhibit oscillations of the circulation plane (Castaing et al.53
1989) and azimuthal rotations (Brown & Ahlers 2006) in cylindrical geometries, in addition54
to random cessations and reversals in cylindrical (Xi & Xia 2007) or rectangular (Sugiyama55
et al. 2010) domains. The structure of the large-scale circulation is significantly different56
in two-dimensional and three-dimensional simulations, both in terms of shape and velocity57
distribution (Demou & Grigoriadis 2019), making three-dimensional simulations necessary58
for the accurate representation of these structures. As concerns the second aspect, the study of59
the boundary layers in Rayleigh–Bénard convection is of great importance because thermal60
convection theories and models rely on assumptions on the boundary layer dynamics (e.g.61
Grossmann & Lohse 2000; Ahlers et al. 2006), and this small region features the largest62
temperature gradients in contrast to the nearly isothermal bulk region. In detail, the near-wall63
distribution of temperature can be divided into: (i) the linear region, which is associated64
with the viscous sub-layer and thermal conduction accounts for most of the heat transfer,65
(ii) the transitional region, which accommodates the edge of the boundary layer and the66
maximum root-mean-square (rms) values of the temperature field, and (iii) the bulk region,67
which features a nearly zero temperature gradient and is therefore dominated by thermal68
convection (Castaing et al. 1989; Wang & Xia 2003; Zhou & Xia 2013). Both the structure69
of the large-scale circulation and the thickness of the boundary layers are expected to be70
significantly affected by the addition of a solid non-colloidal dispersed phase to the traditional71
Rayleigh–Bénard configuration.72
Laminar Rayleigh–Bénard convection in non-colloidal suspensions was only recently73

studied by Kang et al. (2021). More specifically, these authors focused on the effect of74
the particles on the transition from a conductive to a convective state using as suspension75
continuum model the Suspension Balance Model (SBM). Using linear stability analysis,76
it was shown that the critical Rayleigh number increases with increasing particle volume77
fraction, while the critical wave-number of the instability remains the same. The mechanism78
responsible for the increase of the critical Rayleigh number is the dissipative force which79
is intensified as the effective viscosity of suspensions increases. These authors also carried80
out numerical simulations of the convective regime and reported the decrease of the Nusselt81
number with increasing particle volume fraction, in-line with the decay of the convective82
flow for higher volume fractions. Shear-induced particle migration was also observed, with83
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the particles accumulating in the core of the large-scale circulation structures, away from the84
fast-moving periphery.85

In the turbulent regime, Rayleigh–Bénard convection was studied in the presence of86
point-like particles which also can affect the flow (i.e. two-way coupling between fluid and87
particles), seeOresta&Prosperetti (2013); Park et al. (2018). These studies demonstrated that88
the heat transfer and flow structures can be significantly affected by the particle properties, in89
particular particle diameter and inertia.Other studies considered turbulent thermal convection90
in the presence of point-like vapour bubbles, incorporating the effects of bubble volume91
change through condensation and evaporation (Oresta et al. 2009; Lakkaraju et al. 2011,92
2013). Even though these studies provided useful insight on turbulent thermal convection in93
the presence of point-like particles, a comprehensive investigation is still missing for finite94
size particles.95

Turbulent heat transfer in suspensions of finite size particles was mainly studied in96
forced convection. In the laminar regime, Metzger et al. (2013) studied the effects of97
shear-induced particle diffusion in Couette flows. They reported that the particle movement98
induces fluctuations in the fluid velocity, leading to heat transfer enhancement. Ardekani99
et al. (2018a) performed interface-resolved simulations, similar to this study, and showed100
that particle inertia further increases the heat transfer rate, especially for lower particle101
volume fractions. In a laminar pipe flow, Ardekani et al. (2018b) confirmed the heat transfer102
enhancement in the presence of particles and observed that larger particles produced higher103
heat transfer rates. The same study also considered turbulent conditions and reported that the104
particles have the opposite effect on the heat transfer rates, causing the laminarization of the105
core region of the pipe even for relatively low particle volume fractions and thus a relative106
reduction of heat transfer. Yousefi et al. (2021) studied turbulent channel flows, focusing on107
the characterization of the different regimes of heat transfer encountered when varying the108
Reynolds number from laminar to turbulent conditions and particle volume fraction up to109
35%. Similarly to Ardekani et al. (2018b), the maximum heat flux rates reported by Yousefi110
et al. (2021) were found at low particle volume fractions, O(10%); the heat transfer however111
decreases below the single-phase turbulent values for higher volume fractions due to particle112
migration and the laminarisation of the flow in the channel core, see also Brandt & Coletti113
(2022).114

This study aims to quantify the effects of dispersed finite-size particles in turbulent115
Rayleigh–Bénard convection. The suspended particles are neutrally buoyant, with all ther-116
mophysical properties matching the properties of the fluid. In particular, the focus is to117
reveal the modification of key heat-transfer related quantities (Nusselt number and thermal118
boundary layer thickness), and to describe the underlying physical processes, driving these119
changes in the presence of particles. The remainder of this paper is structured as follows: §2120
presents the mathematical description of the physical problem and aspects of the numerical121
method used to solve the governing equations. The main results are shown and discussed in122
§3. First, the parametric investigation of the particle volume fraction is presented in terms123
of flow visualisation (§3.1), heat transfer modulation (§3.2), two-phase statistics (§3.3),124
turbulent kinetic energy (TKE) budgets (§3.4), heat transfer budgets (§3.5) and two-point125
correlations (§3.6). Moreover, the parametric investigation of the particle size is presented in126
§3.7, utilizing many of the statistical quantities mentioned above. Finally, §4 concludes the127
study, listing the main findings.128
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2. Mathematical formulation and numerical method129

2.1. Governing equations130

Considering a Newtonian fluid within the limits of the Oberbeck–Boussinesq approxima-131
tion (Oberbeck 1879; Boussinesq 1903), the governing equations for the incompressible fluid132
phase become:133
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In the above equations, ! ! is the velocity vector of the fluid phasewith individual components138
(* " , + " ,, " ) along (-, ., /), % is the pressure and ( " the fluid temperature. Moreover, $ " ,139
& " , ) " and ' " denote the density, kinematic viscosity, thermal diffusivity and thermal140
expansion of the fluid. Furthermore, # denotes time, " = −9.81$̂ is the gravity vector and141
(0 is a reference temperature inside the domain. The influence of particles on the fluid142
phase motion is introduced via the source term # , which is activated in the vicinity of the143
particle surface to indirectly impose the no-slip and no-penetration boundary conditions at144
the moving solid boundary.145
The rigid particles are considered to be spherical, neutrally-buoyant (constant density,146

neglecting thermal expansion) with the same properties as the fluid phase. The Newton–147
Euler equations are used to describe the motion of the particles (linear and angular velocity),148
along with the heat transfer equation to calculate the temperature in the solid phase,149
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In these equations, !! and (! denote the particle linear and angular velocity vectors,154
while 0! and 2! denote the particle mass and moment of inertia. Moreover %# and )#155
model the force and torque resulting from any short-range particle-particle and particle-wall156
interactions, and & is the fluid stress tensor. The surface integrals are calculated over the157
particle surface "Ω!, with an outward-pointing normal vector '! and a position vector *158
relative to the particle centre. The heat transfer inside the particles is governed by the same159
equation as the corresponding equation for the fluid, with(! and )! denoting the temperature160
and thermal diffusivity of the particle phase.161

2.2. Numerical method162

We use the direct-forcing immersed boundarymethod (IBM), initially developed byUhlmann163
(2005) and modified by Breugem (2012), to fully resolve the fluid-solid interactions. A164
volume of fluid (VoF) approach (Hirt & Nichols 1981) is coupled with the IBM to solve the165
temparature equation in the two phases (Ström & Sasic 2013). The method has been used166
extensively with several validations reported by Picano et al. (2015), Lashgari et al. (2016)167
and Ardekani et al. (2016) for the fluid-solid interactions and by Ardekani et al. (2018a),168
Ardekani et al. (2018b) andMajlesara et al. (2020) for the heat transfer in particle-laden flows.169
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Furthermore, direct comparison of the numerical results with the experimental measurements170
of Zade (2019) at dense regimes verified the excellent accuracy of the numerical code. All the171
details of the implementation are presented in the aforementioned references. Nonetheless,172
for the sake of completeness, a brief description of the method is also presented here.173
The Navier-Stokes equations governing the fluid phase dynamics are solved on a uniform174

(Δ- = Δ. = Δ/) and staggered Cartesian grid. The spherical particles are discretized by a175
set of Lagrangian points, uniformly distributed along their surface. The IBM forcing scheme176
consists of three steps: (i) the fluid prediction velocity is interpolated from the Eulerian to177
the Lagrangian grid, (ii) the IBM force required for matching the local fluid velocity and the178
local particle velocity is computed on each Lagrangian grid point and (iii) the resulting IBM179
force is spread from the Lagrangian to the Eulerian grid. The interpolation and spreading180
operations are done through the regularized Dirac delta function of Roma et al. (1999), which181
acts over three grid points in all coordinate directions.182
Using the volume of fluid (VoF) approach, proposed inArdekani et al. (2018a), the velocity183

of the combined phase is defined at each point in the domain as184

u#! = (1 − 3) u " + 3u!, (2.7)185

where u " is the fluid velocity and u! the solid phase velocity, obtained as the rigid body186
motion of the particle at the desired point. In other words, the fictitious velocity of the fluid187
phase trapped inside the particles is replaced by the particle rigid body motion velocity188
when solving the temperature equation inside the solid phase; this velocity is computed as189
u! + (! × r with r, the position vector from the center of the particle. The phase indicator190
3 is obtained from the exact location of the fluid/solid interface and used to distinguish the191
solid and the fluid phase within the computational domain. 3 is computed at the velocity (cell192
faces) and the pressure points (cell center) throughout the staggered Eulerian grid. This value193
varies between 0 and 1 based on the solid volume fraction of a cell of size Δ- around the194
desired point. u#! is then used to solve a unified temperature equation, which combines both195
equations (2.3) and (2.6). It should be noted that the computed u#! remains a divergence196
free velocity field.197
Accounting for the inertia and buoyancy forces of the fictitious fluid phase inside the198

particle volume and using the IBM, equations (2.4) and (2.5) are rewritten as below:199
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where the first terms on the right-hand-side describe the IBM force and torque as the204
summation of all the point forces F& on the surface of the particle. The second terms account205
for the inertia of the fictitious fluid phase trapped inside the particle and the third terms206
consider the correction due to applying the buoyancy force to the whole computational207
domain (including the fictitious fluid phase trapped inside the particle). $' is the variable208
density of the fluid, assuming Boussinesq approximation. Finally, F# andT# are the force and209
the torque exerted during the particle-particle/wall interactions. When the gap between two210
particles (or a particle and the wall) is smaller than the grid spacing, the IBM fails to resolve211
the short-range hydrodynamic interactions. Therefore, we use a lubrication correction model212
based on the asymptotic analytical expression for the normal lubrication force between two213
equal spheres (Brenner 1961). When the particles are in collision, the lubrication force is214
turned off and a collision force based on the soft-sphere model is activated. The restitution215
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coefficients, used for normal and tangential collisions, are 0.97 and 0.1, withCoulomb friction216
coefficient 0.15. More details on the short-range models and corresponding validations can217
be found in Costa et al. (2015).218

2.3. Dimensionless parameters219

Considering the type and properties of the particles discussed in the previous section, the220
physical problem studied here is characterised by the following dimensionless parameters:221

222
• Rayleigh number, Ra= |" | 'Δ(53/(&)),223

224
• Prandtl number, Pr= &/),225

226
• Particle volume fraction, Φ = 6!Ω!/Ω()( ,227

228
• Stokes Number, St= 7!/7 "229

230
In the above expressions, 5 is the reference length and Δ( = (ℎ − (# is the temperature231

difference between the heated ((ℎ) and cooled ((#) boundaries of the domain. Moreover 6!232
and Ω! denote the total number of particles and the volume of each particle. The Stokes233
number is defined as the ratio of the characteristic particle time scale 7! = !2!/(18&), where234
!! is the particle diameter, to a characteristic fluid time scale 7 " . Depending on the definition235
of 7 " , two different Stokes number definitions can be given: (i) 8#+ = !2!9

1/2/(18&3/2)236

based on the Kolmogorov time scale (&/9)1/2, where 9 is the energy dissipation rate, and (ii)237
8# " = !∗!

2(Ra/Pr)1/2/18, based on the free-fall time scale (5/(:'Δ())1/2, where !∗! is the238
dimensionless particle diameter. Both of these definitions are important in characterizing the239
flow since 8#+ characterises the particle response to the effects of the smaller flow scales,240
while 8# " characterises the large-scale effects.241
The most important output parameter is the Nusselt number, expressing the heat transfer242

inside the cavity and defined as Nu= ℎ5/< , where ℎ and < denote the convection and243
conduction heat transfer coefficients. In the simulations, the Nusselt number over a surface244
8 with an outward-pointing normal vector ', is calculated as, Nu= 〈∇(∗ · ',〉, , where245
the operation 〈Ψ〉- denotes the averaging of the dependent variable Ψ with respect to246
the independent variable =. Another informative output parameter is the Reynolds number247
Re=5>/&, which provides a measure of the extent of turbulence. More specifically, using the248
maximum rms of the fluid vertical velocity ,./0" as a characteristic velocity amplitude (as249
in Calzavarini et al. (2005) and van der Poel et al. (2013) for example), the Reynolds number250
can be used to characterise the turbulence-inducing effect of the large-scale circulation251
structures that steer the flow.252
The reference scales used for the non-dimensionalization are 5 as the length scale,253

(:'Δ(5)1/2 as the velocity scale and the free-fall time scale. The temperature is made254
dimensionless as (∗ = (( −(0)/(Δ(), where (0 = ((ℎ +(#)/2. To avoid overloaded notation,255
in the remainder of this paper all reported quantities are dimensionless without any special256
annotation.257

2.4. Case description258

The three-dimensional geometry considered in the present study is shown in figure 1.259
A fluid layer containing the suspended particles is enclosed between two infinitely long260
horizontal solid walls, heated from below and cooled from above at a constant temperature.261
The - and . directions are here assumed periodic. The domain dimensions are defined as262
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51

52

53

Figure 1: Schematic representation of the set-up used in the present study. The domain
dimensions along the -, . and / directions are

(
51 , 52 , 53

)
=(2, 2, 1) and the diameter of

the suspended particles is set to !! = 1/15. The fluid and the suspended particles are
heated from the bottom wall (depicted in red) and cooled from the top wall (in blue).

Ra Pr !∗! Φ ?1 × ?2 × ?3 CFL

108 7 {1/20, 1/15, 1/10} {0, 1, 5, 10, 15,
20 25, 30, 35, 40} 960 × 960 × 480 0.5

Table 1: Physical and numerical parameters adopted in the present study. The free-fall
based Stokes number values corresponding to the dimensionless particle diameters listed
are 8# " =0.5, 0.9 and 2.1 respectively. The values of the Kolmogorov based Stokes number

are presented in § 3.4 and § 3.7.

(
51 , 52 , 53

)
=(2, 2, 1). The suspended spherical particles do not exhibit thermal expansion263

and are therefore considered neutrally buoyant. Moreover, all the particles have the same264
diameter and share the same thermophysical properties as the fluid. In § 3.1–3.6, a parametric265
study of the particle volume fraction is carried out, with Φ = 0 − 40% and a fixed266
dimensionless particle diameter of !∗!=1/15. Afterwards, in § 3.7, the effects of the particle267
size are explored, with !∗!=1/20 – 1/10 and a fixed particle volume fraction ofΦ = 35%. The268
values of the dimensionless parameters adopted along with other numerical parameters are269
shown in table 1, describing a total of 12 simulations. For simplicity we will use !∗! instead of270
8# " to distinguish between the different cases. Moreover, since no analytical relation exists271
for calculating the energy dissipation rate as in single-phase convection (see e.g. Ahlers272
et al. (2009)), an a posteriori analysis is required to calculate the Kolmogorov based Stokes273
number, which is presented in § 3.4 and § 3.7.274
To justify the adopted grid resolution, the criterion suggested in Shishkina et al. (2010) is275

used to calculate themaximumgrid spacingΔ//41 inside the thermal boundary layers. For the276
parameters used in the present study, Δ//41 = 2−3/20.481−10.982−3/2?*−3/2. Considering a277
value ?* = 32.4, calculated in the single-phase Rayleigh–Bénard convection (Stevens et al.278
2010; van der Poel et al. 2013), this criterion gives Δ//41 = 4.08× 10−3 which corresponds279
to a uniform grid of 245 grid points along the wall normal direction. Since the presence of the280
particles is expected to influence the flow, the present study adopted a uniform grid spacing281
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which is almost half of what the criterion suggested, corresponding to 960 × 960 × 480 grid282
cells. Relative to the particles, this resolution corresponds to 24, 32 and 48 grid points per283
particle diameter, for the different particle diameters listed in table 1. This resolution was284
proven to be appropriate in other turbulent DNS studies (Ardekani et al. 2018a; Yousefi et al.285
2020, 2021).286
All simulations are initialised using a statistically stationary solution from the single-287

phase case (Φ = 0%), superimposed with the required number of particles at random288
locations. A dynamically adjusted time step is adopted, respecting the restriction of the289
Wray’s Runge–Kutta scheme (Wesseling 2009) by using CFL=0.5. The final time of each290
simulation was decided on an individual basis. More specifically, since the study will mainly291
present the statistics of the flow, an initial period is allowed for a statistically stationary state292
to be developed, followed by an extended time period to collect adequate statistical samples.293
This procedure is illustrated in figure 2(a), for the case with Φ = 20% and !∗!=1/15. After294
an initial transient, the Nusselt number on the bottom wall fluctuates around a distinct mean295
value. To avoid contaminating the statistical sample with the values at the initial stages of the296
simulation, the statistical sampling starts after the stabilization of the mean Nusselt value.297
Figure 2(b) shows the running average of the Nusselt number on both the bottom and top298
walls, after the initial transient period. The statistical sample is considered large enough299
when the difference between the two time-averaged Nusselt values is of the order of 0.1%.300
To further enhance the statistical samples, the top-bottom symmetry of the problem is301

exploited by averaging the fields between symmetric locations at the top and bottom halves302
of the cavity. Furthermore, since the - and . directions are periodic, the statistical fields are303
also averaged along horizontal planes. The resulting time- and area-averaged observables304
(denoted as 〈·〉( ,1,2 or simply 〈·〉) vary only along the vertical direction /. The area-averaged305
rms values are calculated in a consistent manner, for example the rms values of the fluid306
temperature field are calculated as,307

(./0" =

√〈
(2
"

〉
( ,1,2

−
〈
( "

〉2
( ,1,2

. (2.10)308

All the simulations presented in this study ran on 576 CPU processors. The single-phase309
simulation was performing on average 980 time steps per hour, while the simulation with the310
highest particle volume fraction Φ = 40% was performing 113 time steps per hour. Given311
that the time step was roughly the same in all cases, the simulation with Φ = 40% was312
approximately 9 times slower than the single-phase simulation, highlighting the significant313
computational overhead of the particle calculations.314

3. Results315

3.1. Flow visualisation316

To get a first appreciation of the flow within this configuration, figure 3 shows the instanta-317
neous temperature fields and particle locations along a wall normal . − / plane, for different318
values of the particle volume fractions and a fixed particle diameter of !∗!=1/15. In all cases,319
hot and cold plumes are ejected from the bottom and top boundary layers. These plumes320
feed the large-scale circulation in the bulk of the cavity, which is evident from the particle321
motion. In particular, the bulk of the cavity accommodates regions with coordinated upward322
and downward particle motions. Furthermore, as better illustrated in figure 4, with increasing323
particle volume fraction there exists an increased layering of particles along the bottom and324
top walls. This is more pronounced for Φ = 40% (figure 4(d)), where the walls are covered325
with tightly packed particles. In addition, for smaller particle volume fractions, the particles326
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(a) (b)

# #

Nu 〈 N
u〉
(

Figure 2: (a) Time series and running average of the Nusselt number on the bottom wall.
(b) Running average of the Nusselt number on both the bottom and top walls. The plots

correspond to the case Φ = 20% and !∗!=1/15.

-0.4

-0.2

0

0.2

0.4

T

0.2

0.4-

-

-0.4

-0.2

0

0.2

0.4

T

0.2

0.4-

-

-0.4

-0.2

0

0.2

0.4

T

0.2

0.4-

-

-0.4

-0.2

0

0.2

0.4

T

0.2

0.4-

-

-0.2

0

0.2

Wp

-0.2

0

0.2

Wp

-0.2

0

0.2

Wp

-0.2

0

0.2

Wp

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.05

(a) (b)

(c) (d)

Figure 3: Snapshots of the temperature field along with the particle locations in a
wall-normal . − / plane. The particles are coloured based on their vertical velocity ,. (a)
Φ = 10%, (b) Φ = 20%, (c) Φ = 30%, and (d) Φ = 40%. In all the cases, !∗!=1/15. Since
the contour plane is partially transparent, the particles with centers located behind the

plane appear to have a halo around them.

appear to be cooler next to the bottom heated wall. As the particle volume fraction increases,327
the particles have, on average, a higher temperature, suggesting a longer residence time in328
the near wall region.329
Focusing on the fluid phase, figure 5 shows two instantaneous temperature isosurfaces for330

different values of the particle volume fraction. These isosurfaces give a better understanding331
of the structure of the plumes that are ejected from the bottom and top boundary layers.332
Starting from Φ = 10%, the bottom boundary layer features an active region with intense333
plume ejection next to a more quiescent region. The same is true for the top boundary layer,334
with its quiescent region located opposite the bottom boundary layer’s active region, and vice335
versa. This three-dimensional plume configuration facilitates the presence of a large-scale336
circulation. For particle volume fractions up to 30%, the presence of a solid phase intensifies337
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(a) (b)

(c) (d)

Figure 4: Snapshots of the first particle layer next to the bottom wall (- − . plane). The
particles are coloured based on their temperature. (a) Φ = 10%, (b) Φ = 20%, (c)

Φ = 30%, and (d) Φ = 40%. In all the cases, !∗!=1/15.

(a) (b)

(c) (d)

Figure 5: Snapshots of temperature isosurfaces for (a) Φ = 10%, (b) Φ = 20%, (c)
Φ = 30%, and (d) Φ = 40%. In all the cases, !∗!=1/15. Red colour corresponds to ( = 0.1

and blue colour corresponds to ( = −0.1.
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the plumes in the quiescent regions. Furthermore, the particle inertia helps the plumes ejected338
from the active regions to travel through the bulk of the cavity all the way to the opposite339
boundary layer. By contrast, increasing the particle volume fraction even further, to 40%, has340
the opposite effect; the ejection of plumes is suppressed, without a clear distinction between341
active and quiet regions and no clear indication of a large-scale circulation structure as we342
shall discuss in detail below.343

3.2. Heat transfer modulation344

The heat transfer inside the cavity is expressed through the Nusselt number, defined in345
§2.3, and shown in figure 6(a) as a function of the particle volume fraction, for !∗!=1/15.346
The Nusselt number is calculated by averaging the heat fluxes at the bottom and top walls.347
Up to Φ = 25%, the Nusselt number increases almost linearly with the particle volume348
fraction, reaching a maximum value of 33.8, from 31.8 atΦ = 0%; a relatively mild increase349
of approximately 6%. Beyond that point, a steep decrease is observed with the Nusselt350
number dropping to 7.8 for the highest particle volume fraction considered, Φ = 40%.351
This observation is similar to what reported in Yousefi et al. (2021) for finite-size particle352
suspensions in a channel flow. In that study, the maximum Nusselt number was encountered353
at a particle volume fraction of 10%, for all the Reynolds numbers within the transitional or354
fully turbulent regimes. The authors attributed the decrease of the Nusselt number at higher355
values of Φ to the decreased mixing due to the particle migration towards the channel core.356
More specifically, turbulence fluctuations decrease significantly at the centreline where the357
particles move together as a compact aggregate with reduced relative velocities and rotation358
rates. This is however different from what is observed in figure 3 for the present Rayleigh-359
Bénard case, where the particle layers next to the walls becomemore packed when increasing360
the particle volume fraction. This will be examined quantitatively in §3.3, where the average361
local volume fraction inside the cavity is presented. In addition, to explain the effect of362
particle volume fraction on the heat transfer inside the cavity, the heat transfer budgets will363
be presented and discussed in §3.5.364
Another important characteristic of thermal convection is the thermal boundary layer365

thickness, defined either using the temperature gradient at the wall,366

@∇5 =

(
∇ 〈(〉

..
3=0

)−1
2 , (3.1)367

or as the location of the maximum rms of the temperature field,368

@./0 = argmax3 ((./0) , (3.2)369

where( is the phase averaged temperature. As shown in different single-phase studies (Wang370
& Xia 2003; Demou & Grigoriadis 2019), the two definitions do not necessarily coincide,371
with @∇5 calculated at the wall (therefore being closely associated with the Nusselt number),372
while @./0 is calculated inside the flow. As a natural length-scale, @./0 was shown to be373
more effective in the scaling of higher order moments of the temperature field (Tilgner et al.374
1993; Zhou & Xia 2013). The values of the thermal boundary layer thickness obtained from375
both definitions are shown in figure 6(b) as a function of the particle volume fractions. As376
expected from its definition, @∇5 follows the opposite trend as of the Nusselt number, with a377
small decrease for moderate particle volume fractions and a steep increase beyondΦ = 25%.378
On the other hand, @./0 increases monotonically with the solid volume fraction in the range379
explored. Starting from slightly different values at Φ = 0%, the two definitions converge to380
approximately the same value at Φ ≈ 20% and retain their agreement for up to Φ ≈ 35%.381
At the highest volume fraction considered, a large deviation is observed. Even though the382
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Figure 6: (a) Nusselt number and (b) thermal boundary layer thickness as a function of the
particle volume fraction, for !∗!=1/15. The boundary layer thickness based on the gradient
is defined in equation (3.1) and the rms-based definition given in equation (3.2). Both

quantities are calculated by averaging the relevant quantities at the bottom and top walls.

temperature gradient at the walls decreases and @∇5 increases significantly, the maximum383
temperature rms value does not shift further from the walls, which explains the difference384
between the two values at the highest particle volume fractions. As observed in figure 3(d),385
the dense particle layer next to the walls enhances the mixing in the near-wall regions,386
therefore reducing the Nusselt number, yet it still induces significant thermal agitation in this387
region. These observations will be further substantiated by the investigation of the statistics388
of the temperature fields in § 3.3.2.389

3.3. Two-phase statistics390

3.3.1. Particle distribution391

Of special interest is the local particle volume fraction A, defined as the fraction of a grid cell392
inside a particle. This observable serves as an indicator function, taking the value A = 1when393
the grid cell is fully immersed in a particle and A = 0 when there is no solid phase inside the394
grid cell. Its time average is therefore the probability of finding the solid phase in the volume395
under investigation. With the present definition, the local volume fraction goes to zero as396
/ → 0 because there can only be contact in isolated points between the spheres and the solid397
boundary. Further exploiting the symmetries of our configuration, we will therefore consider398
the time- and area-averaged local particle volume fraction 〈A〉 as a function of the vertical399
direction /, shown in figure 7 for the different values of the nominal particle volume fraction400
under investigation, and !∗!=1/15. In all the cases, we see a peak close to the wall, indicating401
the presence of a layer of particles adjacent to the boundary, while the bulk of the cavity402
features a homogeneous local volume fraction distribution with 〈A〉 ≈ Φ. A similar behaviour403
was also observed for moderate particle volume fractions in strongly turbulent channel flows,404
attributed to the one sided wall-particle interactions (Costa et al. 2016; Lashgari et al. 2016;405
Yousefi et al. 2021). On the other hand, suspensions in laminar Rayleigh–Bénard convection406
exhibited the opposite behaviour of shear-induced particle migration to the core of the407
cavity (Kang et al. 2021). The peak close to the wall is more pronounced as the particle408
volume fraction increases, confirming the increased layering of particles next to the walls409
depicted in the instantaneous fields shown in figure 3. In the present study, the average local410
volume fraction for the case with Φ = 40% reaches a maximum value of A/41 = 0.832.411
Given that the volume fraction for maximum circle packing is 0.907 (Chang &Wang 2010),412
the case with Φ = 40% exhibits an almost fully packed particle layer next to the walls. A413
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Figure 7: Average local particle volume fraction as a function of the vertical direction for
different values of the particle volume fraction specified in this study. In all the cases,

!∗!=1/15.

particle wall-layer was first observed by Picano et al. (2015) in turbulent channel flow of414
dense suspensions, where the authors explained this formation by a mechanism similar to415
that usually observed in laminar Poiseuille and Couette flows (Yeo & Maxey 2010, 2011;416
Picano et al. 2013). Within this mechanism, once a particle reaches the wall, the strong417
wall–particle lubrication interaction stabilises the particle wall-normal position. Hence, it418
becomes difficult for the particles belonging to the first layer to escape from it.419
We also note that, as the particle volume fraction increases, the location of the maximum420

local volume fraction is also affected, moving closer to the wall by adding more particles.421
More specifically, at Φ = 10% the maximum is located at / = 0.051, while at Φ = 40%422
the maximum is at / = 0.034, approximately half of the particle diameter from the wall.423
Consequently, the particles that form the dense layer at Φ = 40% are in close proximity with424
the wall. In addition, as the particle volume fraction increases, a second and third maximum425
appear. Again, this second maximum further from the wall is more pronounced as the value426
of Φ increases, but its location remains constant at / = 0.105 (approximately one an a half427
particle diameters from the wall). These observations suggest that, as the particle volume428
fraction increases, the flow conditions lead to the formation of a second (less dense) particle429
layer in the vicinity of the wall. The case with Φ = 40% also exhibits two additional smaller430
maxima, before the profile of the local volume fraction reaches a homogeneous distribution431
in the bulk of the cavity. In other words, by adding more particles to the flow, more layers432
are forming before the uniform distribution in the central region of the cavity is reached.433

3.3.2. Temperature statistics434

Figure 8 shows the wall-normal profiles of the temperature statistics for !∗!=1/15 and different435
particle volume fraction. Focusing first on the fluid and particle mean temperatures in436
figures 8(a) and (c), we note that the different profiles are similar in the different cases up437
to Φ = 30%, with a strong gradient next to the wall and almost isothermal conditions in the438
cavity core. These characteristics are also encountered in single-phase turbulent Rayleigh–439
Bénard studies (Zhou & Xia 2013; Demou & Grigoriadis 2019). As the particle volume440
fraction increases, there is an increase of the temperature next to the heated wall (decrease441
next to the cooled wall) in the region around / = 0.05 for both the fluid and the particles,442
in correspondence to the edge of the particle wall layer, before ( decays and reaches to443
the isothermal condition in the central region of the cavity. For Φ = 40%, this effect is444
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Figure 8: Wall-normal profiles of the temperature statistics for different values of the
particle volume fraction. (a) Mean fluid temperature, (b) rms of the fluid temperature, (c)
average particle temperature and (d) rms values of the particle temperature. In all the

cases, !∗!=1/15.

much more pronounced and extends over a larger region, approximately up to two particle445
diameters from the wall. These results indicate a mixing enhancement in the vicinity of446
the wall, which is correlated with the accumulation of particles in this region, as discussed447
previously in relation to the volume fraction distributions in figure 7. Comparing the results448
pertaining the two phases, we note that the temperature of the fluid and particles agree fairly449
well throughout the cavity, except for a small region between one and two particle diameters450
from the wall, where the temperature of the particles next to the heated (cooled wall) drops451
below (rises above) the fluid temperature.452
The intensity of the temperature fluctuations is shown in figures 8(b) and (d) for the453

fluid and particles. The profiles are characterised by a sharp increase with a maximum454
in the near-wall region, before decreasing towards the cavity core. Again, this behaviour455
is not very different to what reported in single-phase Rayleigh–Bénard studies (du Puits456
et al. 2007; Zhou & Xia 2013). As the particle volume fraction increases up to 30%, both457
the fluid and particle profiles exhibit increased rms values, revealing an increased thermal458
agitation throughout the cavity. In line with the variation of @./0 in figure 6, the location459
of the maximum rms value shifts slightly away from the wall when increasing the value of460
the volume fraction Φ. At Φ = 40%, the temperature fluctuation profiles are significantly461
altered, exhibiting decreased values and pronounced differences between fluid and particles.462
A secondary maximum appears in the fluid profile, at approximately one particle diameter463
from the global maximum. At this location, the particle temperature rms exhibits a spike that464
is even larger than the maximum closer to the wall. Similar temperature rms profiles were465
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reported by (Ciliberto & Laroche 1999) who studied thermal convection in the presence of466
roughness and observed that a second rms maximum appears when the thermal boundary467
layer is thin enough to interact with the heated plate roughness. This happens when the468
thermal boundary layer thickness is less than half of the roughness thickness (diameter of the469
largest spheres that were glued together to create the rough surfaces in the experiments). In the470
present study, the opposite effect is observed: the rms profiles exhibit a single rms maximum471
for the cases where the thermal boundary layer thickness is smaller than half the particle472
diameter (cases with Φ < 35%), while a secondary rms maximum is observed for the case473
where the thermal boundary layer thickness becomes comparable to the particle diameter474
(case with Φ = 40%). Therefore, even though the temperature rms profiles presented here475
exhibit similarities with thermal convection in the presence of roughness, the mechanisms476
that cause these effects are probably different. In the present study, these new rms maxima477
at Φ = 40% are found between the maximum local volume fractions shown in figure 7,478
suggesting the increased influence of the particle motion for the thermal agitation in this479
region. To support this claim, the following section presents the fluid and particle velocity480
statistics.481

3.3.3. Velocity statistics482

The presence of counter-rotating large-scale circulation structures in the Rayleigh–Bénard483
configuration complicates the study of the area- and time-averaged velocity field which484
reduces to almost zero after adequate sampling, i.e. 〈*〉 = 〈+〉 = 〈,〉 = 0. Because of this,485

the velocity rms values reduce to *./0 =
√〈
*2

〉
, +./0 =

√〈
+2

〉
and ,./0 =

√〈
,2

〉
. To486

identify the role of different flow structures, the average fluid and particle kinetic energy per487
unit mass can be divided into488

Bℎ" =
1
2

((
*./0"

)2
+

(
+./0"

)2)
, B 6" =

1
2

(
,./0"

)2
, (3.3)489

Bℎ! =
1
2
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*./0!

)2
+

(
+./0!

)2)
, B 6! =

1
2

(
,./0!

)2
, (3.4)490

491

where subscripts ℎ and + correspond to the horizontal and vertical contributions. The average492
kinetic energy can be used to characterise the flow large-scale motions. In particular, the493
horizontal contributions are associated with the velocity of the structures that sweep the494
boundary layers, while the vertical contributions are associated with the velocities in the495
bulk of the cavity.496
The horizontal contributions of the fluid and particle average kinetic energy per unit mass497

are shown in figures 9(a) and (c), with !∗!=1/15. Similar to the temperature rms fields, the498
horizontal kinetic energy contributions reach a maximum at some distance from the wall499
and decay towards the bulk of the cavity. The big difference with the temperature rms fields500
is that increased particle volume fraction leads to decreased kinetic energy. Additionally,501
the variations with the particle volume fraction are larger for the kinetic energy than for the502
temperature fluctuations, even for moderate particle volume fractions. Nonetheless, similar503
to the temperature fluctuations, the location of the maximum moves away from the wall504
when increasing the value ofΦ. This suggests a change in the way the large-scale circulation505
structures sweep the boundary layers. Otherwise known as "wind of turbulence", these506
circulation structures unsettle the fluid in the vicinity of the wall and contribute to the507
development of the viscous boundary layers. The maximum value of the horizontal kinetic508
energy gives an indication of the location of the outer edge of the viscous boundary layer, as509
well as the location of the periphery of the large-scale circulation structures. In this context,510
the results for the horizontal kinetic energy distributions, Bℎ" and B

ℎ
!, indicate the thickening511
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Figure 9: Components of the average kinetic energy per unit mass, derived from the
velocity rms, as a function of the vertical direction for the different particle volume
fractions indicated. (a) Horizontal and, (b) vertical contribution of the fluid, see

equation (3.3); (c) horizontal and, (d) vertical contribution from the particles, defined in
equation (3.4). In all the cases, !∗!=1/15.

of the viscous boundary layer, as well as the weakening of the rotation of the large-scale512
circulation structures with increasing particle volume fraction. Comparing the locations of513
the maximum of the kinetic energy and the temperature rms, it is clear that the viscous514
boundary layer is much thicker than the thermal boundary layer, as expected from the value515
of the Prandtl number %C = 7, expressing the relative strength of momentum over thermal516
diffusion.517
The vertical velocity fluctuations B 6" and B 6! are depicted in figures 9(b) and (d). These518

fields reach the maximum value at the center of the cavity, with very small values close to519
the walls. Weakening with increasing particle volume fraction is also found for the vertical520
motions, throughout the cavity. Since the bulk of the cavity is mostly dominated by the521
ascending and descending thermal plumes that form the upward and downward sections of522
the large-scale circulation, these results corroborate the notion of a weakened circulation.523
Combining the different observations drawn from figure 9, it is clear that the overall kinetic524
energy and the strength of the large-scale circulation decreases everywhere in the cavity with525
increasing particle volume fraction.526
The Reynolds number based on the maximum rms value of the fluid vertical velocity527

can act as a measure of the turbulence, induced by the large-scale circulation structures.528
Figure 10 shows the Reynolds number as a function of the particle volume fraction. The529
Reynolds number decreases monotonically as the number of particles in the cavity increases.530
For Φ ! 25% the decrease is relatively mild, while for larger particle volume fractions the531
decrease is more pronounced. AtΦ = 40%, a Reynolds number value of approximately 515 is532
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Figure 10: Reynolds number based on the maximum rms value of the fluid vertical
velocity, Re=5,./0" /&, as a function of the particle volume fraction, for !∗!=1/15.
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Figure 11: Average particle angular velocity as a function of the vertical direction. (a)
Horizontal component, and (b) vertical component. In all the cases, !∗!=1/15.

obtained, almost a third of the single-phase value of 1424. Even though the Reynolds number533
value at the highest particle volume fraction is significantly decreased, it is not as small to534
suggest a complete breakdown of the large-scale circulation. Nonetheless, in line with the535
Nusselt number reduction and the kinetic energy profiles previously shown, the turbulence536
induced by the large-scale circulation is rapidly weakened beyond Φ = 30%.537
To also analyze the effects of particle rotation, the horizontal (rotation axis in the x-y538

plane) and vertical (rotation axis in the z-direction) components of the average absolute539
particle angular velocity |4! | are shown in figure 11. To conduct the averaging, the vertical540
direction is split into 30 equal intervals, inside of which the angular velocity of each particle541
is added and divided by the number of particles inside each specific interval. As with other542
statistical fields presented in this study, an additional averaging between the symmetric top543
and bottom locations is performed, resulting in 15 intervals in the vertical direction. A first544
observation from figure 11 is that the particle rotation decreases with the particle volume545
fraction. The horizontal component is much larger than its vertical counterpart, and has an546
important role in the heat transfer process next to the wall: it drags colder fluid closer to547
the heated wall and hot fluid away from the heated wall (the opposite applies next to the548
cooled wall). This process contributes to retain higher heat transfer rates up to Φ = 30% (cf.549
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Figure 12: Nusselt number of the suspensions for cases with and without particle rotation,
as a function of the particle volume fraction, for !∗! = 1/15.
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Figure 13: Comparison between simulations where particle rotation is allowed and when
it is not allowed. (a) Temperature rms of the fluid phase, and (b) horizontal contribution of

the kinetic energy per unit mass of the fluid. In all the cases, !∗! = 1/15.

figure 6a), even though the turbulent activity in the cavity (see the velocity rms values shown550
in figure 9) decreases significantly with the particle volume fraction. For the largest particle551
volume fraction,Φ = 40%, where the boundary layers are covered with a tightly packed layer552
of particles, the rotation next to the walls further diminishes, causing the significant decrease553
of the Nusselt number reported above, see figure 6(a).554
To provide further evidence on the role of particle rotation in sustaining the heat transfer,555

three additional simulations were conducted where particles are not allowed to rotate, but556
just translate. The volume fractions considered for this analysis are Φ=10%, 20% and 30%,557
and !∗!=1/15. First, we compare in figure 12 the Nusselt number for the cases with and558
without particle rotation. As in §3.2, the Nusselt number is calculated by averaging the559
corresponding values at the bottom and top walls. For all three particle volume fractions,560
the Nusselt number is reduced when particles are not allowed to rotate. This reduction561
increases with the particle volume fraction, exceeding 30% reduction at Φ = 30%. On the562
other hand, the temperature fluctuations in the fluid phase, reported in figure 13(a), exhibit563
the opposite trend, with the maximum values increasing as the particle volume fraction564
increases. This observation reveals another aspect of particle rotation, the rotation-induced565
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thermal mixing, the absence of which leads to increase temperature inhomogeneities in the566
cavity, and therefore increased temperature fluctuations. Finally, the horizontal component of567
the fluid kinetic energy, is shown in figure 13(b). In contrast to the temperature fluctuations,568
the kinetic energy decreases when rotation is not allowed, revealing the importance of particle569
rotation for the overall turbulence production inside the cavity, see also Costa et al. (2018)570
and Brandt & Coletti (2022) for the case of pressure-driven channel flows.571

3.4. Turbulent kinetic energy budgets572

A TKE budget analysis is given here to reveal the role of particles on altering the production573
and dissipation of TKE. Considering the Navier-Stokes equations with the IBM force (f),574
employed to impose no-slip at the particle surface, the TKE budget can be written for a575
steady state turbulent flow (!B/!# = 0) as:576

"T7
"-7

= P − 9 + I , (3.5)577

P = 〈
[
1 − ' "

(
( " − (0

) ]
:*7D73 〉 , (3.6)578

9 = & 〈 "*7
"- 8

"*7
"- 8

〉 , (3.7)579

I = 〈*7 E7〉 . (3.8)580

where T is responsible for the spatial redistribution of the kinetic energy, P denotes the581
production through buoyancy forces, 9 refers to the viscous dissipation and finally I is the582
interphase energy injection via the IBM force (Tanaka & Teramoto 2015).583
Figure 14(a) depicts the profiles of P, 9 and I at different volume fractions, for !∗! =584

1/15. Similarly, the spatial redistribution term in the wall-normal direction is given in585
figure 14(b). Interestingly, the dissipation is reduced significantly with the volume fraction in586
the immediate vicinity of the wall, while the production is almost unchanged in that region.587
In the regions further away from the wall, both production and dissipation are reduced with588
increasing particle volume fraction. This is consistent with the attenuation in overall TKE,589
reported in figure 9. It should be noted that the interphase energy injection I is several orders590
of magnitude smaller than the other terms and its effect can be neglected here. A closer look591
at figure 14(b) reveals a local minimum in the spatial redistribution term, located just above592
a particle diameter from the wall, where the particle wall-layer ends. This local minimum593
is emphasized as the particle volume fraction increases, where the particle layering next to594
the walls is more pronounced. It can be concluded from this analysis that the formation of a595
particle wall-layer close to the wall pulls the generated TKE towards the wall and dissipates596
it faster through viscous dissipation. This mechanism is in fact more pronounced when the597
particle volume fraction is higher.598
With the availability of the TKE dissipation, the Kolmogorov based Stokes number 8#+ =599

!2!9
1/2/(18&3/2) can be calculated. In the range Φ < 30%, an approximately constant value600

of 8#+ = 3.9 is obtained. At higher particle volume fractions it decreases to 8#+ = 3.5 at601
Φ = 35% and 8#+ = 3.0 at Φ = 40%. Even though the Stokes number reduction is not602
pronounced, it does suggest the increasing impact of the turbulent fluctuations on the particle603
movement as the particle volume fraction increases.604

3.5. Heat transfer budgets605

To provide further insight in the heat transfer mechanisms inside the cavity, we present in606
this section the analysis of the heat transfer budgets. The phase-ensemble procedure adopted607
in this study allows to express the different contributions to the total heat flux inside the608
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Figure 14: TKE budgets for different particle volume fractions, as a function of the
vertical direction. (a) Solid lines, production (P); dashed lines, dissipation (9);

dashed-dotted lines, interface injection (I). (b) Redistribution term in the wall-normal
direction ("T3/"/). In all the cases, !∗!=1/15.

cavity as a function of the wall normal direction. Following the derivations in Ardekani et al.609
(2018a) and Yousefi et al. (2021), one can obtain the following relation,610
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where ,′ = ,(#) − 〈,〉 and ( ′ = ( (#) − 〈(〉 are the fluctuations of the vertical velocity and612
temperature. The total heat flux can be split into diffusion and convection in each phase,613
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where G expresses the convection and H the diffusion components in the fluid and particles.615
Thewall-normal distributions of the normalised heat transfer budgets are shown in figure 15616

for different particle volume fractions and !∗!=1/15. As expected, the region close to the wall617
is mainly dominated by diffusion, while the bulk of the cavity is dominated by turbulent618
convection. In the fluid phase, the contribution of convection decreases as the particle619
volume fraction increases, with a dramatic decrease for Φ = 40% in the / < 0.1 region.620
On the other hand, the relative contribution of fluid diffusion increases, more significantly621
for Φ = 40%, with a pronounced maximum at approximately one particle diameter from622
the wall. As regards the heat transfer in the particle phase, increasing the particle volume623
fraction results in an increase of the contributions to the total transport, with the exception of624
convection atΦ = 40% that decreases in a similar fashion as in the fluid phase. Most notably,625
the normalised particle diffusion increases significantly next to the walls for Φ = 40%,626
reflecting the dense layering of particles in that location.627
Figure 16 presents the aggregated heat transfer budget, in the form of total convection and628

total diffusion in the two phases; note that the sum of the two is constant across the cavity629
and equal to the total heat transfer for each case, quantified earlier by the Nusselt number.630
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Figure 15: Normalised contributions of the heat transfer budgets for different particle
volume fractions as a function of the wall-normal direction. (a) Convection by the fluid
velocity fluctuations; (b) molecular diffusion in the fluid phase; (c) convection by the

particle velocity fluctuations, and (d) molecular diffusion in the particle phase. In all the
cases, !∗!=1/15.
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Figure 16: Convective and diffusive contributions to the total heat transfer for different
particle volume fractions. (a) Convection by both the fluid and particle velocity

fluctuations, and (b) molecular diffusion in both phases. In all the cases, !∗!=1/15.
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Interestingly, the significant drop in kinetic energy with increasing particle volume fraction631
(depicted in figure 9), is not reflected in the convection budgets, which are only slightly632
affected up to Φ = 30%. This is mainly attributed to the increasing temperature fluctuations633
(shown in figure 8) that overcome the decreasing kinetic agitation and retain the intensity of634
convection heat transfer. Furthermore, the data show that the largest contribution to the heat635
transfer from turbulent convection in the bulk and, consequently, diffusion in the near-wall636
region occurs for Φ = 20%. A similar behavior is also observed for Φ = 10% and 30%.637
Conversely, the Φ = 40% case exhibits a significant decrease of the convection in the bulk638
(reflected in the significant reduction of the Nusselt number); in this case, the shift between639
convective and diffusive transport does not occur in the close vicinity of the wall as for the640
lower values ofΦ, but already for / < 0.1, where a plateau is formed. In this region, the total641
contribution from diffusion is larger for Φ = 40% than for the other cases, except from the642
region very close to the wall where the lower particle volume fraction cases have significantly643
larger diffusion. These results quantify the effect of the tightly packed layer of particles next644
to the walls at Φ = 40%, which significantly influences all heat transfer budgets.645

3.6. Two-point correlations646

To study the effects of particle volume fraction on the fluid structures inside the cavity, the647
two-point spatial correlations of the velocity fluctuations along the horizontal directions are648
presented. These correlations are calculated as,649

I199 (Δ-, /) =
〈*′ (-, ., /, #) *′ (- + Δ-, ., /, #)〉〈

(*′ (-, ., /, #))2
〉 ,
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(*′ (-, ., /, #))2
〉 ,

(3.11)650

and likewise for I166 (Δ-, /), I
2
66 (Δ., /), I1:: (Δ-, /) and I2:: (Δ., /). Taking into account651

that the horizontal - and . directions are homogeneous, some correlations are statistically652
equivalent, more specifically (I199 , I

2
66 ), (I166 , I

2
99), and (I1:: , I

2
:: ) are equivalent in653

pairs. Since the near-wall region is dominated by the horizontal sweeping flow of the large-654
scale circulation, the correlation groups (I199 , I

2
66 ) and (I166 , I

2
99) provide information655

about the shape and degree of coherence of these horizontal flow structures. Conversely,656
(I1:: , I

2
:: ) provides similar information for the vertical flow structures in the bulk of the657

cavity, which is dominated by the ascending and descending plumes that fuel the large-scale658
circulation.659
Figure 17 shows these three groups of two-point correlation functions for Φ = 0%, 35%660

and 40%, with !∗!=1/15. The other cases are omitted because they are qualitatively similar to661
casesΦ = 0% and 35%. As expected, the correlation (I1:: +I2:: )/2 (first row in the figure)662
becomes larger in the bulk of the cavity, while (I199 + I

2
66 )/2 and (I166 + I

2
99)/2 (second663

and third rows) are larger closer to the walls. Focusing on the differences between Φ = 0%664
and 35% (first and second columns), it is clear that the degree of correlation increases with665
increasing particle volume fraction and therefore the flow structures become coherent over666
larger distances. This observation indicates a change in the shape of the fast-moving periphery667
of the large-scale circulation, which becomes thickerwith increasing particle volume fraction.668
It is also evident that the most correlated regions move further away from the wall, something669
that is more clearly depicted when comparing the (I199 + I

2
66 )/2 values in figures 17(d) and670

(e). This is related to the increase of the local particle volume fraction close to the walls671
which increasingly limits the access of the large-scale circulation to this region. For the672
largest volume fraction examined, Φ = 40%, a significant difference is immediately visible:673
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(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

/
/

/

Δ- Δ- Δ-
Figure 17: Contour plots of the two-point velocity correlations. Top row,

(I1:: + I2:: )/2; middle row, (I199 + I
2
66 )/2; and bottom row, (I166 + I

2
99)/2. Left

column, Φ = 0%; middle column, Φ = 35%; and right column Φ = 40%. In all the cases,
!∗!=1/15. Since the -- and .-directions are homogeneous and the two point correlations
are statistically equivalent in pairs, the results shown here are also valid if Δ- is replaced

with Δ. in the --axis of the figure.

up to a height of approximately one particle diameter the correlation lengths of all two-point674
correlation functions are minimal. The packed layer of particles in this region breaks up any675
correlations in the fluid and moves the flow structures outside this particle layer.676

3.7. Effects of particle size677

Following the parametric study of the particle volume fraction presented in the previous678
sections, this section focuses on the effects of the particle size. Three dimensionless particle679
diameters are used, !∗!=1/20, 1/15 and 1/10, for a particle volume fraction of 35%. These680
values correspond to a free-fall based Stokes number of 8# " =0.5, 0.9 and 2.1, and a681
Kolmogorov based Stokes number of 8#+=1.1, 3.5 and 8.1 respectively. The values of682
both definitions of the Stokes number suggest an increasing influence of the particle inertia683
relative to the large- and small-scale flow features as the particle size increases.684
First, the Nusselt number and thermal boundary layer thickness are shown in figure 18685

as a function of the dimensionless particle diameter. As the size of the particle decreases,686
the Nusselt number decreases significantly and, correspondingly, the thermal boundary layer687
thickness increases. This weakening of the heat transfer inside the cavity is as dramatic as688
the Nusselt decrease observed in § 3.2 for Φ = 40% and !∗! = 1/15. The main difference689
observed here is the fact that the rms-based definition of the thermal boundary layer thickness690
follows the gradient-based definition very closely, in contrast to the findings in § 3.2 where691
the two definitions deviate.692
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(a) (b)
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Figure 18: (a) Nusselt number and (b) thermal boundary layer thickness as a function of
the dimensionless particle diameter, for Φ = 35%. The boundary layer thickness based on

the gradient is defined in equation (3.1) and the rms-based definition given in
equation (3.2). Both quantities are calculated by averaging the relevant quantities at the

bottom and top walls.

(a) (b) (c)

Figure 19: Snapshots of the first particle layer next to the bottom wall (- − . plane). The
particles are coloured based on their temperature. (a) !∗! = 1/10, (b) !∗! = 1/15, and (c)

!∗! = 1/20. In all the cases, Φ = 35%.

To provide more insight into this pronounced drop in heat transfer, figure 19 visualizes the693
first particle layer next to the bottom wall. As the particles decrease in size they cluster in694
the near wall region, forming a tightly packed layer for !∗! = 1/20. In addition, the particle695
temperature increases, suggesting that the particles remain in the near wall region for an696
extended time period. The particle distribution inside the cavity is presented in figure 20, in697
the form of averaged local particle volume fraction as a function of the vertical direction /. All698
three cases share similar characteristics, with a maximum close to the wall and approximately699
uniform distribution in the bulk of the cavity. As the particle size decreases, the maximum700
value becomes larger and moves closer to the wall. The maximum values for all the cases701
occur just above half a particle diameter from the walls. Again, the results for the case with702
the smallest particles are very similar to what is observed in figure 7 for Φ = 40% and703
!∗! = 1/15. In both these cases, the local particle volume fraction exceeds the value 80%704
close to the wall. The increased layering next to the walls for smaller particles was also705
observed in turbulent channel flows (Costa et al. 2018), albeit not as distinctly as the present706
study. This finding points to the fact that the strong wall–particle lubrication interaction is707



25

/

〈 A
〉

Figure 20: Average local particle volume fraction as a function of the vertical direction for
different values of the dimensionless particle diameter. In all the cases, Φ = 35%.

more effective with smaller particles, inducing the formation of denser layers next to the708
walls, influencing the boundary layer region more intensely.709
Further analyzing the effects of particles with different sizes, figure 21 shows the average710

kinetic energy per unit mass, as a function of the vertical direction. The most interesting711
observation is the diminished horizontal contribution to the kinetic energy of both the712
fluid and particles (figure 21(a) and (c)) in the region / < 0.05, for the case with the713
smallest particles. This region corresponds to the dense particle layer forming next to the714
wall, hindering both the fluid and particle movement. Combining this with the decreased715
vertical contributions (figure 21(b) and (d)) in the cavity core, indicates the weakening of the716
large-scale circulation structure, much similar to the highest particle volume fraction results717
presented in § 3.3.3.718
Focusing further on the heat transfer inside the cavity, figure 22 presents the convective719

and diffusive contributions to the total heat transfer. As the particle size decreases, both the720
convective contributions (dominating the bulk of the cavity) and the diffusive contributions721
(dominating the near-wall region) decrease. Similar to what followed, the case with the722
smallest particles exhibits the most pronounced reduction. The convective contributions are723
diminished in the particle packed region / < 0.05, while the diffusive contributions are724
approximately uniform in this region. The similarities with figure 16 for the largest particle725
volume fraction and !∗! = 1/15 are once again distinct, indicating the dominance of diffusive726
heat transfer throughout the tightly packed particle layer.727

4. Conclusions728

We present and discuss direct numerical simulations of Rayleigh–Bénard convection in non-729
colloidal suspensions, with a special focus on the heat transfer modulation with increasing730
particle volume fraction and particle size. The suspended particles are neutrally buoyant,731
with all thermophysical properties matching the properties of the fluid. We employed the732
direct-forcing immersed boundary method (IBM) to fully resolve the fluid-solid interactions733
coupled with a volume of fluid (VoF) approach to solve the temperature equation in the two734
phases and to characterize the flow statistics.735
At the macroscopic level, the Nusselt number is shown to weakly increase up to Φ =736

25% and then significantly drop beyond that point. The positive effect of the particles737
on the Nusselt number for Φ ! 25% originates from increased thermal agitation that738
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Figure 21: Components of the average kinetic energy per unit mass, derived from the
velocity rms, as a function of the vertical direction for the different dimensionless particle

diameters indicated. (a) Horizontal and, (b) vertical contribution of the fluid, see
equation (3.3); (c) horizontal and, (d) vertical contribution from the particles, defined in

equation (3.4).
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Figure 22: Convective and diffusive contributions to the total heat transfer for different
dimensionless particle diameters. (a) Convection by both the fluid and particle velocity

fluctuations, and (b) molecular diffusion in both phases.

overcomes the decreased flow kinetic energy in the cavity. For higher volume fractions, both739
the instantaneous snapshots of the flow and the statistical analysis revealed an increased740
layering of particles next to the walls, reaching local volume fractions over 80%, indicating741
an almost fully packed layer. As a consequence, the ejection of thermal plumes from the742
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boundary layers and the heat transfer inside the cavity are considerably weakened. Significant743
differences between the case withΦ = 40% and the rest of the cases are observed throughout744
the statistical quantities presented, including the turbulent kinetic energy and heat transfer745
budgets, and the two-point correlation functions. The role of particle rotation on the heat746
transfer modulation is further investigated with additional simulations, considering particles747
without the ability to rotate. In this setting, the thermal agitation increases while the kinetic748
energy in the cavity decreases when comparing to the cases where rotation is allowed.749
The overall effect on the heat transfer is weakening, with the Nusselt number decreasing750
significantly fromΦ > 30%. This observation highlights the role of rotation in counteracting751
the decrease of the heat transfer as the number of particles in the flow increases.752
Studying the effects of the particle size reveals a strong heat transfer reduction with smaller753

particles. This reduction can be attributed to the increased layering next to the walls, which754
suggests that the strong wall-particle lubrication interaction is more effective for smaller755
particles. In general, decreasing the particle size affects the heat transfer and the other756
statistical quantities in a similar fashion as the increase in particle volume fraction. The757
influence of the particle size on the critical volume fraction (the volume fraction above which758
heat transfer reduces) should be the topic of a future study. Guided by the observation that759
the heat transfer reduction is associated with nearly fully packed wall layers, new simulations760
can be designed to quantify the functional dependence of the critical volume fraction on the761
particle size.762
Our study quantifies the effects of non-colloidal particle suspensions in turbulent Rayleigh–763

Bénard convection. An exciting prospect for the continuation of this research will be764
to perform experiments to verify the inhomogeneity in the variation of Nusselt number,765
temperature and particle concentration distributions especially for the higher particle volume766
fractions studied here. Other interesting future extensions of this work would be to extend767
the parameter space to higher Rayleigh numbers, where turbulence is stronger, and change768
key characteristics of the particles, such as shape and thermophysical properties.769
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