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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional direct numerical simulations are performed to explore the effects of rough surfaces on the
Direct numerical simulation temperature fields, heat transport, and zonal flow in the annular centrifugal Rayleigh-Bénard convection
Annular centrifugal Rayleigh-Bénard (ACRBC) with cold inner and hot outer cylinders co-rotating axially, up to a Rayleigh number of Ra = 4.7 x 10°.
convection

Three combinations of roughness are considered, that is, two rough surfaces (Case A), rough-inner/smooth-
outer (Case B) and smooth-inner/rough-outer (Case C). It is shown that, the rough walls cause a bias in the
temperature fields towards the values set on the rough walls at high Ra, while have a minimal impact at
low Ra. This effect can be attributed to the rough walls promoting the generation and detachment of plumes,
which act as the primary heat carriers in turbulent convective heat transfer. Furthermore, the presence of
rough surfaces leads to enhanced heat transport at high Rayleigh numbers. Notably, two universal regimes
are distinguished by the critical Rayleigh number Ra, ~ 10°: in regime I, where roughness elements protrude
through the thermal boundary layer (BL), heat transport is significantly enhanced, resulting in a considerable
increase in scaling exponent; in regime II, the scaling exponent reaches a saturation point, returning to a value
similar to the smooth case. Similar findings are also observed in the classical Rayleigh-Bénard convection (Zhu
et al., 2017). The decrease in scaling exponent can be attributed to the intense mixing caused by secondary
vortices within the roughness elements, leading to a thin and uniformly distributed thermal BL along the rough
surfaces, resembling the behavior observed in the smooth case. It is also found that roughness on the outer
wall promotes the emergence of zonal flow, while roughness on the inner wall weakens it. These findings
provide valuable insights into the effect of wall roughness on temperature fields, heat transport, and zonal
flow in ACRBC.

Rough surfaces
Heat transport enhancement
Zonal flow

1. Introduction Shishkina [4]. In RBC, the driving force is buoyancy, while in RRBC,
the centrifugal and Coriolis forces are also introduced.

Turbulent thermal convection plays an important role in a range of The core issues for thermal turbulence studies are the flow dy-
processes in astrophysical and geophysical systems. Examples are con- namics and heat transfer in a wide range of the control parameters.
vection in the oceans and atmosphere, where the underlying surfaces The relation between the heat transport, the Nusselt number Nu (the
are generally not smooth. An ideal model for the study of turbu- ratio of total heat flux to conductive heat flux) and the Rayleigh

lent thermal convection is classical Rayleigh-Bénard convection (RBC), number Ra (the ratio of buoyancy to viscous forces) can be expressed
where a fluid is confined between two flat horizontal plates heated from as Nu = ARd?, A is the prefactor and § is the power law index

the bottom and cooled from the top. This has been studied extensively Recently, an annular centrifugal Rayleigh-Bénard convection (ACRBC)

in the past few decades (see Ahlers et al. [1], Lohse and Xia [2], . . . . .
s . system with cold inner and hot outer cylinders corotating axially,
Chilla and Schumacher [3] for reviews). When the system undergoes . . ) .
a novel system for studying Rayleigh-Bénard convection, has been

axial rotation, the classical RBC transitions to rotating Rayleigh-Bénard . .
convection (RRBC) as described in a comprehensive review by Ecke and proposed [5-10]. Utilizing the robust centrifugal force generated by
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rapid rotation, the thermal driving force in ACRBC can be significantly
intensified, allowing for the attainment of higher Rayleigh numbers and
promoting thermal convection to the ultimate regime [11]. The thermal
convection observed in a rapidly rotating cylindrical annulus serves
as a valuable model for studying flows in planetary cores and stellar
interiors [12-16], adding to the advantages of this system.

The heat transfer and flow dynamics in ACRBC are different from
those in classical RBC, owing to the different curvatures of the inner
and outer cylinder and the Coriolis force. According to the experimental
and numerical study conducted by Jiang et al. [5], it was observed
that the heat transfer efficiency decreases with increasing Coriolis
force. This decline can be attributed to the weakening of axial flow
caused by the constraints due to the Taylor-Proudman theorem [17,18]
under strong Coriolis forces. Consequently, when subjected to strong
Coriolis forces (inverse Rossby numbers Ro~! > 10), the flow in ACRBC
becomes nearly two-dimensional, lacking substantial axial flow. This
alteration in flow pattern results in reduced heat transport compared
to the regime at low Ro~!. Furthermore, through a comparison of two-
and three-dimensional simulation results, the study confirmed that the
aspect ratio of ACRBC has minimal impact on heat transfer at high
inverse Rossby numbers (Ro™! > 10). In addition, they found that
four pair convection rolls distribute in the cell and revolve around the
rotating center in the prograde direction of the system, which is called
as ‘zonal flow’. In the later study, Jiang et al. [11] evidenced that the
ultimate regime occurs in ACRBC when Ra > 10!, which is three orders
of magnitude lower than Ra ~ 10'* reported in classical RBC [19,20].
Furthermore, by using different working fluids with Prandtl numbers
(Pr) of 4.3 and 10.4, they observed a weak dependence of heat transfer
on Pr, consistent with previous studies in the Pr range [4, 10.7] in
classical RBC [21,22]. Wang et al. [7] focused on the effects of radius
ratio on flow dynamics, heat transport and temperature field in ACRBC
and found that the zonal flow becomes weaker with increasing radius
ratio n, but the heat transport efficiency increases with 5. They also
reported that the bulk temperature deviates from the arithmetic mean
temperature and the deviation increases as n decreases. It has been
widely accepted that any wall roughness increases heat transfer once
the thermal boundary layer (BL) thickness is smaller than the height of
the roughness in the Rayleigh-Bénard (RB) system [23-27]. To date,
all studies on ACRBC have considered smooth wall surfaces. How the
temperature fields, heat transfer and flow dynamics change in ACRBC
with the introduction of roughness? In the present study, we will
answer these questions.

In this article, direct numerical simulations (DNS) of ACRBC with
rough surfaces are carried out to study how different combinations
of roughness affect the global heat transport as well as local flow
behavior. The manuscript is organized as follows. In Section 2, the
numerical settings are described. In Section 3, the temperature fields
and the relations between the Nusselt number and the Rayleigh number
with different roughness cases are shown, the mechanism behind the
differences in heat transport is then explained. The zonal flow and
local flow behavior are also analyzed. Finally, conclusions are drawn
in Section 4.

2. Numerical settings
2.1. Governing equation

An annular centrifugal RB cell bounded by cold inner and hot outer
cylinders, which rotate co-axially as shown in Fig. 1(a), is studied.
Our objective is to explore the impact of different combinations of
roughness on ACRBC. As depicted in Fig. 1(b), we consider three spe-
cific combinations of rough surfaces, each characterized by a uniform
roughness element height of § = 0.1L. Here, L is the gap width without
roughness. In ‘Case A’, the inner cylinder is equipped with sixteen
isosceles right triangles that are equally distributed in the azimuthal
direction, while the outer cylinder features thirty-two triangles. For
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‘Case B’, we maintain the same number of roughness elements as in
Case A on the inner cylinder, but the outer wall remains smooth.
Conversely, ‘Case C’ involves a smooth inner cylinder combined with a
rough outer cylinder, where the number of roughness elements matches
that of Case A.

The motion and heat transfer of the fluid under the Oberbeck-
Boussinesq approximation is governed by the non-dimensional Navier—
Stokes-Fourier equations in a rotating frame [7]:

V.u=0, (@]
2(1 -

3—I+V (uu) = —Vp—Ro‘leru+\/%V2u—€(lT:)r, ()]

PB4V wo) = —L—v2, ©)

or RaPr

where u is the velocity vector, t is the time, p is the pressure, e, is the
unit vector along the axial direction, 6 is the temperature, and 7 is the
radius ratio. The equations are normalized using the gap width (without
roughness) L = R, — R; for length, the temperature difference between
the hot outer cylinder and the cold inner cylinder 4 = 6,,, — 6,4
for temperature, the free-fall velocity U = y/w?((R; + R,)/2)aAL for
velocity, and L/U for time. Here, @ donates the angular velocity of the
system, and « is the coefficient of thermal expansion of the fluid. In the
coordinate system r, ¢, z refer to the wall-normal (radial), streamwise
(azimuthal) and spanwise (axial) directions. In the following, we define
the non-dimensional radius R* to be R* = (R — R;)/(R, — R}).

From the above non-dimensional equations, it can be seen that there
are four dimensionless control parameters in ACRBC. The Rayleigh
number (buoyancy-driven strength)

Ra = @*(R; + R)aAL? /(2vk), 4
and the Prandtl number (fluid physical property)
Pr=v/k, 5)

as in classical RBC, where v and « are the kinematic viscosity and
thermal diffusivity of the fluid, respectively. Two additional control
parameters are the inverse Rossby number

Ro™' =2wL/U, (6)

which measures the effects of Coriolis force, and the radius ratio that
measures the geometric property

n=R;/R,. @)

In addition, the key response parameter is the Nusselt number measur-
ing the efficiency of heat transport

Nu=T/Jeon = (4,0) 21 = K0,(0) 2.0/ (AG-In(m) ™), (8)

where J,J,,,.u,, and 6 are the total heat flux, the heat flux through
pure thermal conduction, the radial velocity and the temperature of
a certain point, respectively. Here, (...), ., denotes averaging over a
cylindrical surface (averaging over the axial and azimuthal directions)
with constant distance from the axis and over time. Note that the
expression of conductive heat flux in cylindrical geometry is slightly
different from that in classical RBC, the detailed derivation process can
be found in our previous study [7].

u

2.2. Direct numerical simulations

Egs. (1)-(3) are solved using a second-order-accuracy, colocated
finite-volume method in the Cartesian coordinate system, using Open-
FOAM as the computational platform. The rough elements are dealt
with a second-order-accuracy immersed boundary method [28,29].
According to Jiang et al. [5], due to the constraint of Taylor-Proudman
theorem, the flow is nearly two-dimensional (without axial flow) at
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Case A
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Fig. 1. Schematic view of the annular centrifugal Rayleigh-Bénard convection system and the different combinations of roughness. (a) Three-dimensional view, here w is the
angular velocity of the system. All cases in this paper set the angular velocity w > 0, that is, the system rotates anticlockwise. Here R;,R,, H and L are the outer radius of the
inner cylinder, the inner radius of the outer cylinder, the height of the cylindrical annulus, and the gap width between the two cylinders, respectively. 6,,, and 6,,, denote the
temperature of the outer and inner walls. (b) Three different combinations of roughness: Case A, where both cylinders are rough; Case B, where the inner cylinder is rough but
the outer one is smooth; and Case C, where the outer cylinder is rough but the inner one is smooth. For the rough walls, the rough elements consist of sixteen equidistantly
positioned isosceles right triangles on the inner cylinder wall and thirty-two equidistantly positioned isosceles right triangles on the outer cylinder wall. The height of the rough

elements is 0.1L.

high Ro~! (> 10). Therefore, two-dimensional direct numerical sim-
ulations (2D-DNS) are carried out in the present study with a fixed
inverse Rossby number Ro™! = 20. No-slip boundary condition is used
for velocity and constant temperature boundary condition is used for
the temperature at two cylinder walls.

Adequate resolutions are ensured for all simulations and we have
performed posterior checks of spatial and temporal resolutions to guar-
antee the resolution of all relevant scales. The ratios of maximum grid
spacing 4, to the Kolmogorov scale estimated by the global criterion
ng = LPr'/2/[Ra(Nu — DI'* - [(1 + p)in(p)/2(n — D1'/* [5] is smaller
than 1.0 (4,/nx < 1.0), and the Batchelor scale 5 = ng Pr=1/2 [30] is
smaller than 2.0 (Ag /ng < 2.0), as shown in Table 1. Furthermore, the
grid is uniform in the azimuthal direction, and refined near the inner
and outer cylindrical walls in the radial direction to ensure the spatial
resolution within boundary layers (BLs). There are at least 8 grid points
inside thermal BLs and 10 grid points inside viscous BLs. The temporal
term is discretized using the second-order backward scheme and the
convective term is discretized using a second-order total variation
diminishing (Vanleer) scheme. All simulations are achieved using a
fixed time step based on the Courant-Friedrichs-Lewy (CFL) criterion
and The CFL number is less than 0.7 in all simulations. The simulations
are run over enough time (80 free-fall time) after the system has
reached the statistically stationary state (100 free-fall time) to obtain
good statistical convergence. The relative difference of Nu based on the
first and second halves (ey, = |(Nu)o_7/2 — (Nu)r/o_7)|/Nu) of the
simulations is less than 1% as shown in Table 1.

The motivation behind this study is to investigate how roughness
influences the flow dynamics and heat transport in the ACRBC system.
While there are various options for roughness shapes, we specifically
focus on the isosceles right triangular rib as the simplest geometry
model to analyze its impact on the statistical properties of turbulent
ACRBC. Our main research question aims to understand how the pres-
ence of roughness elements affects both the global transport and local
flow statistics in the ACRBC turbulence. The radius ratio of n = 0.5
is set to make a direct comparison with previous results [5,11]. In all
simulations, the Prandtl number Pr is fixed at 4.3, corresponding to
the working fluids of water at 40 °C. As mentioned earlier, the inverse

Rossby number is fixed at Ro~! = 20 to enable the exploration of
Rayleigh number from Ra = 1.0x10° up to Ra = 4.7x10° using 2D-DNS.

3. Results
3.1. Temperature fields

We begin our analysis by comparing the instantaneous temperature
fields at two distinct Rayleigh numbers: Ra = 10°, and Ra = 10°,
considering three different combinations of rough walls (Case A, Case
B, and Case C) as well as smooth wall, as illustrated in Fig. 2. At
the low Rayleigh number Ra = 10° (Fig. 2a), the temperature fields
exhibit remarkable similarity independent of wall roughness. Notably,
for rough walls, it is important to highlight that at this low Rayleigh
number, most of the roughness elements are submerged within the
thermal boundary layer. This results in the formation of cold plumes
along the inner wall and hot plumes along the outer wall, primarily
originating from the tips of the roughness elements and subsequently
detaching in the direction of the convection rolls. However, in the
regions between the roughness elements, the flow is dominated by
viscosity. At the large Rayleigh number Ra = 10° (Fig. 2b), the
situation becomes more intricate compared to Ra = 10°. A notable
observation is that the roughness elements extend beyond the thermal
BL, resulting in the generation of plumes not only at the tips but also
within the cavity regions. Within these regions, the detached plumes
vigorously mix the fluid, leading to increased turbulence in the flow.
These findings align with studies conducted on classical RBC with
similar effective roughness height [26,31]. However, in the present
study, the roughness has a significant impact on the temperature fields
at a relatively lower Rayleigh number (approximately one order of
magnitude lower). This difference can be attributed to the influence of
Coriolis force in ACRBC, which can enhance thermal convection [6].
This leads to a thinner thermal BL in ACRBC compared to classical
RBC at the same Rayleigh number. As a result, the rough elements
have the ability to influence the flow and temperature fields in ACRBC,
even at a relatively lower Ra. Additionally, as depicted in Fig. 2(b), the
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Case B Case C

Fig. 2. Instantaneous temperature fields for different cases at Ra = 10° (a) and Ra = 10° (b). Here, the columns from left to right represent the smooth case, Case A, Case B and
Case C, respectively. To visualize the plumes clearly, the temperature colourbar is from 0.2 to 1. All figures share the same colourbar.
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Fig. 3. Azimuthal and time averaged temperature profiles along the dimensionless radial direction R* = (R-R,)/(R,—R,) for different cases at two Rayleigh numbers Ra = 10° (a)

and Ra = 10° (b). The dashed lines donate the top of rough elements.

temperature fields exhibit substantial variations for different combina-
tions of rough walls at large Ra = 10°. According to previous research
conducted on classical RBC [32], the interaction between large-scale
circulation and rough structures leads to the generation of secondary
flows within the gaps of the rough structures. The combined effect
of these secondary flows and the large-scale circulation promotes the
generation and detachment of plumes, which serve as the primary heat
carriers in turbulent convective heat transfer [33]. Consequently, the
bulk temperature distribution in Case A, where both walls are rough,
is relatively close to that in the smooth case. However, in Case B,
where only the inner wall is rough, the bulk temperature distribution
exhibits a significantly closer proximity to the temperature set on the
inner rough walls compared to the smooth case. Conversely, in Case C,
where only the outer wall is rough, the bulk temperature distribution
demonstrates a closer resemblance to the temperature set on the outer
rough walls compared to the smooth case.

To further substantiate the qualitative analyses conducted earlier,
Fig. 3 presents the averaged temperature profiles for different combi-
nations of rough walls and smooth cases at Ra = 10° (Fig. 3a) and Ra =
10° (Fig. 3b). It is worth noting that the average temperature profile
for smooth walls in ACRBC exhibits notable asymmetric property in
comparison to classical RBC. Which can be attributed to the inherent

asymmetry arising from the effects of radially dependent centrifugal
buoyancy [7]. Specifically, in the current study with a radius ratio
of = 0.5, the centrifugal buoyancy at the outer cylinder is twice
as strong as that at the inner cylinder. As shown in Fig. 3(a), the
bulk temperature remains uniform and exhibits similarity regardless
of wall roughness at Ra = 10%. However, the temperature gradients
near the rough walls are milder compared to those in the smooth
cases. This can be attributed to the rough elements being submerged
within the thermal BL at this particular Ra, causing the detachment of
plumes primarily occurring from the roughness tips. Consequently, the
temperature near the roughness tips closely matches that of the rough
surfaces, resulting in a gentler temperature gradient in the vicinity of
the rough walls. Nevertheless, at Ra = 10°, significant variations in
bulk temperature are observed for different combinations of roughness,
as depicted in Fig. 3(b). These quantitative findings further emphasize
the influence of wall roughness on temperature distribution in ACRBC,
reinforcing the notion that as the Rayleigh number increases, the
effect of roughness becomes more pronounced, leading to a bias in the
temperature fields towards the values set on the rough walls.
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Table 1

Simulation parameters. The columns from left to right indicate the following: different
cases, the Rayleigh number Ra, the resolution employed, the maximum grid spacing 4,
compared with the Kolmogorov scale 7, the maximum grid spacing 4, compared with
the Batchelor scale 7, the calculated Nusselt numbers Nu and their relative difference
of two halves ¢y,.

Cases Ra N, XN, A, /ng A, /ng Nu Enu

Case A 1.0 x 10° 1024 x 128 0.33 0.68 7.46 0.18%
Case A 2.2 x 10° 1024 x 128 0.42 0.88 9.36 0.25%
Case A 4.7 x 10° 1024 x 128 0.56 1.15 12.51 0.37%
Case A 1.0 x 107 1536 x 192 0.48 0.99 16.23 0.15%
Case A 2.2 x 107 1536 x 192 0.63 1.31 21.53 0.23%
Case A 4.7 x 107 1536 x 192 0.82 1.70 28.54 0.31%
Case A 1.0 x 10% 2048 x 256 0.79 1.65 37.13 0.49%
Case A 2.2 x 108 3072 x 384 0.69 1.44 49.53 0.35%
Case A 4.7 x 108 3072 x 384 0.90 1.87 65.92 0.30%
Case A 1.0 x 10° 4096 x 512 0.83 1.71 68.55 0.46%
Case A 2.2 x 10° 6144 x 768 0.71 1.47 85.52 0.55%
Case A 4.7 x 10° 6144 x 768 0.90 1.87 105.15 0.56%
Case B 1.0 x 10° 1024 x 128 0.32 0.67 7.32 0.28%
Case B 2.2 x 10° 1024 x 128 0.42 0.88 9.19 0.32%
Case B 4.7 x 10° 1024 x 128 0.55 1.13 11.76 0.37%
Case B 1.0 x 107 1536 x 192 0.47 0.97 15.05 0.35%
Case B 2.2 x 107 1536 x 192 0.61 1.27 19.34 0.44%
Case B 4.7 x 107 1536 x 192 0.79 1.64 24.68 0.21%
Case B 1.0 x 10% 2048 x 256 0.76 1.58 31.42 0.59%
Case B 2.2 x 10° 3072 x 384 0.66 1.36 39.93 0.55%
Case B 4.7 x 108 3072 x 384 0.84 1.74 49.61 0.48%
Case B 1.0 x 10° 4096 x 512 0.80 1.67 61.62 0.56%
Case B 2.2 x 10° 6144 x 768 0.69 1.43 76.95 0.38%
Case B 4.7 x 10° 6144 x 768 0.88 1.82 94.14 0.72%
Case C 1.0 x 10° 1024 x 128 0.32 0.67 7.32 0.31%
Case C 2.2 x 10° 1024 x 128 0.42 0.87 9.07 0.42%
Case C 4.7 x 10° 1024 x 128 0.54 1.12 11.18 0.27%
Case C 1.0 x 107 1536 x 192 0.46 0.96 14.03 0.45%
Case C 2.2 x 107 1536 x 192 0.60 1.24 17.75 0.14%
Case C 4.7 x 107 1536 x 192 0.77 1.60 22.75 0.26%
Case C 1.0 x 10% 2048 x 256 0.74 1.54 28.81 0.22%
Case C 2.2 x 108 3072 x 384 0.64 1.33 36.14 0.42%
Case C 4.7 x 10® 3072 x 384 0.82 1.71 45.83 0.53%
Case C 1.0 x 10° 4096 x 512 0.79 1.64 57.31 0.62%
Case C 2.2 x 10° 6144 x 768 0.68 1.41 73.16 0.47%
Case C 4.7 x 10° 6144 x 768 0.87 1.81 92.08 0.61%
Smooth 1.0 x 10° 1024 x 128 0.32 0.67 7.29 0.23%
Smooth 2.2 x 10° 1024 x 128 0.42 0.87 8.88 0.17%
Smooth 4.7 x 10° 1024 x 128 0.54 1.11 10.91 0.32%
Smooth 1.0 x 107 1536 x 192 0.45 0.94 13.14 0.34%
Smooth 2.2 x 107 1536 x 192 0.59 1.22 16.41 0.29%
Smooth 4.7 x 107 1536 x 192 0.75 1.55 20.26 0.33%
Smooth 1.0 x 10° 2048 x 256 0.72 1.49 25.28 0.49%
Smooth 2.2 x 108 3072 x 384 0.62 1.28 31.16 0.75%
Smooth 4.7 x 108 3072 x 384 0.79 1.63 38.37 0.41%
Smooth 1.0 x 10° 4096 x 512 0.75 1.56 47.21 0.56%
Smooth 2.2 x 10° 6144 x 768 0.64 1.34 58.87 0.67%
Smooth 4.7 x 10° 6144 x 768 0.82 1.70 72.21 0.84%

3.2. Heat transport

In the following analysis, the heat transport is systematically in-
vestigated as a function of Ra, covering a range spanning more than
three orders of magnitude, for both smooth and rough walls in three
different cases. As shown in Fig. 4, the results for smooth wall in the
present study are in an excellent agreement with those from a previous
study [5] that share the same radius ratio. The smooth case exhibits an
effective scaling exponent of g = 0.27, which is close to the typical value
observed in two-dimensional RBC [34]. The characteristics of heat
transport with increasing Ra for smooth wall have been extensively
discussed in prior studies by Jiang et al. [5,11], a prominent finding
is that the ultimate regime occurs in ACRBC at a relatively lower Ra
(drop from 10'* to 10'!") compared to classical RBC [19,20].

Now, let us shift our focus to the scenarios involving wall roughness,
which exhibit more complex changes. As shown in Fig. 4, the rough
surfaces have no effect on Nusselt number (Nu) at the low Rayleigh
number Ra = 10%. With increasing Ra, two universal regimes can
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be identified in Case A and Case B. When the roughness elements
protrude through the thermal BL, heat transport experiences a signif-
icant enhancement, resulting in local effective scaling exponents of
approximately 0.36 and 0.32 for Case A and Case B, respectively. We
refer to this as regime I, the enhanced exponent regime. However,
further increases in Ra do not extend regime I in the present study.
Instead, the scaling exponents for these two cases saturate and fall
back to the effective value of § = 0.28, similar to the smooth case.
We refer to this as regime II, the saturated exponent regime. It is worth
noting that, despite the decrease in scaling exponents from regime I
to regime II, the values of Nu for Case A and Case B still show a
increase (as depicted in Table 1). The transition of regimes exhibits a
notable contrast compared to smooth ACRBC, where the local effective
scaling exponent increases with Ra and is associated with the ultimate
regime [11]. Additionally, the transition point between the two regimes
with rough surfaces occurs at a much lower Rayleigh number (Ra =
1.0 x 10° for Case A and Ra = 4.7 x 10® for Case B) compared to the
value (Ra = 1.0 x 10'') observed in smooth ACRBC [11]. However,
it is important to note that the transition observed in the presence of
rough surfaces should not be interpreted for the ultimate transition.
The increase in the local effective scaling exponent in regime I is a
transitional regime, where the roughness elements start to perturb the
thermal BL. This observation aligns with the findings of Zhu et al.
[26], who also identified these two regimes in classical RBC with wall
roughness, exploring a wide range of Rayleigh numbers and various
roughness characteristics.

In regime II, there are differences between Case A and Case B. The
Nusselt number of Case A is consistently greater than that of Case
B, which can be attributed to the heat transfer enhancement mainly
caused by the enlarged surface area of the outer cylinder and the strong
plume ejections within these additional cavities. However, in Case C,
due to the greater curvature of the outer cylinder compared to the
inner cylinder and the roughness on the outer surface, the hot plumes
consistently dominate over the cold plumes in this competition. As a
result, although the effective scaling exponent for Case C remains at
p = 0.30, which is lower than the values of Case A and B in regime I,
it does not saturate under the currently explored parameters. Further
investigation is needed to determine if the effective scaling exponent
will saturate with further increasing Ra.

In Rayleigh-Bénard convection, it is commonly observed that the
rough surfaces become active only when the thickness of the thermal
boundary layer is smaller than the characteristic height of the rough-
ness [23,35,36]. Fig. 5(a) illustrates the thermal BL thickness §,;, for
different wall boundaries normalized by the roughness height § as a
function of the Rayleigh number. Fig. 5(b) shows the ratio of thermal
BL thickness for different combinations of roughness compared to the
smooth case, also as a function of the Rayleigh number. In our study,
we focus on comparing the mean thermal BL thickness changes with
Ra for different combinations of rough walls and the smooth case.
While there are various methods available to define the thickness of
the thermal boundary layer, we choose the widely used formula §,,
~ do/(2Nu), where ¢ is the geometry factor defined as ¢ = [(Ri +
R,)/(2/R:R)I* [37].

As depicted in Fig. 5(a), the non-dimensional thermal boundary
layer thickness 6,,/6 for all roughness cases is less than 1, indicating
that the mean thermal BL thickness is smaller than the height of the
roughness elements for the explored parameters and decrease with
increasing Ra. However, the heat transport does not immediately been
intensified until the Rayleigh number reaches a higher value (Ra ~ 2.2x
10). This can be attributed to the majority of roughness elements being
submerged within the thermal BL, with plumes primarily detaching
from the roughness tips, resulting in less pronounced heat transport
enhancement. Noting that the thermal BL thickness of Case A at Ra =
4.7 x 108 is slightly larger than that at Ra = 1.0 x 10°, although
this difference is not clearly visible in Fig. 5(a). In addition, Fig. 5(a)
illustrates that the thickness of the thermal boundary layer exhibits
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Fig. 4. (a) Nusselt number Nu as a function of Rayleigh number Ra for smooth cases and rough cases with three different combinations at = 0.5. Note that the fitted lines for
—0.28

the rough cases begin at Ra = 2.2 x 10°, indicating the start of regime 1. (b) The same as (a), but now the Nusselt number is scaled with Ra

(a) 1.0 T T T
Case A
0.8F ——Case B 1
—6— Case C
06} —o— Smooth A
®
0.4}
02F
0.0
10°
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[37], and ¢ is the height of roughness element. (b) The thermal BL thickness for different

combinations of roughness compared to that for smooth case, as a function of the Rayleigh number. §,, ; represents the thickness of thermal boundary layer for the smooth case.

an ascending order for Case A, Case B, and Case C at the same Ra.
This indicates that the impact of the roughness elements on the flow
dynamics and heat transfer is most pronounced in Case A, followed
by Case B, and least significant in Case C (refer to Fig. 4). Fig. 5(b)
illustrates that the ratio of thermal BL thickness for Case C, compared to
the smooth case, decreases as the Rayleigh number (Ra) increases. This
suggests that the local effective scaling exponent of Case C consistently
increase within the explored range of Ra when compared to the smooth
case. However, the situation becomes more intricate for Case A and
Case B. The ratio of Case B initially exhibits a faster decrease compared
to Case C, and then stabilizes at higher Ra values. Similarly, the ratio
of Case A initially decreases at a higher rate than Case B, and then
remains constant at high Ra. Consequently, the local effective scaling
exponents of Case A and Case B, as depicted in Fig. 4, first increase and
subsequently converge back to the value similar to the smooth case.
To understand the mechanisms underlying the two regimes, we
present temperature profiles and local flow structures inside the cavity
regions for Case A at different Ra in Fig. 6. At the low Ra = 1.0 X
10%, the cavity regions exhibit viscosity dominance, resulting in an
unaltered Nusselt number (Nu) when compared to the smooth case.
With increasing Ra, secondary vortices generated by large-scale rolls
emerge in the cavity regions. In regime I, the weak secondary vortices
fail to efficiently mix the fluid within the cavities, leading to a flow
primarily governed by viscosity. Consequently, the temperature profile

within the cavity appears relatively linear. In regime II, the secondary
vortices intensify, inducing smaller vortices, which, in turn, induce
even smaller vortices at the centers of the valleys. The intense mixing
during this process causes the roughness elements to be covered by a
thin thermal BL that is uniformly distributed along the rough surfaces
as shown in Fig. 6(e), effectively resembling an enlarged surface area,
as observed by Zhu et al. [26] in classical RBC. As a result, the mean
temperature profile exhibits steepness primarily at the center of the
cavities between the roughness elements, while resembling the smooth
case elsewhere. These findings also support the notion that, for even
higher Ra values, the scaling exponent in the rough case may eventually
converge to the same value as observed in the smooth case.

3.3. Zonal flow

As reported in the study by Jiang et al. [5], the convection rolls
in ACRBC exhibit a prograde rotation around the axis, with a rotation
rate faster than the system rotation of the experimental system. This
phenomenon is commonly referred to as zonal flow, which has been
investigated in experiments of astrophysical and geophysical flows [38,
39]. The mechanism behind zonal flow can be attributed to the influ-
ence of Coriolis force, which causes the hot plumes detached from the
outer cylinder and cold plumes detached from the inner cylinder to
deflect toward their right-hand side from their initial direction, forming
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Fig. 6. (a) Mean temperature profiles along the radial direction for Case A at (b) Ra=1.0x 10° (¢) Ra=22x10" (the middle of regime I), (d) Ra=4.7x 10® (the end of regime
1), and (e) Ra =22 x 10° (regime II). Figures (b—e) show the instantaneous temperature fields, superposed by the velocity vectors in the cavity regions. To visualize the plumes
clearly, the temperature colourbar is from 0.2 to 1. Figures (b—e) share the same colourbar.

QO
QO
94°,
00

I 1.0

0.6

0.2

Fig. 7. Snapshots of instantaneous temperature fields at Ra = 107 for (a) smooth case, (b) Case A, (c) Case B, and (d) Case C, the whole system rotates anticlockwise. Roman
numerals I, II, and III donate three moments with equal time intervals. To visualize the plumes clearly, the temperature colourbar is from 0.2 to 1. All figures share the same

colourbar.

two similar angles when the system rotates anticlockwise. However,
due to the different curvatures of the cylinders, the similar deflection
angles of the hot and cold plumes result in different effects. The hot
plumes directly impact the position where the cold plumes are ejected,

leading to the anticlockwise rotation of the cold plumes and the overall
flow. On the other hand, the cold plumes does not directly affect the
motion of the hot plumes due to the relatively large distance between
the ejection position of the hot plumes. Consequently, the hot plumes
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Fig. 8. (@) Averaged azimuthal velocity profiles along the radial direction for different wall boundaries at Ra = 10”. (b) The azimuthal velocity, averaged over the azimuthal and
radial directions as well as time, is plotted for different combinations of roughness as a function of Rayleigh number ranging from Ra = 10° to Ra = 10°. Due to the time-consuming
nature of obtaining statistics for the mean azimuthal velocity, we limit the calculation of the averaged azimuthal velocity up to Ra = 10°.

win and push the overall flow to move in the same direction as the
system rotation. Further detailed analysis can be found in our previous
studies [5,7].

Fig. 7 displays snapshots of instantaneous temperature fields for
three different combinations of rough and smooth surfaces at three
moments (marked as I, II, and III) with equal time intervals, all at Ra
= 10”. The selection of Ra = 107 allows for clear visualization of the
plumes at this specific Ra, and a particular cold plume is highlighted
using a black circle. As shown in Fig. 7(a), the plume arms in the
smooth case at Ra = 107 remain almost motionless in the azimuthal
direction. It was found that the zonal flow observed by Jiang et al.
[5] and Wang et al. [7] occurs at Ro~! = 1, a value much lower
than the Ro~' = 20 in the present study. As mentioned above, the
emergence of zonal flow in ACRBC results from the interaction between
the Coriolis force and the different curvatures of the inner and outer
cylinders. At Ro~! = 1, which indicates a balance between the Coriolis
force and inertial force, the flow operates within the inertial regime.
In this regime, the hot plumes dominate the competition with the cold
plumes and push the overall flow in the direction of system rotation.
However, at a larger value of Ro™! = 20, the strong Coriolis force
effectively restrains the movement of the flow in the direction of system
rotation, causing the convection rolls to remain almost stationary in the
azimuthal direction.

The introduction of roughness into the system leads to distinct
characteristics, as observed in Figs. 7. In Case B (Fig. 7c), where only
the inner cylinder is rough, the zonal flow closely resembles that of
the smooth case. Conversely, in Case C, where only the outer cylinder
is rough, the zonal flow becomes significantly apparent. However, in
Case A, where both cylinders are rough, the presence of a pronounced
zonal flow is not evident. This phenomenon can be attributed to the
roughness promoting the emission of plumes, as noted by Du and Tong
[32]. In other words, more hot plumes are generated and detached from
the outer rough walls, which exerts a substantial influence, propelling
the overall flow in the azimuthal direction despite the strong Coriolis
force. When compared to Case C (Fig. 7d), the zonal flow in Case A
(Fig. 7b) is relatively weak due to the resistance posed by the roughness
elements on the inner cylinder. Now, let us turn our attention back to
Case B, where the outer cylinder is smooth while the inner cylinder is
rough. In this configuration, the occurrence of hot plumes originating
from the outer wall is relatively reduced compared to Cases A and
C. Additionally, the presence of a rough inner wall acts as a barrier,
impeding the movement of hot plumes. As a result, the zonal flow
remains undetectable.

The radial profiles of averaged azimuthal velocity provide further
evidence of the presence of zonal flow, as depicted in Fig. 8. Fig. 8(a)

displays the averaged azimuthal velocity profiles for different wall
boundaries at Ra = 107. It is observed that the averaged azimuthal
velocity is nearly zero for Case B and the smooth case, while it is
greater than zero for Case A and Case C. Furthermore, the velocity
magnitude for Case C is higher than that for Case A. These findings
offer an additional illustration for the existence of zonal flow under
different wall boundary conditions at Ra = 10”.

Additionally, Fig. 8(b) illustrates the averaged azimuthal velocity as
a function of Rayleigh number, ranging from Ra = 10° to Ra = 10°. It is
evident that the averaged azimuthal velocities for different wall bound-
aries increase with Ra. Notably, for Case B and the smooth case, the
averaged azimuthal velocities remain close to zero until the Rayleigh
number exceeds 107. As Ra increases, the intensity of the large-scale cir-
culation amplifies, leading to the formation and detachment of plumes.
Consequently, the zonal flow becomes more pronounced for Case A
and Case C, where the outer walls are rough. Moreover, even in Case
B, where the outer cylinder is smooth and the inner one is rough, a
discernible zonal flow is observed. The findings presented in Fig. 7
are strongly supported by these quantitative results. Specifically, the
presence of roughness on the outer wall encourages the formation of
zonal flow, whereas roughness on the inner wall diminishes its strength.
These findings may have important implications for controlling heat
transfer and flow motion in rapidly rotating machines.

4. Conclusions

In this study, we conducted extensive two-dimensional direct nu-
merical simulations to explore the influence of rough surfaces on
annular centrifugal Rayleigh-Bénard convection. The key findings of
this investigation can be summarized as follows: Firstly, at low Rayleigh
numbers, the rough surfaces have a negligible effect on the temperature
fields. However, as the Rayleigh number increases, the influence of
roughness becomes more prominent, causing the temperature fields
to bias towards the values set on the rough walls. This effect can be
attributed to the rough walls promoting the generation and detachment
of plumes, which act as the primary heat carriers in turbulent con-
vective heat transfer. Secondly, the impact of rough surfaces on heat
transport is also negligible at low Rayleigh numbers. However, as the
Rayleigh numbers increase, the influence of different combinations of
roughness becomes more pronounced, following a trend of this order
(Case A > Case B > Case C) at the same Rayleigh number. Additionally,
the presence of wall roughness introduces two universal regimes: in
regime I, where roughness elements protrude through the thermal
boundary layer, heat transport is significantly enhanced, leading to
a significant increase in scaling exponent; in regime II, the scaling
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exponent returns to a value similar to the smooth case. The decrease
in scaling exponent can be attributed to the intense mixing caused by
secondary vortices within the roughness elements, leading to a thin and
uniformly distributed thermal boundary layer along the rough surfaces,
resembling the behavior observed in the smooth case. Consequently,
the effective scaling exponent reaches a saturation point, returning
to a value similar to that of the smooth case. Thirdly, the presence
of roughness on the outer wall promotes the emergence of zonal
flow, while roughness on the inner wall weakens it. These findings
provide quantitative evidence for the influence of wall roughness on
temperature fields, heat transport, and zonal flow in annular centrifugal
Rayleigh-Bénard convection, shedding light on the complex interplay
between fluid dynamics, thermal convection, and rough surfaces.
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