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The present work focuses on the effect of rough horizontal boundaries on the heat transfer
in rotating Rayleigh–Bénard convection. We measure the non-dimensional heat transfer,
the Nusselt number Nu, for various strengths of the buoyancy forcing characterized by the
Rayleigh number Ra (105 <∼ Ra <∼ 5 × 108), and rotation rates characterized by the Ekman
number E (1.4 × 10−5 <∼ E <∼ 7.6 × 10−4) for aspect ratios Γ ≈ 1, 2.8 and 6.7. Similar
to rotating convection with smooth horizontal boundaries, the so-called rotationally
constrained (RC), rotation-affected (RA) and rotation-unaffected (RuA) regimes of heat
transfer seem to persist for rough horizontal boundaries. However, the transition from the
RC regime to RA regime occurs at a lower Rayleigh number for rough boundaries. For
all experiments with rough boundaries in this study, the thermal and Ekman boundary
layers are in a perturbed state, leading to a significant enhancement in the heat transfer
as compared with that for smooth walls. However, the enhancement in heat transfer
due to wall roughness is observed to attain a maximum in the RC regime. We perform
companion direct numerical simulations of rotating convection over smooth walls to
suggest a phenomenology explaining this observation. We propose that the heat transfer
enhancement due to wall roughness reaches a maximum when the strength and coherence
of the columnar structures are both significant, which enables efficient vertical transport of
the additional thermal anomalies generated by the roughness at the top and bottom walls.
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1. Introduction

Rotating natural convection frequently occurs on rough boundaries, e.g. atmospheric
flows over undulating topography of mountains and plateaus, and ocean circulations in
the presence of long chains of seamounts (Maxworthy 1994). The cellular convection
in the Earth’s outer core (Turcotte & Oxburgh 1967; Aurnou et al. 2015) is also likely
to be affected by its undulating boundary with the mantle (Bloxham & Gubbins 1987).
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In some industrial applications, rotating convection may occur in the presence of boundary
roughness, e.g. solidification in the presence of dendrites or crystals in spin casting (Kumar
et al. 2002; Rana 2023). Towards understanding such flows, the present work focuses on
the effect of rough horizontal boundaries on the heat transfer in rotating Rayleigh–Bénard
convection (RBC), a canonical system used to study rotating natural convection. There
has been only one prior study on rotating RBC (RRBC) with rough walls, that of Joshi
et al. (2017), in which heat transfer data at moderately high Rayleigh number and Prandtl
number 6.2 are used to propose a dependence of the enhancement in heat transfer due to
rotation on the thickness of the Ekman boundary layer (the special form a boundary layer
takes on rotating surfaces), δE, relative to the height of the roughness elements (k). In the
present study, we focus on the heat transfer behaviour in RRBC with rough boundaries
at low to moderate Rayleigh number and Prandtl number 5.7. Based on our results, we
propose that in addition to δE/k, the heat transfer is significantly modulated by the strength
and coherence of the structures that characterize rotating convection.

1.1. RBC without rotation
The RBC system consists of a fluid layer that is heated from below and cooled from
the top. The system is characterized by the Rayleigh number (Ra = αg�TH3/νκ) that
indicates the strength of the buoyancy forcing, the Prandtl number (Pr = ν/κ), which
is a fluid property, and the aspect ratio (Γ = D/H). The non-dimensional heat transfer
is represented by the Nusselt number, Nu = qH/λ�T . Here, �T is the temperature
difference between the bottom and top boundaries, H is the height, D is the lateral
dimension of the RBC cell, q is the heat flux, g is the acceleration due to gravity, and ν, α,
λ and κ are the kinematic viscosity, the isobaric thermal expansion coefficient, the thermal
conductivity and the thermal diffusivity of the fluid, respectively. The onset of convection
over smooth walls occurs at the critical Rayleigh number Rac. Near the onset, the domain
is filled with steady convection cells (Assenheimer & Steinberg 1996). As the Rayleigh
number is increased, these cells evolve into mushroom-shaped plumes, which re-organize
into large-scale circulation (LSC) (Bodenschatz, Pesch & Ahlers 2000; Xi, Lam & Xia
2004; Puthenveettil & Arakeri 2005). After the onset of convection, initially (Ra <∼ 105),
the Nusselt number increases rapidly as the Rayleigh number is increased (Rossby 1969;
Charlson & Sani 1975) and then follows a power law with the scaling exponent γ = 0.30
in the relation Nu ∼ Raγ for low to moderately high Ra (105 − 109) (Shraiman et al. 1990;
Chilla et al. 1993; Cioni, Ciliberto & Sommeria 1997; Liu & Ecke 1997; Ahlers & Xu
2001; Funfschilling et al. 2005; Verma et al. 2012; Cheng et al. 2015, 2020; Hawkins et al.
2023).

Numerous studies have investigated the effect of roughness on non-rotating RBC using
both experiments and simulations, mostly for 5 < Pr < 9, which is also the Prandtl
number relevant for the present study. The heat transfer is unaffected by wall roughness
when the thermal boundary layer (BL) thickness, δθ , is greater than the height of the
boundary roughness, k (deemed regime I by Xie & Xia 2017). As the thermal boundary
layer thickness decreases with an increase in Ra or as k is increased, the flow enters regime
II when δθ < k < δν , where δν is the viscous boundary layer thickness. In this regime,
enhancement in Nu of up to 100% with respect to smooth walls has been reported along
with a higher scaling exponent in the relation Nu ∼ Raγ (Shen, Tong & Xia 1996; Du &
Tong 1998; Qiu, Xia & Tong 2005; Salort et al. 2014; Wei et al. 2014; Xie & Xia 2017;
Zhang et al. 2018; Dong et al. 2020; Yang et al. 2021). When k becomes larger than both
δθ and δν , i.e. in regime III, the exponent becomes equal to that for RBC with smooth
walls, although with a larger pre-factor (Wei et al. 2014; Tummers & Steunebrink 2019).
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1.2. Rotating RBC
Rotation introduces Coriolis and centrifugal forces into the system, and hence, additional
non-dimensional parameters: the Ekman number (E = ν/2ΩH2) and the Rossby number
(Ro = √

(gα�T/H)/2Ω) indicate the strength of the Coriolis force in comparison to
viscous and inertial forces, respectively, whereas the Froude number, Fr = Ω2D/2g,
represents the strength of the centrifugal force relative to gravity. Here, Ω is the rotation
rate. Rotation delays the onset of convection, i.e. increases Rac (for laterally unbounded
domains, Rac ≈ 8.7E−4/3 for shear-free boundaries (Chandrasekhar 1961) and Rac ≈
(8.7 − 9.6E1/6) E−4/3 for no-slip boundaries (Niiler & Bisshopp 1965; Kunnen 2021;
Ecke & Shishkina 2023)). As Ra is increased beyond Rac for a given E, various regimes
based on the heat transfer behaviour are observed: rotationally constrained (RC) regime,
rotation-affected (RA) regime and rotation-unaffected (RuA) regime (King, Stellmach &
Aurnou 2012; Julien et al. 2016; Cheng et al. 2018; Kunnen 2021; Hartmann et al. 2023).
The RC regime is characterized by an exponent β in the relation Nu ∼ Raβ significantly
larger than that for non-rotating convection. The transition between the RC and the
RA regimes occurs at the transition Rayleigh number, Rat, which has been defined in
previous studies in multiple ways: based on the crossing of the boundary layer thicknesses
(δθ/δE ≈ 1) (Kunnen 2021; Hartmann et al. 2023), Nu/Nu (Ω = 0) = 1 (King et al.
2012; Cheng et al. 2015; Hawkins et al. 2023) and maximum Nu/Nu (Ω = 0) (Hartmann
et al. 2023). Note that these definitions do not necessarily yield the same Rat and not
all definitions can be applied for all Pr and for free-slip boundaries. In the RA regime,
the Nusselt number deviates from the power law relation characterizing the RC regime.
Depending on the system parameters such as Ra, Pr and E, an enhancement in the
heat transfer compared with non-rotating convection may or may not be observed before
the heat transfer becomes equal to that without rotation in the RuA regime. Note that
the boundaries of the above regimes depend on the parameters Ra, Pr and E (Ecke &
Shishkina 2023).

As the Rayleigh number is increased above Rac for a constant Ekman number, the flow
morphology undergoes significant changes; however, these changes may not be in sync
with the transitions between various regimes discussed above (Kunnen 2021; Hawkins
et al. 2023; Madonia et al. 2023). As Ra is increased, the flow structures within the
RC and RA regimes change from cellular convection to convective Taylor columns to
plumes to geostrophic turbulence (Sprague et al. 2006; Zhong et al. 2009; Stellmach et al.
2014; Kunnen 2021; Hartmann et al. 2023; Madonia et al. 2023), although these features
may not be observed for all Pr and E. The cellular convection cells and the convective
Taylor columns are vortical columnar structures that may span the height of the domain
and are aligned with the axis of rotation (Kunnen 2021; Hartmann et al. 2023). With
further increase in the buoyancy forcing, the vertical coherence of the Taylor columns is
partially lost, leading to the formation of plumes (Kunnen 2021). These plumes eventually
give way to geostrophic turbulence that consists of a turbulent field devoid of vertical
coherence. The boundary layer on the horizontal walls in the RC and RA regimes of
rotating convection takes on a special character and is known as the Ekman layer (e.g.
Greenspan 1968; Stellmach et al. 2014) that transitions to the Prandtl–Blasius boundary
layer in the RuA regime (Stevens et al. 2009; Rajaei et al. 2016; Ecke & Shishkina 2023),
the transition occurring at Ro ∼ O(1). In the presence of the vortical columns, the radial
pressure gradient associated with the columns is impressed upon the fluid in the Ekman
boundary layer. This pressure gradient draws more near-wall hot/cold fluid into the vortical
columns or plumes and tends to increase the heat transfer; this phenomenon is known as
Ekman pumping (Zhong et al. 2009; Julien et al. 2016).
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As discussed earlier, for infinite domains, Rac ≈ 8.7E−4/3 for free-slip top and bottom
boundaries (Chandrasekhar 1961), and Rac ≈ (8.7 − 9.6E1/6)E−4/3 for no-slip top and
bottom boundaries (Niiler & Bisshopp 1965; Homsy & Hudson 1971; Kunnen 2021; Ecke,
Zhang & Shishkina 2022). However, it has been observed both experimentally (Rossby
1969; Zhong, Ecke & Steinberg 1991; Ecke & Shishkina 2023) and numerically (Herrmann
& Busse 1993; Zhang & Liao 2009; Favier & Knobloch 2020; Ecke et al. 2022) that
rotating convection in confined domains begins at Ra = Rawm much lower than the critical
Ra for unconfined domains. Close to the onset (Ra >∼ Rawm), convection only occurs close
to the side walls in the form of alternating hot and cold fluid blobs that are known as
‘wall modes’ (Zhang & Liao 2009; Favier & Knobloch 2020; Lu et al. 2021; Ecke et al.
2022; De Wit et al. 2023). These wall modes precess along the side walls in a direction
opposite to that of the system rotation (Favier & Knobloch 2020; De Wit et al. 2023;
Ecke & Shishkina 2023). While these wall modes appear at Rawm ≈ π2

√
6
√

3E−1 for
free slip top and bottom boundaries (De Wit et al. 2023; Ecke & Shishkina 2023), they
appear at Rawm = π2

√
6
√

3E−1 + 46.55E−2/3 for no-slip top and bottom walls (Zhang
& Liao 2009). The heat transfer occurs predominantly through these wall modes for
Rawm ≤ Ra <∼ Rabulk, whereafter convection in the bulk gradually becomes dominant,
while that through the wall modes weakens. Although Rabulk ∼ Rac (Favier & Knobloch
2020; Kunnen 2021), Rabulk depends on the aspect ratio (Zhong, Ecke & Steinberg 1993;
Ecke et al. 2022) of the confined domain.

Investigations of the effect of boundary roughness on RRBC have been rare. In the only
study known to the authors, Joshi et al. (2017) showed for Pr = 6.2 and Ra = 2.2 × 109

that the enhancement in the heat transfer by rotation is unaffected by wall roughness so
long as the roughness elements are buried deep inside the Ekman boundary layer (k � δE).
As the rotation rate is increased (i.e. Ro is lowered), and consequently δE decreased, the
roughness starts increasing the heat transfer enhancement when the roughness elements
protrude into the interior of the Ekman boundary layer (i.e. k <∼ δE), where the radial
inflow into the base of the vortical columns is stronger. As the Ekman boundary layer
thickness decreases further, they hypothesized a weakening of Ekman pumping when
k ≈ δE that leads to a decrease in the heat transfer, and its reestablishment when k � δE.
They observed for rough wall convection a maximum enhancement in Nu of approximately
30 % over its value for non-rotating RBC, whereas the same was approximately 10 % for
smooth walls.

While Joshi et al. (2017) presented results for Ra = 2.2 × 109, the primary focus
of the present study is the effect of boundary roughness on RRBC at low Ra,
including its effect on the onset of convection. Towards this end, tetrahedral roughness
elements arranged in a hexagonal grid having wavelength approximately equal to that
of the expected unstable modes (Nakagawa & Frenzen 1955; Chandrashekhar 1961)
are used in the present experiments. However, sufficiently accurate measurements close
to Nu = 1 were not achieved using the present set-up. Thus, experimental results are
presented only for 105 <∼ Ra <∼ 108. The Nusselt number is measured for Pr = 5.7 as the
Rayleigh number is varied in the above range with the Ekman number held constant at
four different values (E = 7.55 × 10−4, 1.2 × 10−4, 5.9 × 10−5 and 1.4 × 10−5). Heat
transfer measurements have been performed for rotating and non-rotating RBC over both
smooth and rough walls. Due to the limitations of our direct numerical simulation (DNS)
solver, simulations are performed only with smooth walls at the same Pr and E as those
for the experiments. The DNS data are used to validate the experimental data for smooth
walls and to obtain data at low Ra for which reliable data from experiments could not be
obtained. The DNS data for RRBC with smooth walls are also used to examine the flow
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structures in detail. The same were used, assuming the broad features to be similar over
smooth and rough walls, to propose a phenomenology explaining the present observations
for RRBC with rough walls.

We present the details of the experimental set-up and the measurement procedures in
§ 2 and the numerical simulations in § 3. In § 4, we present our results that show an
enhancement in the heat transfer by wall roughness for all parameters investigated, the
enhancement reaching a maximum in the RC regime. In § 5, we show that this trend is
likely a result of the varying strength and coherence of the columnar structures as Ra is
changed. We finally conclude in § 6.

2. Experimental set-up and measurement procedure

The RBC cell is mounted on a rotating table having an 800 mm diameter tabletop that can
be levelled horizontal using levelling screws at the bottom of the table. Electrical power
and cooling fluids are transferred into and out of the rotating system using a combined
slip ring and rotary union. The tabletop is driven using a step servo motor BHSS 600 W
and controller BH-SDC-01 & 02 from Bholanath Precision Engineering Pvt. Ltd. Motion
is transferred from the motor to the tabletop using a Fenner HTD 800–5M timing belt
and pullies with a gear ratio of 4 (which was further increased to 12 to accommodate the
greater torque required by the rotary union after repairs). The maximum motor speed is
2000 rpm; as a result, the maximum achievable table speed is 167 rpm (after rework on
the rotary union).

The RBC cell is a cuboid with a cross-section in the horizontal plane of size
100 mm × 100 mm. It is bounded by two copper plates, each approximately 40 mm thick,
at the top and the bottom, while the acrylic sidewalls are 8 mm thick. Plates with both
rough and smooth wetted surfaces have been used in the present study. Roughness elements
in the form of 4 mm tall tetrahedrons with triangular bases of 10 mm sides are machined
onto the wetted surfaces of both rough plates. The height of the roughness element is
chosen so that it is not comparable to the height of the RBC cell. The tetrahedrons
are arranged such that their peaks form a regular hexagonal pattern (see figure 1c).
The bottom plate is heated by supplying electrical power from an 800 W programmable
DC power supply DCX160M10 (Scientific Mes-Technik Pvt. Ltd) to a nichrome (80 %
nickel, 20 % chromium) resistor having a resistance R0 = 155 ohm attached to the plate’s
bottom face. The bottom plate is maintained at temperature Tb by using an in-house PID
control algorithm. The top plate is maintained at temperature Tt by circulating chilled
water through 8 mm wide and 30 mm deep spiral channels machined in it, which were
covered using a 10 mm thick acrylic sheet. Deionized and degassed water is used as the
working fluid. To minimize heat transfer between the RBC cell and the surrounding, both
the bottom plate and the sidewalls are covered with layers of insulation and aluminium
shields that are maintained at temperatures Tb ± 0.1 K and Tm ± 0.1 K, respectively,
where Tm = (Tb + Tt)/2. Care is taken to prevent leakage of the working fluid by using
O-rings between the acrylic sidewalls and each of the copper plates. Following earlier
studies (Wei et al. 2014; Joshi et al. 2017; Zhu et al. 2017; Tummers & Steunebrink 2019),
the effective vertical location of a rough wall is assumed to coincide with the mid-height of
the roughness elements. For both rough and smooth plates, three different effective RBC
cell heights have been used by changing the height of the sidewalls: 15, 36 and 96 mm,
yielding aspect ratios of Γ � 6.67, 2.78 and 1.04, respectively.

Each plate is provided with a four-wire Pt100 sensor in the form of M6 screws and four
4-wire bead-shaped thermistors approximately 2.5 mm in diameter. The Pt100 sensors
are mounted at the plate centres, while the thermistors are inserted into 3 mm diameter
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Figure 1. (a) Schematic of the experimental set-up (not to scale): 1, rotating tabletop; 2, intermediate
aluminium plate; 3, insulation for the bottom copper plate; 4, aluminium shield for bottom copper plate;
5, bottom copper plate; 6, top copper plate; 7, heating resistor; 8, working fluid; 9, acrylic side walls; 10,
insulation for the sidewalls; 11, aluminium shield for the side walls. (b) Top view of the top copper plate
showing the channels for the cooling fluid and the holes used for accommodating the temperature sensors. (c)
Wetted side of the top copper plate. Crests of the tetrahedral roughness elements form a hexagonal pattern, as
highlighted. (d) Side view of the top copper plate with an enlarged view of the roughness elements. Note that
roughness elements with the same geometry are provided on the bottom copper plate.

holes with centres along the diagonals of the plates and located 35 mm from the plate
centres. The tips of all the sensors are located either underneath the troughs and 2 mm
from the base of the roughness elements (in case of rough walls) or 2 mm from the wetted
surface (in case of smooth walls). All sensors are calibrated in the laboratory using a
temperature-controlled bath in the temperature range 5–45 °C and a master RTD traceable
to the temperature calibration labs certified by National Accreditation Board for Testing
and Calibration Laboratories. Data from the sensors are acquired using an NI cDAQ-9289
chassis and the modules NI-9216 (for RTDs) and NI-9219 (for thermistors) placed on
the rotating table. Data are transferred wirelessly to a computer in the laboratory frame
using a TP-Link router. All the data acquisition and control algorithms are programmed in
LabVIEWTM from National Instruments.

All experiments are performed for isothermal boundary conditions and Tm = 29 ◦C
(Pr = 5.7), and all fluid properties are evaluated at Tm. Figure 2(a) shows the variation
of the temperature measured by all the sensors in the bottom plate with time, whereas
figure 2(b) shows similar data for the top plate. The temporal variations are determined to
be approximately ±0.02 K for the bottom plate and ±0.1 K for the top plate (figure 2). The
maximum spatial variation of the temperature recorded by the sensors in the bottom plate
is smaller than 14 %. Similar spatial variations of temperature in the bottom plate have been
reported earlier, e.g. Cioni et al. (1997), and have been attributed to the effects of thermal
conduction within the plate. However, as shown in § 4, the measured values of the Nusselt
number in the present study agree very well with those obtained from the present DNS and
those reported by earlier studies (see figure 4). Thus, these spatial temperature variations
are expected to not affect the conclusions of the present study. The spatial temperature
variations in the top copper plate are smaller than 2 % of �T (not shown).
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(a) (b)
26.5

26.0

25.5

t (h)

2.0 3.0 4.0 5.0 5.5

P2
T5
T6
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Figure 2. Variation of the temperature measured by the sensors in the (a) bottom plate and the (b) top plate
with time. P1 and P2 are the Pt100 sensors in the bottom and top plates, while T1–T4 and T5–T8 are the
thermistors in the bottom and top plates, respectively. Here, �T = 6.06 K, Ra = 6.79 × 106.

20

18

16

14

12
0 2.5 5.0 10.07.5

t (h)

Nu

Figure 3. Variation of the instantaneous Nusselt number (Ñu) with time. The horizontal line indicates the
data considered to calculate Nu. Here, Ra = 5.8 × 106, E = ∞, Pr = 5.7.

All temperature and heat flux data are recorded at a sampling rate of 1 Hz. For any
experiment, data recorded for 3–4 h (2500τ–7000τ , where τ = √

H/gα�T ) in the steady
state, are averaged to calculate the mean quantities�T and q = 〈V2 〉/(R0A), which in turn
are used to calculate Ra and the average Nusselt number (Nu). Here, V is the instantaneous
voltage across the resistor, A is the projected wetted area of the top and bottom plates,
and 〈 〉 denotes time averaging. Figure 3 shows the variation of the instantaneous Nusselt
number with time for one of the experiments and the extent of the data used for averaging
in the statistically steady state. The highest rotation rate used in the present study is
π rad s−1, resulting in Froude number Fr = 0.07, where Fr = (Ω2d)/2g and d is the
length of the diagonal of the wetted area of the plates. Since Frmax < Γ/2 for all our
experimental data, the effect of the centrifugal acceleration is negligible in the present
study (Horn & Aurnou 2018, 2019).

982 A15-7

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

15
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2024.15


V.K. Tripathi and P. Joshi

3. Numerical simulations

Direct numerical simulations are performed only for convection over smooth walls. We use
a GPU-accelerated (Anas & Joshi 2023) version of the finite difference code Saras (Verma
et al. 2020; Samuel et al. 2021) to solve the incompressible Navier–Stokes equations on
a collocated grid, and the pressure Poisson equation using a multigrid solver. The code
is used to simulate an RBC cell of non-dimensional height Lz = 1 in Cartesian space
providing aspect ratios (Γ = 1, 2.5) approximately equal to those used in the experiments.
The Prandtl number is 5.7 for all simulations. Under the Boussinesq approximation, we
solve the following equations for rotating Rayleigh–Bénard convection (Verma 2018):

∂u
∂t

+ (u · ∇)u = −∇p +
(√

Pr
Ra

)
∇2u + θ êz +

(√
Pr

RaE2

)
u × êz, (3.1)

∂θ

∂t
+ (u · ∇)θ = 1√

RaPr
∇2θ (3.2)

and
∇ · u = 0. (3.3)

In these equations, u(x, t) is the velocity field, p(x, t) is the pressure field, θ(x, t) is
the temperature field relative to the reference temperature Tm, t is time and êz is a unit
vector along the z direction. The above equations are non-dimensionalized using the free
fall velocity U = √

gα�TH, H and �T . In all simulations, the number of grid points
in the vertical (or horizontal) direction varies between 64 (or 128) and 256 such that a
minimum of five grid points lie within the thinnest boundary layer on the horizontal walls.
The no-slip boundary condition is used at all the boundaries. Horizontal boundaries are
isothermal, while the side walls are adiabatic.

4. Results

4.1. Heat transfer with smooth horizontal boundaries
The variation of Nu with Ra over the range Ra = 6.6 × 105 − 3 × 108 for non-rotating
RBC with smooth boundaries is shown in figure 4(a). The data include results from
experiments as well as simulations. The length of the error bars represents 4�φ , where
�φ = σφ/

√
(t0/τ0) is the standard error in the mean value φ̄ of the variable φ. Here, σφ

denotes the standard deviation of φ, t0 denotes the length of the time series for φ(t) used
to calculate φ̄ and τ0 is estimated as the time τ at which the temporal autocorrelation of φ,
Cφ(τ ) = 〈φ(t)φ(t + τ)〉/σ 2

φ , decays to 1/e (Acton 1966; Joshi et al. 2017). Note that for
some data points, the length of the error bars is smaller than the size of the symbols. Three
RBC cell heights: H = 15 mm, 36 mm and 96 mm have been used in the experiments,
resulting in aspect ratio 1.04 ≤ Γ ≤ 6.67. The present data, from both experiments and
DNS, agree well with those of Rossby (1969) and Liu & Ecke (1997). Fitting the data for
Γ = 2.78 and 6.67 together, and the data for Γ = 1.04 separately, to Nu ≈ aRaγS using
least squares yields the exponent γS ≈ 0.3 for all aspect ratios, in agreement with several
prior studies (Shraiman et al. 1990; Chilla et al. 1993; Cioni et al. 1997; Liu & Ecke 1997;
Ahlers & Xu 2001; Funfschilling et al. 2005; Verma et al. 2012; Cheng et al. 2015, 2020;
Hawkins et al. 2023), see table 1. Whereas a ≈ 0.12 for Γ = 6.67 and 2.78 combined,
the trend line for Γ = 1.04 lies above that for Γ = 2.78 and 6.67, i.e. yields a slightly
higher value of a ≈ 0.14. Such dependence of Nu on Γ has been observed in prior studies,
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Regimes in rotating RBC over rough boundaries
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EXP, Γ = 2.78

DNS, Γ = 2.5

EXP, Γ = 1.04

EXP, Γ = 6.67

Rossby (1969)

Liu & Ecke (1997)

Nu = 0.14Ra0.30

(a)

(b)

E = 10–3, Γ = 6.35, Pr = 6.8, Rossby (1969)

EXP, E = 1.4 × 10–5, Γ = 1.04
EXP, E = 5.9 × 10–5, Γ = 1.04
EXP, E = 1.2 × 10–4, Γ = 2.78
EXP, E = 7.55 × 10–4, Γ = 2.78
DNS, E = 1.4 × 10–5, Γ = 1
DNS, E = 5.9 × 10–5, Γ = 1
DNS, E = 1.2 × 10–4, Γ = 2.5
DNS, E = 7.55 × 10–4, Γ = 2.5
E = 10–5, Γ = 1–7, Pr = 7, King et al. (2012)
E = 10–4, Γ = 1–7, Pr = 7, King et al. (2012)

Figure 4. Variation of Nu with Ra for (a) non-rotating RBC with smooth boundaries (green downward
triangles: Γ = 6.35, Pr = 6.8, Rossby (1969); blue circles: Γ = 0.78, Pr = 6.3, Liu & Ecke 1997).
(b) Rotating RBC with smooth boundaries. For all present data, Pr = 5.7. The black solid and dashed lines in
panels (a) and (b) are the same. Note that all the dashed trend lines in panel (b) denote the power law Nu ∼ Raβ

that is fitted to the data falling on the respective trend lines using least square method. Blue, β = 0.87; red,
β = 1.2; cyan, β = 1.13; magenta, β = 1.22. Error bars in panel (a) are smaller than the symbol size and are
not shown.

e.g. Funfschilling et al. (2005), Wagner & Shishkina (2013), Shishkina (2021), Xia et al.
(2023). However, it can also be a result of the changes in the large-scale structure of the
flow as Ra is increased (Grossmann & Lohse 2003).
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Wall H (mm) Γ a γ

Smooth 15, 36 6.67, 2.78 0.12 0.30 ± 0.03
Smooth 96 1.04 0.14 0.30 ± 0.03
Rough 15, 36 6.67, 2.78 0.13 0.33 ± 0.01
Rough 96 1.04 0.04 0.39 ± 0.01

Table 1. Values of γ in the scaling law Nu ∼ aRaγ for non-rotating convection. Uncertainty in γ is
represented as γ ± 2�γ , where �γ is the estimated standard error in γ , �2

γ = (Sφφ Sψψ − S2
φψ)/[(n −

2)S2
φφ ], n is the number of data points (Ra,Nu) used for linear regression, φ = ln Ra, ψ = ln Nu, and

Sφψ = ∑n
i=1 (φi − φ̄)(ψi − ψ̄) is the covariance of φ and ψ (Acton 1966). () denotes the mean of the data

set. For rough walls, H is calculated from the middle of the valleys.

E Γ βS (simulation) βR (experiment)

7.55 × 10−4 2.5 0.87 ∼
1.2 × 10−4 ≈2.5 1.2 1.5
5.9 × 10−5 1 1.13 ∼
1.4 × 10−5 1 1.22 1.7

Table 2. Values of the exponent β in the scaling law Nu ∼ Raβ in the RC regime. The values of β are
calculated using least squares fit to the data falling on the trend line in the RC regime. Subscripts S and R
for β denote smooth and rough boundaries, respectively. ∼ denotes insufficient data to estimate the exponent.
For E = 1.2 × 10−4 and Γ = 2.78, both experiments and simulations separately yield βS ≈ 1.2.

Results for rotating RBC with smooth walls are presented in figure 4(b) for different
values of the Ekman number: E = 7.55 × 10−4, 1.2 × 10−4 for Γ ≈ 2.78 and E =
5.9 × 10−5, and 1.4 × 10−5 for Γ ≈ 1.04 for simulations and experiments. The data
for non-rotating RBC are represented using the solid black line from figure 4(a), i.e.
Nu ∼ 0.12Ra0.3. In agreement with the results from King et al. (2012) and Rossby (1969),
for a constant Ekman number and low Ra, Nu is lower than that for non-rotating RBC at
the same Ra and increases rapidly as Ra increases in the RC regime (King, Stellmach &
Buffett 2013; Cheng et al. 2015; Julien et al. 2016; Kunnen 2021; Lu et al. 2021; Ecke
& Shishkina 2023). A power law fit to the data in this regime provides the exponent
in the relation Nu ∼ Raβ in the range 0.87–1.22 (see table 2). Note that in agreement
with several previous studies (e.g. King et al. 2012; Kunnen 2021; Lu et al. 2021;
Ecke & Shishkina 2023), the data for Nu ∼ O(1), except for the largest E, do not follow
these relations and have not been considered for obtaining the scaling parameters. The
onset of convection occurs through wall modes at Ra (= Rawm) lower than Rac, resulting
in this deviation of the data from the power law for low Ra (Rossby 1969; King et al. 2009;
Ecke 2023). This effect seems to become stronger as the Ekman number decreases. As Ra
is increased, the wall modes start diffusing into the bulk (Favier & Knobloch 2020; Ecke
et al. 2022; De Wit et al. 2023, also see § 5) and the Nusselt number follows the power law
for Ra >∼ Rabulk.

As Ra is increased beyond the transition Rayleigh number Rat = Rat(E), defined as
the lowest Ra for a given E at which Nu = Nu(E = ∞) (King et al. 2012; Cheng et al.
2015; Kunnen 2021; Hawkins et al. 2023), the Nusselt number increases beyond the
corresponding values for non-rotating convection in the RA regime (King et al. 2013;
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Regimes in rotating RBC over rough boundaries

E Rat

Smooth boundaries
7.55 × 10−4 4.1 × 105 (simulations)
1.2 × 10−4 4.6 × 106 (experiments and simulations)
5.9 × 10−5 1.72 × 107 (simulations)
1.4 × 10−5 1.66 × 108 (simulations)

Rough boundaries
1.2 × 10−4 3.3 × 106 (experiments)
1.4 × 10−5 5.23 × 107(experiments)

Table 3. Summary of Rat for various E for smooth and rough boundaries. Note that at E = 1.2 × 10−4, Rat is
approximately the same from simulations and experimental data, separately. Note that, due to insufficient data
for rough walls, Rat is not calculated at E = 7.55 × 10−4 and 5.9 × 10−5.

Kunnen et al. 2016; Ecke & Shishkina 2023), and eventually conforms to the trend for
non-rotating convection in the RuA regime (King et al. 2013; Cheng et al. 2015; Julien
et al. 2016; Kunnen 2021). Note that the transition from the RC regime to the RA regime
(and then to the RuA regime) occurs over a range of Ra. Thus, Rat is merely indicative of
the range of Ra over which the transition is expected to occur (Cheng et al. 2020; Kunnen
2021; Ecke & Shishkina 2023). Note that the data for E = 7.55 × 10−4 cover all three
regimes: RC, RA and RuA, while those for E = 1.2 × 10−4, 5.9 × 10−5 and 1.4 × 10−5

fall only in the regimes RC and RA. The present data are in close agreement with those
from the studies cited above for comparable values of the Ekman number. Following King
et al. (2012), we estimate Rat for a given Ekman number by finding the intersection of the
trend line Nu ∼ 0.12Ra0.3 with the line joining two data points, each point on either side of
the same trend line. For E = 1.2 × 10−4, the data from both experiments and simulations
yield Rat ≈ 4.6 × 106, in agreement with King et al. (2012). The values of Rat at other E
obtained from simulations are tabulated in table 3 and are in broad agreement with prior
studies, e.g. King et al. (2012), Cheng et al. (2015), Kunnen (2021) and Hawkins et al.
(2023).

4.2. Heat transfer with rough horizontal boundaries
The variation of Nu with Ra for non-rotating convection is shown in figure 5(a) for both
smooth and rough walls. Note that three RBC cell heights H = 15, 36 and 96 mm have
been used to span the range 7 × 104 ≤ Ra ≤ 3 × 108, resulting in aspect ratio 1.04 ≤
Γ ≤ 6.67. The presence of rough boundaries increases the heat transfer significantly in
comparison to those over smooth walls: an increase of 20 %–65 % in Nu is observed in the
present study. Fitting the data for Γ = 2.78 and 6.67 to a single power law Nu ≈ aRaγR ,
we obtain γR = 0.33. The value of this exponent increases substantially to 0.39 with a
decrease in aspect ratio to Γ = 1.04 (see table 1). In the present work, since only one
aspect ratio (Γ = 1.04) is used for Ra >∼ 107, the increase in the scaling exponent cannot
be attributed with certainty to the effect of aspect ratio, large Ra or a combination of both.
The present trends of higher Nu and higher γ for rough walls compared to smooth walls are
in agreement with several prior studies, e.g. Qiu et al. (2005), Wei et al. (2014), Xie & Xia
(2017), Zhang et al. (2018) and Tummers & Steunebrink (2019). Using δθ/H ≈ 1/2Nu, we
estimate 2 < k/δθ < 6 for the present data. For our range of Ra, the viscous BL thickness
for non-rotating RBC with smooth walls is found from DNS to be 3 mm <∼ δν <∼ 4.5 mm.
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(b)

S, Γ = 1.04

R, Γ = 6.67

R, Γ = 2.78

R, Γ = 1.04

S, Γ = 6.67

S, Γ = 2.78

Nu

Nu

Ra

E = 1.4 × 10–5, Γ = 1.04
E = 5.9 × 10–5, Γ = 1.04
E = 1.2 × 10–4, Γ = 2.78
E = 7.55 × 10–4, Γ = 2.78

Figure 5. Variation of Nu as a function of Ra for (a) non-rotating RBC with rough boundaries and (b) rotating
RBC with rough boundaries. In both panels (a) and (b), black solid line, Nu = 0.12Ra0.30 (smooth wall
non-rotating RBC for Γ = 2.78, 6.67); black dashed line, Nu = 0.14Ra0.30 (smooth wall non-rotating RBC
for Γ = 1.04); green solid line, Nu = 0.13Ra0.33 (rough wall non-rotating RBC for Γ = 2.78, 6.67); black
dash-dotted line, Nu = 0.04Ra0.39 (rough wall non-rotating RBC for Γ = 1.04). Note that error bars are much
smaller than the symbol size. In panel b, colour indicates the Ekman number. Open symbols: EXP; filled
symbols: DNS; squares: smooth; diamonds: rough.

Since, the viscous boundary layer thickness is expected to be larger for rough boundaries
(Liot et al. 2016), we estimate k/δv <∼ 1. This indicates that the data likely lie in the
so-called ‘regime II’ (Shen et al. 1996; Du & Tong 1998; Qiu et al. 2005; Salort et al. 2014;
Wei et al. 2014), which is observed when δθ < k < δν . Note that the increase in Nu due
to roughness is lower for Γ = 1.04 and is believed to be a consequence of a smaller
k/H = 0.04 compared with that for other aspect ratios (k/H = 0.1 and 0.2).

982 A15-12

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

15
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2024.15


Regimes in rotating RBC over rough boundaries

Figure 5(b) shows the variation of Nu with Ra for rotating convection over both smooth
and rough walls. Data for rough-wall rotating convection have been obtained only for Γ ≤
2.78. Accordingly, lines representing the power-law fit to the non-rotating convection data
for Γ ≤ 2.78 are included in the figure for comparison. Similar to the case of smooth
walls, rotating convection over rough walls exhibits the heat transfer regimes RC, RA and
RuA with corresponding characteristics: a rapid increase of Nu with Ra in regime RC,
an overshoot of Nu above the trend line for non-rotating convection in regime RA and
the eventual collapse of data onto those for non-rotating convection in the regime RuA.
Note that the present rough-wall data for any given Ekman number do not cover all three
regimes. Similar to the case of non-rotating convection, wall roughness increases the heat
transfer in both regimes RC and RA of rotating convection in the present study. However,
the trend of Nu with Ra in the RC regime for rough walls has a larger exponent than that
for smooth walls, refer to table 2. Note that this conclusion is based only on data sets at
E = 1.2 × 10−4 and 1.4 × 10−5. In the RC regime, the difference between the value of
Nu for rough and smooth walls decreases with a decrease in Ra. However, in the absence
of data at very low Ra, the effect of boundary roughness on the Rayleigh number for the
onset of convection remains inconclusive.

Figure 6(a) shows the ratio of the heat transfer with rotation to that without rotation,
i.e. Nu(Ω)/Nu(Ω = 0), for different Ekman numbers. Here, Nu(Ω = 0) is evaluated
at the same Ra as for Nu(Ω) using interpolation of the respective data for Ω = 0
from both experiments and DNS (both agree well with each other) for smooth walls
and the experimental data for rough walls. In figure 6(a), the horizontal dashed line
Nu(Ω)/Nu(Ω = 0) = 1 shows the demarcation between the RC and RA regimes. Except
at very low Ra, Nu(Ω)/Nu(Ω = 0) for rough walls in the RC regime is significantly
higher in comparison to that for smooth walls, suggesting that wall roughness increases
the heat transfer efficiency of Ekman pumping in the RC regime (details are discussed in
§ 5). As the Rayleigh number is increased beyond Rat, Nu(Ω)/Nu(Ω = 0) for rough walls
approaches that for smooth walls and eventually tends to decrease below the latter as the
transition to the RuA regime is approached. Note that for very large Ra, Nu(Ω)/Nu(Ω =
0) is expected to asymptotically approach 1 for both rough and smooth walls. Thus, for a
given Ekman number, we observe both an increase in the efficiency of Ekman pumping at
low Ra (mostly in the RC regime) and a weakening of the same at higher Ra (in the RA
regime). Such weakening or ‘disruption’ of the Ekman pumping mechanism was reported
by Joshi et al. (2017) and proposed to occur when δE <∼ k. However, depending on the
Rayleigh number (or the regime), we observe both an increase and a decrease in the heat
transfer efficiency of Ekman pumping for a constant δE <∼ k. We discuss this further in
§ 5. As expected, the effect of roughness on the heat transfer also changes the transitions
between regimes that are based on heat transfer characteristics: for a given Ekman number,
the transition Rayleigh number Rat is lowered for rough-wall convection in comparison to
that over smooth walls.

Figure 6(b) shows the variation of NuR/NuS with Ra, where NuR and NuS are the
Nusselt numbers for rough and smooth walls, respectively. While NuR represents the actual
values recorded for rough walls, NuS at the corresponding values of Ra is estimated using
interpolation of the data. As discussed earlier, for E = ∞, the maximum enhancement in
heat transfer caused by the wall roughness is approximately 65 % for Γ = 2.78 and Ra ≈
107. However, for rotating convection, this enhancement in Nu by roughness increases
substantially and peaks in the RC regime: the maximum enhancement being approximately
180 % for E = 1.2 × 10−4 and 1.4 × 10−5. This enhancement decreases on the one hand
as Ra is lowered towards convection onset and on the other as Ra is increased beyond Rat.
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Figure 6. (a) Variation of Nu(Ω)/Nu(Ω = 0) with Ra. (b) Variation of NuR/NuS with Ra. The vertical
dash-dotted lines in panel (b) denote Rat (see table 3) for rough walls for the corresponding Ekman number.
The blue and cyan dash-dotted lines are only indicative since Rat could not be measured: the rough-wall data
for E = 7.55 × 10−4 (blue diamonds) and E = 5.9 × 10−5 (cyan diamonds) lie entirely in the RA regime. In
both panels, colour indicates the Ekman number. Open symbols: EXP; filled symbols: DNS; squares: smooth;
diamonds: rough.

Although we do not have data in the RC regime for E = 7.55 × 10−4 and E = 5.9 × 10−5,
the data in the RA regime show a similar trend: increasing NuR/NuS as Rat is approached.
As expected, for RRBC, NuR/NuS approaches that for RBC for the same Γ as the regime
RuA is approached.
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Regimes in rotating RBC over rough boundaries

5. Discussion

It is known that the dynamics of the boundary layers affect the heat transfer significantly
in rotating convection (e.g. King et al. 2009; Stevens, Clercx & Lohse 2010; Kunnen
et al. 2016; Hartmann et al. 2023). Specifically, for rotating convection over rough walls,
the effect of roughness on the heat transfer enhancement is expected to be significant
when the boundary layer thicknesses are comparable to or smaller than the size of the
roughness elements (Joshi et al. 2017). Over smooth walls, we define the thermal BL
thickness (δS

θ ) as the distance from the wall to the point of intersection of the lines
tangent to the temperature profile in the bulk and at the wall (see figure 7a). The vertical
temperature profile represents the horizontally and temporally averaged temperature. To
calculate the thermal boundary layer thickness over rough walls (δR

θ ), we assume the
same temperature gradient in the bulk as that over smooth walls at the same Ra, while
the slope of the line representing the temperature gradient at the wall is 1/NuR. This
definition is likely to slightly underestimate δR

θ since lower ∂T/∂z in the bulk (i.e. greater
mixing) would be expected for rough walls as compared with smooth walls at the same Ra.
Figure 7(b) shows the variation of the thermal boundary layer thickness with Ra for both
smooth-wall and rough-wall rotating convection. As expected, the thermal boundary layer
thickness decreases as Nu increases with Ra for both rough and smooth walls. Except at
Ra for which Nu ∼ O(1), for all E, δR

θ < k, i.e. the thermal boundary layer over rough
walls is in a perturbed state. We estimate the thickness of the Ekman boundary layer
over rough walls using δR

E = δS
E
√

secβ, where δS
E = 2.284

√
ν/Ω is the Ekman boundary

layer thickness on a smooth horizontal wall (Rajaei et al. 2016), π/2 − β is the angle
made by the surface with the rotation axis and the term

√
secβ has been introduced

to account for the thickening of the boundary layer over a sloping wall (Pedlosky
1987). For the present roughness geometry, β = 54.2◦, i.e. δR

E ≈ 1.3δS
E. For all the cases

presented, 0.4 <∼ δR
E/k <∼ 1. Thus, both thermal and Ekman boundary layers are perturbed

by roughness, leading to a greater incursion of the near-wall hot/cold fluid into the vortical
columns. Thus, NuR/NuS is greater than 1 at all Ra and E in this study. The variation
of the ratio of the thermal and Ekman boundary layer thicknesses with the Rayleigh
number is shown in figure 7(c). The vertical dashed (or dash-dotted) lines indicate Rat
for the respective values of E (see table 3). In line with several prior studies (King et al.
2009; Hartmann et al. 2023), δθ/δE ≈ 1 occurs close to Rat, except at E = 1.2 × 10−4 for
rough walls. The peak of NuR/NuS observed in figure 6(b) for E = 1.2 × 10−4 and
1.4 × 10−5 occurs near Rat.

As discussed earlier in context to figure 6(b), for a fixed E, the enhancement in Nu due to
wall roughness reaches a maximum in the RC regime, say at Ra = Rapeak, and decreases
as Ra is either increased or decreased. We propose that this variation in the enhancement is
a result of the changing coherence and strength of the columnar structures that are known
to play an important role in the heat transfer in rotating convection (Zhong et al. 2009;
Stevens et al. 2010, King et al. 2012; Stevens, Clercx & Lohse 2013; Julien et al. 2016;
Ecke & Shishkina 2023). A vertically coherent columnar structure would be more efficient
in transporting to the opposite wall the additional hot (or cold) plumes that the wall
roughness injects into the column. However, a column that loses its coherence away from
the walls will result in greater dissipation of the temperature anomaly in the bulk, leading
to a smaller increase in heat transfer due to wall roughness. Similarly, weaker columnar
structures may also lead to a lower heat transfer enhancement, as will be discussed
shortly.

We use the DNS data for smooth walls to get insight into the broad features of the flow.
Based on the assumption that these broad flow features are similar over rough walls, we
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Figure 7. (a) Temperature profile in RRBC with smooth boundaries for Ra = 106, E = 1.2 × 10−4, Γ = 2.5.
Here, red and blue dashed lines are the tangents to the temperature profile in the bulk and at the wall,
respectively, while the magenta dashed line represents the temperature gradient at the wall, ∂T/∂z|wall =
1/NuR, for rough boundaries. (b) Variation of the thermal BL thickness with Ra at various E. The horizontal
black dashed line denotes the height of the roughness elements, k = 4 mm. (c) Variation of δS

θ /δ
S
E and δR

θ /δ
R
E

with Ra at various values of the Ekman number. Superscripts S and R denote smooth and rough boundaries,
respectively. Vertical dashed lines and dash-dotted lines denote the Rat (see table 3) for smooth and rough
boundaries, respectively, corresponding to that Ekman number. In both panels (b) and (c), colour indicates
the Ekman number; squares: smooth; diamonds: rough. Magenta, E = 7.55 × 10−4; red, E = 1.2 × 10−4;
cyan, E = 5.9 × 10−5; blue, E = 1.4 × 10−5. Cyan and blue, Γ = 1.04; red and magenta, Γ ≈ 2.78. To avoid
clutter, estimates of δθ for smooth-wall experiments are not shown since they agree well with those based on
the DNS data.

propose an explanation for the observed heat transfer behaviour in RRBC over rough walls.
Using the data from DNS for smooth walls, we calculate the normalized cross-correlation
coefficient r between the temperature fields at z/δθ = 1 and z/H = 0.5,

r =

n∑
i=1

Ni

n

√√√√ n∑
i=1

Di

, (5.1)
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Figure 8. Variation of the normalized cross-correlation coefficient r (see (5.1)) with Ra.

where

Ni =
∑
x,y

[T(x, y, δθ )− T̄(δθ )] · [T(x, y,H/2)− T̄(H/2)], (5.2)

Di = 1
n2

n∑
i=1

∑
x,y

[T(x, y, δθ )− T̄(δθ )]
2 ·

n∑
i=1

∑
x,y

[T(x, y,H/2)− T̄(H/2)]2 (5.3)

and the overbar indicates the spatial mean of a quantity in a horizontal plane. The value
of i varies from 1 to n, where n = 5 represents the number of independent realizations
(five instantaneous data sets, consecutive sets separated by 100 non-dimensional time
units, i.e. free fall time τ = √

H/gα�T) used to calculate the value of r at a given Ra.
The cross-correlation coefficient for E = 1.2 × 10−4 and 1.4 × 10−5, shown in figure 8,
peaks close to Ra = 4 × 106 and Ra = 8 × 107, respectively. To relate the changes in r to
the corresponding changes in the flow structure, we present in figure 9 the instantaneous
distributions of the temperature obtained from DNS at z/δθ = 1 and z/H = 0.5 at Ra =
1 × 106, 4 × 106 and 2 × 107 for E = 1.2 × 10−4 (trends are qualitatively similar for
E = 1.4 × 10−5). At Ra = 4 × 106 (see figure 9c,d), i.e. close to the maximum of r, the
contours show a high degree of coherence between the temperature fields at the edge of
the thermal boundary layer and in the bulk. As Ra is increased, this coherence seems
to decrease (see figure 9e, f ), in accordance with the decay in r observed in figure 8.
We propose that as the buoyancy forcing that competes with the Coriolis force increases
as Ra is increased, the vortical columns lose their coherence away from the bottom and
top walls. However, as the Rayleigh number is decreased, the vortical columns become
weaker and eventually seem to disappear completely in the region away from the side
walls. Figure 9(a,b) for Ra = 1 × 106 shows no columnar structures in the bulk but only
wall modes adjacent to the side walls in agreement with earlier studies (Zhong et al. 1991;
Favier & Knobloch 2020; Ecke et al. 2022). The coherent structures, i.e. wall modes, are
present only near the side walls, leading to a lower value of r. Due to the absence of any
structures away from the side walls, the role of conduction in the heat transfer through this
region can be expected to become more important (the vertical velocity in this region is
nearly zero, not shown).

982 A15-17

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

15
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2024.15


V.K. Tripathi and P. Joshi

(a) (b)

(c) (d)

(e) ( f )

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

1.0

0.8

0.6

0.4

0.2

0

z ≈ δθ z = 0. 5 H
Ra

 =
 1 

×
 1

0
6

Ra
 =

 4 
×

 1
0

6
Ra

 =
 2 

×
 1

0
7

Figure 9. Snapshots of the temperature fields at E = 1.2 × 10−4 and Γ = 2.5 spanning the entire horizontal
extent of the domain. In all the snapshots, the colour bar shows the non-dimensional temperature field, i.e.
T = (T − Tt)/(Tb − Tt ).

Although the details may be different, similar changes in the overall flow structure
may be expected to persist for rough walls: the optimum combination of the coherence
and strength of the columnar structures occurring in the RC regime at a particular Ra =
Rapeak, leading to a maximum in the heat transfer enhancement due to roughness. For
smooth walls, the cross-correlation coefficient attains its maximum at Ra = 4 × 106 (for
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E = 1.2 × 10−4) and Ra = 8 × 107 (for E = 1.4 × 10−5), i.e. close to Rat. If the
maximum of r for rough wall convection also occurs close to Rat, then the heat transfer
enhancement due to roughness may also be expected to occur in the vicinity of Rat.
Note that for rough walls, Rapeak for E = 1.2 × 10−4 and E = 1.4 × 10−5 indeed lies
close to Rat for the respective cases. For Ra > Rapeak, the lower vertical coherence
of the structures, as discussed earlier, may be expected to decrease the heat transfer
enhancement due to the wall roughness. Eventually, as the vertical coherence continues
to decay with a further increase in Ra, the enhancement in heat transfer due to Ekman
pumping (Nu(Ω)/Nu(Ω = 0)) for rough walls becomes weaker than that for smooth
walls (see figure 6a), i.e. a weakening or ‘disruption’ (Joshi et al. 2017) of the Ekman
pumping mechanism is observed. However, as these columnar structures weaken for
Ra < Rapeak and the contribution of conduction to the heat transfer through the bulk
increases (convection still dominates in the wall modes), the effect of the wall roughness
there may be expected to be smaller, again leading to a decrease in NuR/NuS. Eventually,
at a low enough Ra, Nu(Ω)/Nu(Ω = 0) for rough walls is seen to approach that for
smooth walls (figure 6a). Since the proposed explanation for rough wall RRBC is based
on smooth-wall DNS, further DNS with rough walls or optical measurements of velocity
and temperature fields are required to corroborate the proposed phenomenology.

As hypothesized by Joshi et al. (2017), Ekman pumping weakens or is disrupted when
δR

E
<∼ k and is again reestablished when δR

E � k. However, in the present study, for a given
Ra, both the enhancement and weakening of the effect of Ekman pumping are observed
at a constant δR

E
<∼ k. The present observations, thus, do not support the hypothesis of

Joshi et al. (2017) and suggest that once the Ekman boundary layer thickness becomes
comparable to the roughness scale, the enhancement and weakening of Ekman pumping
are the result of the varying vertical coherence and strength of the vortical columns. Note
that the ‘reestablishment’ of Ekman pumping observed by Joshi et al. (2017) occurs close
to the transition to regime III for smooth walls, which is marked by the maximum of
Nu(Ω)/Nu(Ω = 0), when the coherence of the columns is expected to be high.

6. Conclusion

The present study is the first to report on the effect of rough walls on the heat transfer at
low Ra in rotating Rayleigh–Bénard convection (RRBC). The present results suggest that
this effect is modulated by the strength and coherence of the vortical columnar structures.
This modulation also leads to a lowering of Rat, which is an indicator of the transition
between the heat transfer regimes RC and RA. Since the lowest Ra attained in the present
study is an order of magnitude higher than the expected Ra for the onset of convection, the
effect of boundary roughness on the onset of convection remains unclear. The present work
delineates the path for future investigations using numerical simulations for rough-wall
convection and optical measurements to explore the flow structure and its impact on the
heat transfer in rough-wall RRBC.
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Appendix

All the data included in the present study are presented in the tables that follow: data from
experiments in table 4 and those from DNS in table 5. The uncertainty in the Nusselt
number is presented in the form Nu ± 4�Nu (see § 4.1 for its definition).

Walls Γ E Fr Pr Ra Nu �T (K)

Smooth 6.67 ∞ 0 5.7 6.6 × 105 7.2 ± 0.004 8.16
Smooth 6.67 ∞ 0 5.7 8.04 × 105 7.6 ± 0.003 9.93
Smooth 6.67 ∞ 0 5.7 9.69 × 105 8.1 ± 0.005 11.97
Smooth 6.67 ∞ 0 5.7 1.13 × 106 8.33 ± 0.003 14.02
Smooth 2.78 ∞ 0 5.7 2.11 × 106 9.89 ± 0.025 1.89
Smooth 2.78 ∞ 0 5.7 3.19 × 106 11.3 ± 0.025 2.85
Smooth 2.78 ∞ 0 5.7 3.26 × 106 11.4 ± 0.024 2.91
Smooth 2.78 ∞ 0 5.7 4.42 × 106 12.54 ± 0.016 3.95
Smooth 2.78 ∞ 0 5.7 5.07 × 106 13.29 ± 0.022 4.77
Smooth 2.78 ∞ 0 5.7 5.89 × 106 13.86 ± 0.018 5.54
Smooth 2.78 ∞ 0 5.7 6.87 × 106 14.40 ± 0.01 6.46
Smooth 2.78 ∞ 0 5.7 7.99 × 106 14.98 ± 0.025 7.51
Smooth 2.78 ∞ 0 5.7 9.03 × 106 16.68 ± 0.012 8.07
Smooth 2.78 ∞ 0 5.7 1.02 × 107 17.46 ± 0.01 9.11
Smooth 2.78 ∞ 0 5.7 1.14 × 107 17.5 ± 0.07 10.14
Smooth 2.78 ∞ 0 5.7 1.34 × 107 17.43 ± 0.02 11.99
Smooth 2.78 ∞ 0 5.7 1.35 × 107 18.5 ± 0.01 12.07
Smooth 2.78 ∞ 0 5.7 1.49 × 107 18.12 ± 0.007 13.98
Smooth 2.78 ∞ 0 5.7 1.67 × 107 18.97 ± 0.05 14.95
Smooth 1.04 ∞ 0 5.7 6.08 × 107 30.68 ± 0.04 2.86
Smooth 1.04 ∞ 0 5.7 8.37 × 107 32.34 ± 0.03 3.94
Smooth 1.04 ∞ 0 5.7 8.64 × 107 35 ± 0.05 4.07
Smooth 1.04 ∞ 0 5.7 1.27 × 108 37.72 ± 0.03 5.98
Smooth 1.04 ∞ 0 5.7 1.69 × 108 41.69 ± 0.04 7.98
Smooth 1.04 ∞ 0 5.7 2.21 × 108 44.9 ± 0.03 10.42
Smooth 1.04 ∞ 0 5.7 2.33 × 108 45.76 ± 0.02 10.99
Smooth 1.04 ∞ 0 5.7 2.56 × 108 45.8 ± 0.02 12.08
Smooth 1.04 ∞ 0 5.7 2.95 × 108 50.98 ± 0.047 13.9
Smooth 1.04 ∞ 0 5.7 2.95 × 108 48.3 ± 0.02 13.85
Smooth 2.78 7.55 × 10−4 0.001 5.7 4.55 × 105 7.9 ± 0.12 0.40
Smooth 2.78 7.55 × 10−4 0.001 5.7 9.7 × 105 9.66 ± 0.11 0.87
Smooth 2.78 7.55 × 10−4 0.001 5.7 2.15 × 106 11.44 ± 0.05 1.92
Smooth 2.78 7.55 × 10−4 0.001 5.7 4.59 × 106 13.61 ± 0.02 4.1
Smooth 2.78 7.55 × 10−4 0.001 5.7 9.47 × 106 17.5 ± 0.01 7.98
Smooth 2.78 1.2 × 10−4 0.049 5.7 1.56 × 106 3.89 ± 0.014 1.39
Smooth 2.78 1.2 × 10−4 0.049 5.7 2.32 × 106 6.58 ± 0.02 2.07
Smooth 2.78 1.2 × 10−4 0.049 5.7 2.98 × 106 8.5 ± 0.03 2.67
Smooth 2.78 1.2 × 10−4 0.049 5.7 3.94 × 106 11.53 ± 0.02 3.52

Table 4. For caption see next page.
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Regimes in rotating RBC over rough boundaries

Walls Γ E Fr Pr Ra Nu �T (K)

Smooth 2.78 1.2 × 10−4 0.049 5.7 5.53 × 106 14.96 ± 0.02 4.94
Smooth 2.78 1.2 × 10−4 0.049 5.7 1.39 × 107 21.34 ± 0.06 12.38
Smooth 1.04 5.9 × 10−5 0.004 5.7 9.81 × 106 15.69 ± 0.23 0.46
Smooth 1.04 5.9 × 10−5 0.004 5.7 2.07 × 107 24.5 ± 0.17 0.98
Smooth 1.04 5.9 × 10−5 0.004 5.7 2.17 × 107 25.04 ± 0.17 1.02
Smooth 1.04 5.9 × 10−5 0.004 5.7 4.26 × 107 32.7 ± 0.11 2
Smooth 1.04 5.9 × 10−5 0.004 5.7 6.34 × 107 35.54 ± 0.096 2.98
Smooth 1.04 5.9 × 10−5 0.004 5.7 8.52 × 107 38.88 ± 0.05 4
Smooth 1.04 5.9 × 10−5 0.004 5.7 1.7 × 108 44.16 ± 0.04 8
Smooth 1.04 5.9 × 10−5 0.004 5.7 2.96 × 108 49.05 ± 0.02 14
Smooth 1.04 1.4 × 10−5 0.071 5.7 1.15 × 107 3.13 ± 0.04 0.54
Smooth 1.04 1.4 × 10−5 0.071 5.7 2.04 × 107 5.45 ± 0.035 0.96
Smooth 1.04 1.4 × 10−5 0.071 5.7 4.32 × 107 10.6 ± 0.03 2.03
Smooth 1.04 1.4 × 10−5 0.071 5.7 8.39 × 107 26.72 ± 0.03 3.95
Smooth 1.04 1.4 × 10−5 0.071 5.7 1.68 × 108 44.3 ± 0.037 7.9
Smooth 1.04 1.4 × 10−5 0.071 5.7 2.96 × 108 53.34 ± 0.036 13.95
Rough 6.67 ∞ 0 5.7 7.02 × 104 5.21 ± 0.04 0.87
Rough 6.67 ∞ 0 5.7 9.36 × 104 5.6 ± 0.046 1.16
Rough 6.67 ∞ 0 5.7 1.67 × 105 6.85 ± 0.027 2.06
Rough 6.67 ∞ 0 5.7 3.3 × 105 8.52 ± 0.013 4.07
Rough 6.67 ∞ 0 5.7 6.48 × 105 10.55 ± 0.02 6.99
Rough 6.67 ∞ 0 5.7 9.71 × 105 11.8 ± 0.009 11.99
Rough 6.67 ∞ 0 5.7 1.12 × 106 12.24 ± 0.009 13.88
Rough 2.78 ∞ 0 5.7 1.11 × 106 12.9 ± 0.07 0.996
Rough 2.78 ∞ 0 5.7 2.22 × 106 15.87 ± 0.06 1.97
Rough 2.78 ∞ 0 5.7 4.51 × 106 20.1 ± 0.04 4.03
Rough 2.78 ∞ 0 5.7 6.79 × 106 23.2 ± 0.03 6.06
Rough 2.78 ∞ 0 5.7 8.97 × 106 25.87 ± 0.02 8.00
Rough 2.78 ∞ 0 5.7 1.11 × 107 27.4 ± 0.026 9.94
Rough 2.78 ∞ 0 5.7 1.36 × 107 29.4 ± 0.02 12.16
Rough 2.78 ∞ 0 5.7 1.55 × 107 30.3 ± 0.016 13.86
Rough 1.04 ∞ 0 5.7 2.39 × 107 27.54 ± 0.16 1.12
Rough 1.04 ∞ 0 5.7 4.2 × 107 35.46 ± 0.27 1.98
Rough 1.04 ∞ 0 5.7 8.34 × 107 46.35 ± 0.27 3.93
Rough 1.04 ∞ 0 5.7 1.69 × 108 60.55 ± 0.2 7.95
Rough 1.04 ∞ 0 5.7 2.11 × 108 64.65 ± 0.09 9.92
Rough 1.04 ∞ 0 5.7 2.98 × 108 74.14 ± 0.04 14.04
Rough 2.78 7.55 × 10−4 0.001 5.7 3.23 × 105 9.58 ± 0.2 0.29
Rough 2.78 7.55 × 10−4 0.001 5.7 4.48 × 105 10.9 ± 0.18 0.4
Rough 2.78 7.55 × 10−4 0.001 5.7 5.96 × 105 12.13 ± 0.034 0.53
Rough 2.78 7.55 × 10−4 0.001 5.7 6.18 × 105 12.3 ± 0.12 0.55
Rough 2.78 7.55 × 10−4 0.001 5.7 9.01 × 105 13.8 ± 0.1 0.8
Rough 2.78 7.55 × 10−4 0.001 5.7 9.27 × 105 13.84 ± 0.03 0.83
Rough 2.78 7.55 × 10−4 0.001 5.7 1.16 × 106 15.97 ± 0.33 1.03
Rough 2.78 7.55 × 10−4 0.001 5.7 1.8 × 106 18.04 ± 0.17 1.60
Rough 2.78 7.55 × 10−4 0.001 5.7 2.14 × 106 19.1 ± 0.13 1.91
Rough 2.78 7.55 × 10−4 0.001 5.7 2.25 × 106 19.2 ± 0.1 2.0
Rough 2.78 7.55 × 10−4 0.001 5.7 3.35 × 106 21.98 ± 0.03 2.99
Rough 2.78 7.55 × 10−4 0.001 5.7 4.35 × 106 22.88 ± 0.03 3.89
Rough 2.78 7.55 × 10−4 0.001 5.7 4.82 × 106 22.95 ± 0.05 4.31
Rough 2.78 7.55 × 10−4 0.001 5.7 6.74 × 106 26 ± 0.03 6.02

Table 4. For caption see next page.
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Walls Γ E Fr Pr Ra Nu �T (K)

Rough 2.78 7.55 × 10−4 0.001 5.7 7.62 × 106 28 ± 0.018 6.8
Rough 2.78 7.55 × 10−4 0.001 5.7 8.92 × 106 27.9 ± 0.03 7.97
Rough 2.78 7.55 × 10−4 0.001 5.7 9.28 × 106 26.94 ± 0.018 8.29
Rough 2.78 7.55 × 10−4 0.001 5.7 1.11 × 107 30.56 ± 0.03 9.93
Rough 2.78 7.55 × 10−4 0.001 5.7 1.34 × 107 31.27 ± 0.01 11.99
Rough 2.78 7.55 × 10−4 0.001 5.7 1.56 × 107 32.73 ± 0.012 13.9
Rough 2.78 1.2 × 10−4 0.049 5.7 5.04 × 105 1.94 ± 0.027 0.48
Rough 2.78 1.2 × 10−4 0.049 5.7 6 × 105 2.34 ± 0.03 0.54
Rough 2.78 1.2 × 10−4 0.049 5.7 6.6 × 105 2.63 ± 0.032 0.59
Rough 2.78 1.2 × 10−4 0.049 5.7 6.8 × 105 2.77 ± 0.038 0.61
Rough 2.78 1.2 × 10−4 0.049 5.7 7.16 × 105 2.92 ± 0.025 0.64
Rough 2.78 1.2 × 10−4 0.049 5.7 8.9 × 105 3.82 ± 0.03 0.8
Rough 2.78 1.2 × 10−4 0.049 5.7 1.1 × 106 5.05 ± 0.034 0.98
Rough 2.78 1.2 × 10−4 0.049 5.7 1.1 × 106 5.95 ± 0.13 0.99
Rough 2.78 1.2 × 10−4 0.049 5.7 1.27 × 106 7.3 ± 0.035 1.13
Rough 2.78 1.2 × 10−4 0.049 5.7 1.28 × 106 6.8 ± 0.08 1.14
Rough 2.78 1.2 × 10−4 0.049 5.7 1.31 × 106 6.96 ± 0.05 1.17
Rough 2.78 1.2 × 10−4 0.049 5.7 1.35 × 106 6.86 ± 0.034 1.2
Rough 2.78 1.2 × 10−4 0.049 5.7 1.4 × 106 7.68 ± 0.11 1.25
Rough 2.78 1.2 × 10−4 0.049 5.7 1.43 × 106 7.5 ± 0.09 1.28
Rough 2.78 1.2 × 10−4 0.049 5.7 1.52 × 106 9 ± 0.01 1.36
Rough 2.78 1.2 × 10−4 0.049 5.7 1.54 × 106 10.87 ± 0.1 1.38
Rough 2.78 1.2 × 10−4 0.049 5.7 1.57 × 106 10.8 ± 0.085 1.4
Rough 2.78 1.2 × 10−4 0.049 5.7 1.57 × 106 10.97 ± 0.08 1.41
Rough 2.78 1.2 × 10−4 0.049 5.7 1.78 × 106 13.2 ± 0.04 1.59
Rough 2.78 1.2 × 10−4 0.049 5.7 1.87 × 106 13.65 ± 0.05 1.67
Rough 2.78 1.2 × 10−4 0.049 5.7 2.06 × 106 14.22 ± 0.1 1.84
Rough 2.78 1.2 × 10−4 0.049 5.7 2.17 × 106 13.65 ± 0.07 1.94
Rough 2.78 1.2 × 10−4 0.049 5.7 2.19 × 106 12.9 ± 0.08 1.96
Rough 2.78 1.2 × 10−4 0.049 5.7 2.55 × 106 15.9 ± 0.06 2.27
Rough 2.78 1.2 × 10−4 0.049 5.7 2.87 × 106 16.2 ± 0.08 2.56
Rough 2.78 1.2 × 10−4 0.049 5.7 3.37 × 106 18.24 ± 0.04 3
Rough 2.78 1.2 × 10−4 0.049 5.7 3.44 × 106 18.85 ± 0.03 3.08
Rough 2.78 1.2 × 10−4 0.049 5.7 4.43 × 106 23.2 ± 0.05 3.95
Rough 2.78 1.2 × 10−4 0.049 5.7 5.64 × 106 25.5 ± 0.04 5.04
Rough 2.78 1.2 × 10−4 0.049 5.7 6.76 × 106 28.64 ± 0.03 6.03
Rough 2.78 1.2 × 10−4 0.049 5.7 8.84 × 106 32.1 ± 0.03 7.89
Rough 2.78 1.2 × 10−4 0.049 5.7 8.87 × 106 32.36 ± 0.048 7.92
Rough 2.78 1.2 × 10−4 0.049 5.7 8.93 × 106 34.2 ± 0.055 7.98
Rough 2.78 1.2 × 10−4 0.049 5.7 1.11 × 107 34.6 ± 0.02 9.88
Rough 2.78 1.2 × 10−4 0.049 5.7 1.35 × 107 36.85 ± 0.024 12.07
Rough 2.78 1.2 × 10−4 0.049 5.7 1.56 × 107 38.42 ± 0.01 13.94
Rough 1.04 5.9 × 10−5 0.004 5.7 8.32 × 106 24.4 ± 0.48 0.4
Rough 1.04 5.9 × 10−5 0.004 5.7 9.67 × 106 26.93 ± 0.5 0.46
Rough 1.04 5.9 × 10−5 0.004 5.7 1.3 × 107 31.6 ± 0.38 0.61
Rough 1.04 5.9 × 10−5 0.004 5.7 1.54 × 107 34.06 ± 0.23 0.8
Rough 1.04 5.9 × 10−5 0.004 5.7 2.17 × 107 38.92 ± 0.18 1
Rough 1.04 5.9 × 10−5 0.004 5.7 2.51 × 107 40.97 ± 0.23 1.2
Rough 1.04 5.9 × 10−5 0.004 5.7 4.05 × 107 46.03 ± 0.1 1.91
Rough 1.04 5.9 × 10−5 0.004 5.7 6.27 × 107 53.1 ± 0.12 2.95
Rough 1.04 5.9 × 10−5 0.004 5.7 7.61 × 107 56.84 ± 0.12 3.59

Table 4. For caption see next page.
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Walls Γ E Fr Pr Ra Nu �T (K)

Rough 1.04 5.9 × 10−5 0.004 5.7 1.05 × 108 60.26 ± 0.17 4.93
Rough 1.04 5.9 × 10−5 0.004 5.7 1.65 × 108 70.21 ± 0.07 7.79
Rough 1.04 5.9 × 10−5 0.004 5.7 2.12 × 108 74.15 ± 0.06 9.97
Rough 1.04 5.9 × 10−5 0.004 5.7 2.96 × 108 79.25 ± 0.09 13.95
Rough 1.04 1.4 × 10−5 0.071 5.7 7.86 × 106 3.5 ± 0.06 0.37
Rough 1.04 1.4 × 10−5 0.071 5.7 8.49 × 106 3.84 ± 0.06 0.4
Rough 1.04 1.4 × 10−5 0.071 5.7 1.04 × 107 4.34 ± 0.06 0.49
Rough 1.04 1.4 × 10−5 0.071 5.7 1.17 × 107 4.68 ± 0.054 0.55
Rough 1.04 1.4 × 10−5 0.071 5.7 1.25 × 107 5.13 ± 0.06 0.6
Rough 1.04 1.4 × 10−5 0.071 5.7 1.62 × 107 6.71 ± 0.04 0.76
Rough 1.04 1.4 × 10−5 0.071 5.7 1.64 × 107 6.82 ± 0.06 0.77
Rough 1.04 1.4 × 10−5 0.071 5.7 2.06 × 107 8.92 ± 0.05 0.97
Rough 1.04 1.4 × 10−5 0.071 5.7 2.09 × 107 9.47 ± 0.06 0.99
Rough 1.04 1.4 × 10−5 0.071 5.7 2.17 × 107 10.11 ± 0.05 1.02
Rough 1.04 1.4 × 10−5 0.071 5.7 2.19 × 107 10.15 ± 0.06 1.03
Rough 1.04 1.4 × 10−5 0.071 5.7 2.27 × 107 10.57 ± 0.05 1.07
Rough 1.04 1.4 × 10−5 0.071 5.7 2.6 × 107 16.28 ± 0.16 1.23
Rough 1.04 1.4 × 10−5 0.071 5.7 2.66 × 107 16.88 ± 0.1 1.25
Rough 1.04 1.4 × 10−5 0.071 5.7 2.93 × 107 19 ± 0.06 1.38
Rough 1.04 1.4 × 10−5 0.071 5.7 3.01 × 107 20.2 ± 0.1 1.42
Rough 1.04 1.4 × 10−5 0.071 5.7 3.45 × 107 23.35 ± 0.06 1.6
Rough 1.04 1.4 × 10−5 0.071 5.7 3.83 × 107 27.13 ± 0.09 1.80
Rough 1.04 1.4 × 10−5 0.071 5.7 3.89 × 107 27.56 ± 0.17 1.83
Rough 1.04 1.4 × 10−5 0.071 5.7 5.4 × 107 39.36 ± 0.14 2.54
Rough 1.04 1.4 × 10−5 0.071 5.7 6.94 × 107 48.9 ± 0.11 3.27
Rough 1.04 1.4 × 10−5 0.071 5.7 8.72 × 107 52.56 ± 0.14 4.11
Rough 1.04 1.4 × 10−5 0.071 5.7 1.31 × 107 66.76 ± 0.17 6.18
Rough 1.04 1.4 × 10−5 0.071 5.7 1.93 × 107 80.02 ± 0.18 9.09
Rough 1.04 1.4 × 10−5 0.071 5.7 2.95 × 107 90.64 ± 0.17 13.88

Table 4. Experimental data for Rayleigh–Bénard convection over smooth and rough walls for Γ ≈ 6.67, 2.78
and 1.04. Note that Tm = 29 ± 0.05, i.e. Pr = 5.7 ± 0.007.

Walls Γ E Fr Pr Ra Nu

Smooth 2.5 ∞ 0 5.7 1.4 × 106 9.30 ± 0.22
Smooth 2.5 ∞ 0 5.7 2 × 106 10.20 ± 0.34
Smooth 2.5 ∞ 0 5.7 2.8 × 106 11.20 ± 0.22
Smooth 2.5 ∞ 0 5.7 5 × 106 13.30 ± 0.32
Smooth 2.5 ∞ 0 5.7 1 × 107 16.30 ± 0.31
Smooth 2.5 ∞ 0 5.7 5 × 107 26.43 ± 0.8
Smooth 2.5 ∞ 0 5.7 1 × 108 32.65 ± 0.82
Smooth 2.5 7.55 × 10−4 0 5.7 5 × 104 1.08 ± 0.001
Smooth 2.5 7.55 × 10−4 0 5.7 6 × 104 1.24 ± 0.002
Smooth 2.5 7.55 × 10−4 0 5.7 8 × 104 1.55 ± 0.004
Smooth 2.5 7.55 × 10−4 0 5.7 1 × 105 1.85 ± 0.007
Smooth 2.5 7.55 × 10−4 0 5.7 2 × 105 3.56 ± 0.03

Table 5. For caption see next page.

982 A15-23

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

15
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1017/jfm.2024.15


V.K. Tripathi and P. Joshi

Walls Γ E Fr Pr Ra Nu

Smooth 2.5 7.55 × 10−4 0 5.7 3 × 105 5.03 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 4 × 105 6.12 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 5 × 105 7.01 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 6 × 105 7.72 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 7 × 105 8.25 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 8 × 105 8.74 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 9 × 105 9.15 ± 0.05
Smooth 2.5 7.55 × 10−4 0 5.7 1 × 106 9.53 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 2 × 106 11.98 ± 0.06
Smooth 2.5 7.55 × 10−4 0 5.7 4 × 106 14.56 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 6 × 106 16.33 ± 0.04
Smooth 2.5 7.55 × 10−4 0 5.7 8 × 106 17.63 ± 0.05
Smooth 2.5 7.55 × 10−4 0 5.7 1 × 107 18.30 ± 0.09
Smooth 2.5 7.55 × 10−4 0 5.7 1.5 × 107 20.18 ± 0.19
Smooth 2.5 7.55 × 10−4 0 5.7 2 × 107 21.67 ± 0.18
Smooth 2.5 7.55 × 10−4 0 5.7 3 × 107 24.18 ± 0.13
Smooth 2.5 7.55 × 10−4 0 5.7 5 × 107 27.65 ± 0.3
Smooth 2.5 7.55 × 10−4 0 5.7 6 × 107 29.28 ± 0.17
Smooth 2.5 1.2 × 10−4 0 5.7 3 × 105 1.08 ± 0.002
Smooth 2.5 1.2 × 10−4 0 5.7 4 × 105 1.30 ± 0.002
Smooth 2.5 1.2 × 10−4 0 5.7 6 × 105 1.73 ± 0.025
Smooth 2.5 1.2 × 10−4 0 5.7 8 × 105 2.08 ± 0.011
Smooth 2.5 1.2 × 10−4 0 5.7 1 × 106 2.40 ± 0.07
Smooth 2.5 1.2 × 10−4 0 5.7 1.5 × 106 3.34 ± 0.02
Smooth 2.5 1.2 × 10−4 0 5.7 2 × 106 5.19 ± 0.08
Smooth 2.5 1.2 × 10−4 0 5.7 3 × 106 8.94 ± 0.04
Smooth 2.5 1.2 × 10−4 0 5.7 4 × 106 11.98 ± 0.14
Smooth 2.5 1.2 × 10−4 0 5.7 5 × 106 14.42 ± 0.06
Smooth 2.5 1.2 × 10−4 0 5.7 6 × 106 16.26 ± 0.19
Smooth 2.5 1.2 × 10−4 0 5.7 8 × 106 19 ± 0.21
Smooth 2.5 1.2 × 10−4 0 5.7 1 × 107 19.98 ± 0.26
Smooth 2.5 1.2 × 10−4 0 5.7 1.5 × 107 23.13 ± 0.19
Smooth 2.5 1.2 × 10−4 0 5.7 2 × 107 25.26 ± 0.22
Smooth 2.5 1.2 × 10−4 0 5.7 3 × 107 28.18 ± 0.38
Smooth 2.5 1.2 × 10−4 0 5.7 5 × 107 32.12 ± 0.38
Smooth 2.5 1.2 × 10−4 0 5.7 6 × 107 33.51 ± 0.45
Smooth 2.5 1.2 × 10−4 0 5.7 8 × 107 36.24 ± 0.46
Smooth 1 5.9 × 10−5 0 5.7 6 × 105 1.09 ± 0.008
Smooth 1 5.9 × 10−5 0 5.7 8 × 105 1.45 ± 0.06
Smooth 1 5.9 × 10−5 0 5.7 1 × 106 1.80 ± 0.11
Smooth 1 5.9 × 10−5 0 5.7 1.5 × 106 2.52 ± 0.2
Smooth 1 5.9 × 10−5 0 5.7 2 × 106 3.15 ± 0.3
Smooth 1 5.9 × 10−5 0 5.7 3 × 106 3.84 ± 0.32
Smooth 1 5.9 × 10−5 0 5.7 4 × 106 4.94 ± 0.001
Smooth 1 5.9 × 10−5 0 5.7 5 × 106 6.68 ± 0.12
Smooth 1 5.9 × 10−5 0 5.7 8 × 106 11.05 ± 0.37
Smooth 1 5.9 × 10−5 0 5.7 1 × 107 14.06 ± 0.46
Smooth 1 5.9 × 10−5 0 5.7 2 × 107 23.45 ± 0.6
Smooth 1 5.9 × 10−5 0 5.7 5 × 107 33.77 ± 0.7
Smooth 1 5.9 × 10−5 0 5.7 8 × 107 37.06 ± 1.8

Table 5. For caption see next page.
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Walls Γ E Fr Pr Ra Nu

Smooth 1 5.9 × 10−5 0 5.7 1 × 108 38.90 ± 1.09
Smooth 1 5.9 × 10−5 0 5.7 2 × 108 46.15 ± 1.14
Smooth 1 5.9 × 10−5 0 5.7 5 × 108 59.12 ± 1.8
Smooth 1 1.4 × 10−5 0 5.7 1 × 106 1.14 ± 0.006
Smooth 1 1.4 × 10−5 0 5.7 2 × 106 1.15 ± 0.005
Smooth 1 1.4 × 10−5 0 5.7 3 × 106 1.23 ± 0.008
Smooth 1 1.4 × 10−5 0 5.7 5 × 106 2.09 ± 0.13
Smooth 1 1.4 × 10−5 0 5.7 1 × 107 3.20 ± 0.2
Smooth 1 1.4 × 10−5 0 5.7 1.5 × 107 4.07 ± 0.18
Smooth 1 1.4 × 10−5 0 5.7 2 × 107 5.71 ± 0.48
Smooth 1 1.4 × 10−5 0 5.7 3 × 107 7.09 ± 0.014
Smooth 1 1.4 × 10−5 0 5.7 4 × 107 10.02 ± 0.37
Smooth 1 1.4 × 10−5 0 5.7 5 × 107 14.80 ± 1.1
Smooth 1 1.4 × 10−5 0 5.7 8 × 107 24.56 ± 0.13
Smooth 1 1.4 × 10−5 0 5.7 1 × 108 30.20 ± 0.65
Smooth 1 1.4 × 10−5 0 5.7 2 × 108 46.86 ± 0.3
Smooth 1 1.4 × 10−5 0 5.7 5 × 108 63.79 ± 0.6

Table 5. DNS data for Rayleigh–Bénard convection over smooth walls for Γ = 2.5 and 1.
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