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Based on the characteristics of large-scale plume currents in rotating plane Poiseuille
flows (RPPF), an injection/suction control strategy is introduced to augment the intensity
of plume currents and improve the turbulent transport of passive scalar. The control
strategy maintains the conventional non-penetrative condition on the stable side, and
applies a wall-normal velocity that varies in the spanwise direction on the unstable
side. For comparison, the control with non-penetrative condition on the unstable side
and injection/suction on the stable side is also examined. The RPPF at Reτ ranging
from 180 to 300 and Roτ ranging from 0 to 30 are studied. Injection/suction with fixed
root-mean-squared wall-normal velocity (below 1 % of the bulk mean velocity) at the wall
is considered. Direct numerical simulations reveal that the injection/suction on the stable
side has minor effect for all cases studied, whereas the injection/suction with properly
distributed slots on the unstable side can significantly enhance the large-scale plume
currents and the turbulent transport efficiency at small or moderate rotation numbers. This
is attributed to the fact that plumes are generated on the unstable side, and controlling
the origin of plumes is more effective. A proper strategy for maximum enhancement of
turbulent transport is limiting the distance between injection slots equal to or slightly larger
than the intrinsic distance between plume currents. This strategy is valid for all physical
and computational parameters currently considered, and is potentially applicable over a
much wider parameter range.

Key words: mixing enhancement, rotating turbulence

1. Introduction

In many geophysical, astrophysical and engineering problems, fluids are bounded by solid
walls and affected by system rotation. Such flows show very complex behaviours especially
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in turbulent state. Rotating plane Poiseuille flow (RPPF) is one of the canonical models
of such flows (Johnston 1998; Jakirlić, Hanjalić & Tropea 2002) for its simplicity, and has
been studied intensively for decades with experiments and numerical simulations.

Following the analogy between stratified flows in a gravity field and rotating shear
flows (Bradshaw 1969), the flow near the pressure side of RPPF (with higher pressure
caused by the Coriolis force corresponding to the mean streamwise velocity) should be
destabilized by rotation, and the flow near the suction side (with lower pressure) should be
stabilized. Therefore, the pressure and suction sides are known as the unstable and stable
sides, respectively. Turbulent RPPF was first studied by Johnston, Halleent & Lezius (1972)
and it was found that turbulence is enhanced near the pressure side and suppressed near
the suction side, which is in accordance with the thermal analogy (Bradshaw 1969). In
addition, the local slope of the mean streamwise velocity is found to be approximately
twice the spanwise angular velocity Ω∗

z , and the Taylor–Görtler vortices (roll cells) are
also observed. Other experimental studies include but are not limited to Nakabayashi &
Kitoh (1996, 2005), Maciel et al. (2003) and Visscher et al. (2011).

Nowadays, direct numerical simulation (DNS) is becoming a prevalent tool for studying
RPPF. Kristoffersen & Andersson (1993) first performed DNS of turbulent RPPF at small
and medium rotation rates, and they also observed the local linear law of mean velocity
profiles. With complete data of velocity fields, they extracted secondary flow patterns
(Taylor–Görtler vortices) with streamwise average and short time average. Dai, Huang &
Xu (2016) noticed that the spanwise locations of Taylor–Görtler vortices are continuously
changing in a long time period, and introduced the conditional average technique which
can better extract the secondary flow structures by eliminating the vortex meandering
effect. The results near the pressure side showed that turbulence is relatively stronger in
the upwash regions where the wall-normal velocity of secondary flow is pointing away
from the pressure side. This is explained by the stretching effect and Coriolis effect on
vorticity fluctuation. Our previous works (Zhang et al. 2019; Zhang, Xia & Chen 2022)
performed DNS on two-dimensional and three-dimensional RPPF and applied the thermal
analogy on the analysis of new flow structures and explanation of turbulent statistics. We
have proposed a perspective that the basic large-scale flow structures are plume currents
fed by small-scale plume-like structures (called as plumes) ejecting from the pressure
side, and Taylor–Görtler vortices are driven by those plume currents. Therefore, different
from the perspective of Dai et al. (2016), our perspective suggests that the relatively
strong turbulence in the upwash region near the pressure side is not the consequence
but the driving source of the secondary flows. Also, we have noticed that the number
of large-scale structures can also change in a long time period, and introduced a clustering
algorithm which can extract multiple large-scale patterns in one case. Grundestam, Wallin
& Johansson (2008) investigated the cases at medium and high rotation rates and found an
extreme laminarization effect by the Coriolis force at high rotation rates, with significant
enhancement of mean velocity flux by approximately three times that in the non-rotating
case. Wallin, Grundestam & Johansson (2013), Brethouwer et al. (2014) and Brethouwer
(2016) focused on the abnormal bursts in systems at high Reynolds numbers and high
rotation rates that are expected to be strongly stabilized. The recurrent bursts are explained
with the growth and breakup of Tollmien–Schlichting waves near the suction side. Other
studies based on DNS can be found in Nagano & Hattori (2003), Yang & Wu (2012), Hsieh
& Biringen (2016), Brethouwer (2017), Xia, Shi & Chen (2016) and Xia, Brethouwer &
Chen (2018a).

Heat and mass transfer in rotating turbulent systems are closely relevant to many
flow machineries, and should also be investigated. Matsubara & Alfredsson (1996)
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measured the heat and momentum transfer in RPPF, finding that the classical Reynolds
analogy is broken by system rotation, and that the heat transfer in RPPF can be
almost twice that in the corresponding non-rotating case. Wu & Kasagi (2004) used
DNS to study turbulent channel flows with heat transfer under the influence of the
combination of any two components of the system angular velocity. They found that
spanwise rotation is dominating the variation of heat transfer. Liu & Lu (2007) used
DNS to study scalar transport in RPPF at low and medium rotation numbers, and
found that the non-dimensionalized scalar flux decreases with rotation number, which
has the opposite trend to the mass flux. They also investigated the terms in the balance
equation of convective scalar flux. Brethouwer (2018) investigated the scalar transport in
high-Reynolds-number cases with DNS and found that the classical Reynolds analogy
does not hold in turbulent RPPF. The distribution of the terms in the balance equations of
the variance and convective flux of the scalar are also analysed. Brethouwer (2019) also
investigated the influence of scalar boundary conditions, by considering a new case that
the scalar varies linearly along the streamwise direction. It was found that the invalidity of
the classical Reynolds analogy still holds regardless of the scalar boundary conditions.

As pointed out by one of the anonymous referees, there is another canonical model
of rotating wall-bounded turbulence, which is referred to as the spanwise rotating plane
Couette flow (RPCF). This flow has also been investigated with several systematic
experimental studies (Tillmark & Alfredsson 1996; Alfredsson & Tillmark 2005;
Tsukahara, Tillmark & Alfredsson 2010; Kawata & Alfredsson 2019) as well as numerical
simulations (Bech & Andersson 1996, 1997; Gai et al. 2016; Xia et al. 2018b; Huang
et al. 2019; Xia et al. 2019). In RPCF, turbulence is enhanced/suppressed when the system
angular velocity is antiparallel/parallel to the average vorticity, which is also consistent
with the thermal analogy. Furthermore, there are large-scale streamwise vortices, called as
Taylor vortices, in RPCF. Therefore, RPCF and RPPF are of high similarity. Nevertheless,
two main differences exist between RPPF and RPCF. In RPPF, the two walls are fixed and
flow is driven by a streamwise body force (or mean streamwise pressure gradient), whereas
in RPCF, the mean streamwise pressure gradient is zero and the flow is driven through
the relative motion between two walls. The RPPF usually has stabilized and destabilized
regions at the same time, while RPCF is globally stabilized or globally destabilized
by rotation. This can be attributed to the different monotonicity in their mean velocity
profiles. Furthermore, heat transfer in RPCF was also studied through DNS by Brethouwer
(2021, 2023), and they reported that the classical Reynolds analogy is invalid in RPCF with
heat transfer, which can be successfully explained with the thermal analogy.

To enhance the performance of industrial apparatus with rotating shear flows, it is
imperative to consider flow control techniques. In their study, Sumitani & Kasagi (1995)
investigated the influence of homogeneous injection/suction on turbulent friction and heat
transport in non-rotating channel flows. They discovered that injection could increase
both the friction coefficient and heat transport, whereas suction had the opposite effect.
Furthermore, Choi, Moin & Kim (1994) introduced active control in channel flows,
applying injection/suction with the opposite wall-normal velocity measured at a specific
distance from the wall, which resulted in a reduction of skin friction up to 25 % in DNS.
By controlling streamwise vortices in a turbulent channel flow with vortex generator
jets, Iuso et al. (2002) attained a reduction of local and global skin friction up to 30 %
and 15 %, respectively. In a study on Taylor–Couette flow (TCF), Bakhuis et al. (2020)
investigated the influence of spanwise-varying wall roughness on large-scale structures
and total drag, finding that proper distribution of roughness could rearrange large-scale
vortices. Additionally, Zhang et al. (2020, 2021) introduced sidewall temperature control
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in Rayleigh–Bénard convection to fix the separation points of plumes on sidewalls, which
led to enhanced large-scale circulation and heat transport.

Although numerous flow control studies have been carried out in non-rotating plane
Poiseuille flows, flow control for RPPF, which is a more challenging scenario, has only
been investigated in rudimentary studies. Wu, Piomelli & Yuan (2019) explored the
influence of homogeneous wall roughness on RPPF and discovered that roughness on the
stable side can destabilize the flow and counteract the stabilizing effect of rotation. Our
previous work (Zhang et al. 2019, 2022) has demonstrated that RPPF generates plumes that
form large-scale currents similar to those in turbulent TCF. Unlike classical TCF, where
plumes emit from both inner and outer walls, plumes can only emit from the unstable
side in RPPF. This implies that control on the unstable side and the stable side must have
distinct effects. Thus, it is imperative to investigate the performance of flow control on
each side of RPPF.

In this paper, we present an injection/suction control strategy on one side of RPPF, which
is uniform in the streamwise direction but varies in the spanwise direction, and evaluate its
performance on the enhancement of large-scale motions and turbulent transport through
DNS. The remainder of the paper is organized as follows. In § 2, we describe the numerical
set-up of RPPF with injection/suction control. In § 3, we present and discuss the simulation
results of large-scale plume currents and turbulent scalar transport. Finally, in § 4, we
summarize our work and provide concluding remarks.

2. Governing equations and numerical description

2.1. Governing equations and boundary conditions
As sketched in figure 1, the incompressible fluid is confined between two infinite parallel
plates located at y∗ = ±h∗, where h∗ denotes the channel half-width. The entire system
rotates along the spanwise (z) direction with a constant angular velocity Ω∗

z , and the fluid
is driven by a constant body force dP∗/dx∗ in the streamwise (x) direction. According
to convention, the lower and upper walls are referred to as the pressure (unstable)
and suction (stable) side, respectively, when Ω∗

z > 0. A passive scalar φ∗ has constant
values φ∗

B and φ∗
T at the lower and upper walls, respectively. The reference density

is denoted as ρ∗, the kinematic viscosity as ν∗ and the diffusivity of φ∗ as κ∗. In
order to use a non-dimensionalization scheme that does not require continual adjustment
of the driving force, the reference velocity is chosen as the global friction velocity
u∗
τ = √−dP∗/dx∗(h∗/ρ∗). By selecting a reference length h∗ and a reference passive

scalar φ∗
B − φ∗

T , the governing equations and boundary conditions can be expressed in
a non-dimensional form,

∇ · u = 0, (2.1a)

∂u
∂t

+ u · ∇u = −∇p + Re−1
τ ∇2u − Roτ ez × u, (2.1b)

∂φ

∂t
+ u · ∇φ = Pr−1Re−1

τ ∇2φ, (2.1c)

y = −1 : φ = 1, u = −VBey

∞∑
k=−∞

(−1)kη

(
z − kDJ

dJ

)
, (2.1d)

y = +1 : φ = 0, u = +VTey

∞∑
k=−∞

(−1)kη

(
z − kDJ

dJ

)
, (2.1e)
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y
x
z

ez

ex

Ω∗

F ∗

Figure 1. Sketch of the three-dimensional spanwise RPPF.

with global friction Reynolds number Reτ = u∗
τ h∗/ν∗, global friction rotation number

Roτ = 2Ω∗
z h∗/u∗

τ and Prandtl number Pr = ν∗/κ∗. In the velocity boundary condition,
VB and VT are maximum wall-normal velocity at the lower and upper walls, respectively,
DJ is the spanwise distance between the centrelines of two neighbouring slots, dJ is the
slot width and

η(ξ) =

⎧⎪⎨
⎪⎩

cos2(πξ), |ξ | ≤ 1
2

0, |ξ | >
1
2

(2.2)

is the basic distribution function of wall-normal velocity of each slot.

2.2. Numerical set-up
In this study, the system is numerically simulated using the AFiD code (van der Poel
et al. 2015), a widely used second-order central-difference method. The flow variables
are defined in a rectangular domain that is periodic in the horizontal directions and
discretized on a staggered grid. The pressure Poisson equation is solved using a discrete
Fourier transform in the horizontal directions and a tridiagonal solver. For time marching,
we use the explicit second-order Adams–Bashforth scheme. Since AFiD is designed for
simulating Rayleigh–Bénard convection, the φ equation could be solved well. To validate
the code, we simulate a case without rotation with the following parameters and boundary
conditions:

Reb = 1333.3, v(x, ±1, z) = ±a cos(α(x − ct)),

a = 0.15Ub, α = 0.5, c = −3Ub. (2.3)

Here, Ub is the bulk mean velocity and Reb = Reτ Ub. As shown in figure 2, the viscous
and Reynolds shear stresses computed by the present code match well with the results of
Min et al. (2006), illustrating the reliability of the present code. Here, 〈ϕ〉 denotes the
average of an instantaneous field ϕ in the x, z and t directions, and ϕ′ = ϕ − 〈ϕ〉 denotes
the corresponding fluctuations. At the same time, we use 〈ϕ〉s with s = y or {y, z} to denote
the averaging in the corresponding direction s.

In order to investigate the influence of the present control strategy (figure 1), DNSs are
performed at Reτ = 180 and 300. The Prandtl number Pr is fixed at 1, the injection/suction
slot width dj is fixed at π/8, the streamwise period Lx is fixed at 4π and other relevant
parameters are listed in table 1. With the chosen meshes, streamwise and spanwise grid
spacings are equal to or less than 8.84 and 4.42 wall units, respectively. For all cases,
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Figure 2. Viscous and Reynolds shear stresses of the present validation case and those in Min et al. (2006).

wall-normal grid spacing is 0.52 wall units at the walls and no larger than 2.46 wall units
throughout the whole channel. Such grid spacings are validated by our previous work
(Zhang et al. 2022). Here, NJ denotes the number of injection slots within every spanwise
interval of 2π, and thus DJ = 2π/NJ corresponds to a spanwise wavenumber kz = NJ .
We choose VB or VT being 0.462N−1/2

J uτ to fix the root-mean-square (r.m.s.) of v at the
injection/suction wall at 0.1uτ , which is below 1 % of the bulk mean velocity Ub. Figure 3
displays the spanwise distributions of wall-normal velocity in the injection/suction control
at the bottom plate with NJ = 2, 3 and 4. It is evident that the peak values of the injection
velocity and the distances between the adjacent slots decrease with increasing NJ . In
the names of the cases listed in table 1, the numbers following ‘R’ denote the rotation
number Roτ , the numbers following ‘J’ denotes NJ and the letters following NJ denote the
bottom plate (B) or top plate (T) injection/suction. Here Nu is the Nusselt number, which
characterizes the efficiency of scalar transport, and it is defined in § 3.2. When Roτ > 0,
injections and suctions are applied on either the pressure side or the suction side, while for
Roτ = 0, the control is applied only on the lower wall due to symmetry considerations.

2.3. Cluster analysis
As stated in our previous work (Zhang et al. 2022), the cross-section slices of flow
fields at different times in the same case may show different patterns. This means
that simple averaging over the time and streamwise coordinate is not sufficient to
characterize large-scale flow structures. The momentum and scalar transport capabilities
of these flow patterns should be revealed in general with conditional averaging, while
various mode decomposition methods such as real/complex/spectral proper orthogonal
decomposition and dynamic mode decomposition (Wallace & Dickinson 1972; Berkooz,
Holmes & Lumley 1993; Schmid 2010; Towne, Schmidt & Colonius 2018) are not suitable
for conditional averaging. In addition, although Fourier spectral analysis can get the
contributions of Fourier modes to the Reynolds stress or convective scalar flux, it always
uses sinusoidal functions as basis functions for projection. However, as shown in Zhang
et al. (2022), large-scale plume currents in RPPF are non-sinusoidal. This means that
Fourier spectral analysis usually requires a combination of several Fourier modes to
characterize a simple pattern of plume currents, which may bring unnecessary complexity
to physical interpretations. For the analysis of the present system, pattern recognition
algorithms should be considered as complementary to the Fourier spectral analysis. Here,
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Case Reτ Roτ Lz Nx Ny Nz NJ VB VT Ub uτp uτ s Nu

R0J0 180 0 2π 256 192 256 — 0 0 15.72 1.000 1.000 7.693
R0J2B 180 0 2π 256 192 256 2 0.327 0 14.87 1.037 0.961 7.934
R0J3B 180 0 2π 256 192 256 3 0.267 0 14.87 1.036 0.962 7.902
R0J4B 180 0 2π 256 192 256 4 0.231 0 14.82 1.038 0.960 7.888

R2J0 180 2 2π 256 192 256 — 0 0 16.62 1.185 0.773 6.413
R2J2B 180 2 2π 256 192 256 2 0.327 0 15.22 1.193 0.759 6.945
R2J3B 180 2 2π 256 192 256 3 0.267 0 15.48 1.200 0.748 6.493
R2J4B 180 2 2π 256 192 256 4 0.231 0 15.34 1.203 0.745 6.485

R5J0 180 5 2π 256 192 256 — 0 0 16.60 1.215 0.724 5.300
R5J2B 180 5 2π 256 192 256 2 0.327 0 15.61 1.206 0.737 6.038
R5J3B 180 5 2π 256 192 256 3 0.267 0 15.81 1.209 0.732 5.546
R5J4B 180 5 2π 256 192 256 4 0.231 0 15.75 1.217 0.719 5.554
R5J2T 180 5 2π 256 192 256 2 0 0.327 16.47 1.211 0.730 5.325
R5J3T 180 5 2π 256 192 256 3 0 0.267 16.49 1.217 0.720 5.279
R5J4T 180 5 2π 256 192 256 4 0 0.231 16.50 1.211 0.732 5.310

R5J0_Lz+ 180 5 4π 256 192 512 — 0 0 16.60 1.214 0.723 5.350
R5J2B_Lz+ 180 5 4π 256 192 512 2 0.327 0 15.57 1.207 0.737 6.050
R5J2.5B_Lz+ 180 5 4π 256 192 512 2.5 0.292 0 15.62 1.210 0.731 5.982
R5J3B_Lz+ 180 5 4π 256 192 512 3 0.267 0 15.75 1.216 0.718 5.570
R5J3.5B_Lz+ 180 5 4π 256 192 512 3.5 0.247 0 15.77 1.218 0.715 5.466
R5J4B_Lz+ 180 5 4π 256 192 512 4 0.231 0 15.75 1.216 0.722 5.646

R5J0_Re+ 300 5 2π 432 320 432 — 0 0 19.01 1.218 0.717 8.602
R5J2B_Re+ 300 5 2π 432 320 432 2 0.327 0 17.73 1.213 0.731 9.815
R5J3B_Re+ 300 5 2π 432 320 432 3 0.267 0 18.01 1.227 0.703 8.898
R5J4B_Re+ 300 5 2π 432 320 432 4 0.231 0 17.89 1.222 0.713 9.062

R10J0 180 10 2π 256 192 256 — 0 0 17.63 1.214 0.725 4.487
R10J2B 180 10 2π 256 192 256 2 0.327 0 17.14 1.215 0.725 4.724
R10J3B 180 10 2π 256 192 256 3 0.267 0 17.13 1.212 0.729 4.764
R10J4B 180 10 2π 256 192 256 4 0.231 0 17.09 1.215 0.725 4.640
R10J2T 180 10 2π 256 192 256 2 0 0.327 17.51 1.212 0.728 4.447
R10J3T 180 10 2π 256 192 256 3 0 0.267 17.53 1.216 0.722 4.444
R10J4T 180 10 2π 256 192 256 4 0 0.231 17.53 1.213 0.728 4.453

R30J0 180 30 2π 256 192 256 — 0 0 25.80 1.164 0.803 2.595
R30J2B 180 30 2π 256 192 256 2 0.327 0 25.62 1.165 0.802 2.630
R30J3B 180 30 2π 256 192 256 3 0.267 0 25.63 1.162 0.805 2.639
R30J4B 180 30 2π 256 192 256 4 0.231 0 25.61 1.165 0.802 2.638
R30J2T 180 30 2π 256 192 256 2 0 0.327 25.69 1.163 0.805 2.570
R30J3T 180 30 2π 256 192 256 3 0 0.267 25.71 1.166 0.801 2.575
R30J4T 180 30 2π 256 192 256 4 0 0.231 25.72 1.163 0.805 2.573

Table 1. Basic physical and computational parameters. Here uτp and uτ s are the friction velocity at the
pressure and suction side, respectively.

we adopt the modified K-means clustering algorithm defined in Appendix C of our
previous work (Zhang et al. 2022), and a brief description of its main procedures is
reviewed as follows.

Each two-dimensional slice ũx′,t′( y, z) = u′(x′, y, z, t′) in the y–z plane at a certain x′
and t′ is considered as a vector in an infinite-dimensional space. The angle between the
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Figure 3. Spanwise distributions of wall-normal velocity in the injection/suction control at the bottom plate
with different NJ .

two vectors ũx1,t1 and ũx2,t2 in such a space is defined using the L2 norm. The similarity
between these two slices is characterized by the smallest angle β(ũx1,t1, ũx2,t2) between
the corresponding vectors with arbitrary spanwise shift.

At the beginning, for integers ranging from 1 to M ∈ Z (here, M = 10 is used in present
study), clusters CN with cluster centroids ψN( y, z) are chosen corresponding to positive
integers N that represent different translation symmetries under z → z + Lz/N. In each
iteration, for each slice ũx′,t′ , we calculate the similarity between this slice and all cluster
centroids, i.e. β(ũx′,t′,ψN), and the slice is categorized temporarily into the cluster CL
if β(ũx′,t′,ψL) has the smallest value among all β(ũx′,t′,ψN), i.e. the centroid ψL is
the most similar to this slice. After categorizing all slices, each cluster centroid ψN is
updated by averaging all slices in its cluster, where before averaging each slice ũx′,t′ is
shifted in the spanwise direction with an appropriate displacement that corresponds to
β(ũx′,t′,ψN). In addition, all cluster centroids ψN should be symmetrized following the
translation symmetry under z → z + Lz/N and reflection symmetry under z → −z.

After enough iterations, the cluster centroids will converge. However, there will
probably be some clusters that include less than 2 % of the slices. In such case, these
clusters should be deleted, and the iterations should be restarted. Finally, we will get
clusters C†

N corresponding to converged cluster centroids ψ†
N , and each containing a

proportion P†
N ≥ 2 % of available flow field slices. Therefore, each cluster centroid ψ†

N
can characterize a pattern that has N large-scale flow structures with almost homogeneous
distribution. In the cluster analysis, we use 〈ϕ〉N to denote the conditional average of ϕ

in the clusters C†
N . Please refer to Zhang et al. (2022) for more detailed definitions and

procedures.

2.4. Interscale transport equation of turbulent kinetic energy
With respect to a spanwise wavenumber threshold k†

z ≥ 0, instantaneous velocity
fluctuations u′ can be decomposed into a large-scale part u+(x, t; k†

z ) consisting of all
spanwise modes with |kz| ≤ k†

z and a residual small-scale part u−(x, t; k†
z ). Similarly,

the turbulent kinetic energy 〈u′
iu

′
i〉/2 can be decomposed into E+ = 〈u+

i u+
i 〉/2 and E− =

〈u−
i u−

i 〉/2. By taking the traces of the transport equations of large-scale and small-scale
Reynolds stresses (Kawata & Alfredsson 2018), it is straightforward to derive the interscale
transport equations of E+ and E−:

∂Eζ

∂t
+ 〈u〉 · ∇Eζ = Pζ + Tζ − εζ + Φζ + Dν,ζ + Dt,ζ , (2.4)
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where

Pζ = −〈uζ
i uζ

k 〉∂〈ui〉
∂xk

, Tζ = −
〈

uζ
i uζ

k
∂u−ζ

i
∂xk

〉
+

〈
u−ζ

i u−ζ
k

∂uζ
i

∂xk

〉
,

εζ = 1
Reτ

〈
∂uζ

i
∂xk

∂uζ
i

∂xk

〉
, Φζ = −

〈
uζ

i
∂pζ

∂xi

〉
,

Dν,ζ = 1
Reτ

∂2Eζ

∂xk∂xk
, Dt,ζ = −1

2
∂

∂xk
(〈uζ

i uζ
i u′

k〉 + 2〈uζ
i u−ζ

i u−ζ
k 〉).

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2.5)

Here, ζ can be ‘+’ or ‘−’, and −ζ denotes the opposite sign of ζ . In the present
scenario, we only take discrete values of k†

z = 2πn/Lz with n ∈ N. It should be noted
that T+( y; k†

z ) = −T−( y; k†
z ) denotes the energy exchange between E+ and E−, and a

positive sign means the net energy transfer from kz > k†
z to kz ≤ k†

z by triad interaction,
i.e. ‘inverse’ energy transfer from small-scale to large-scale.

3. Results

3.1. Large-scale motions
In our previous work (Zhang et al. 2022), it was demonstrated that plume currents
generated by rising plumes from the unstable side are the most significant large-scale
structures in RPPF. For a given small or medium Roτ , the number and pattern of plume
currents vary continuously with time t. To illustrate the patterns and dynamic behaviours
of plume currents, figure 4 presents the contours of v′(t, z) in the t–z plane with x = y = 0
at Roτ = 5. From figure 4(a), it can be observed that in the absence of control, two or
more plume currents may exist, and they are constantly splitting, merging and oscillating.
The supplementary movie 1 available at https://doi.org/10.1017/jfm.2023.1091 displays the
instantaneous distributions of the wall-normal velocity in the y–z plane, demonstrating the
chaotic behaviours of plumes and plume currents. With the control of two (R5J2B) and
three (R5J3B) injection slots (in a spanwise period) on the unstable side, the number of
plume currents (in a spanwise period) is fixed at two and three, respectively, as depicted in
figure 4(b,c) and supplementary movie 2. In addition, the plume currents oscillate near the
injection slots. It is worth noting that the injection/suction velocity is significantly smaller
than the wall-normal velocity in plume currents, since the r.m.s. wall-normal velocity
on the unstable side is approximately 0.6 % of the bulk mean velocity. The relatively
weak control exerts a considerable influence by enhancing the self-sustaining process of
plume currents (Zhang et al. 2022), making the large-scale motions much stronger and
more stable. Injection provokes the separation of plumes near the injection slots, and the
separated plumes converge into plume currents that induce Taylor–Görtler vortices. These
vortices sweep more plumes towards the injection slots. However, with four injection slots
(R5J4B), the number of plume currents cannot be fixed and can be two, three or four. The
splitting and merging of plume currents is not so frequent as the uncontrolled case, and
the spanwise locations of plume currents are often near the injection slots or in the middle
of two injection slots. A plume current in the middle of two injection slots is likely to be
the result of two neighbouring plume currents that have merged. The relatively smaller
influence of four injection slots is probably due to the fact that the intrinsic spanwise
distance between plume currents in RPPF at Reτ = 180 and Roτ = 5 is around π and
2π/3. Therefore, four plume currents (with an average distance of π/2) induced by four
injection slots tend to merge. Supplementary movie 3 provides insight into the complex
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dynamics of plumes and plume currents in R5J4B, which is rather different from that of
R5J2B.

Figure 5 shows the contours of v′(t, z) at Roτ = 10. The control of two (R10J2B) and
three (R10J3B) injection slots on the unstable side have a similar effect on plume currents
as those at Roτ = 5, as depicted in figure 5(b,c). Nevertheless, four injection slots applied
to the unstable side can induce four relatively stable plume currents in the Roτ = 10 case,
which is not achieved in the Roτ = 5 case. We attribute this to the difference in the intrinsic
pattern of plume currents at two rotation numbers. As displayed in figures 4(a) and 5(a),
the distances between plume currents at Roτ = 10 are generally smaller than those at
Roτ = 5, which is explained in our previous work (Zhang et al. 2022).

For comparison, we present the plume current behaviours under injection/suction
control on the stable side in figures 4(e–g) and 5(e–g). It can be observed that
the large-scale motions including splitting, merging and spanwise oscillation remain
active and appear similar to those in the uncontrolled case. This indicates that the
injection/suction control has a negligible influence on the large-scale motions. The
primary reason for this is that the separation of plumes on the unstable side is not
significantly influenced by the stable side, which is a shared property of both RPPF and
penetrative convection.

Figure 6 depicts 〈Φvv〉y, which is the spanwise energy spectra Φvv(kz; y) averaged along
the y direction. The large-scale modes (with kz ≤ 8) of the uncontrolled Roτ = 0 case are
found to be much weaker than those of the Roτ = 5, 10, 30 cases. This can be inferred from
figure 6, showing that the peak values in the non-rotating case and the rotating cases are
around 0.03 and within [0.15, 0.25], respectively. For the controlled cases, the maximum
enhancement of the large-scale modes in the Roτ = 0 case with injection/suction control
is small (∼10 %) compared with that in the Roτ = 5 and Roτ = 10 cases (∼50 %)
under injection/suction control on the unstable side. We attribute this observation to the
sensitivity of large-scale modes to the injection/suction control in the presence of plumes
and plume currents in rotating cases.

Supplemental to figures 4(d) and 5(d), 6(b–d) show the selectivity of large-scale modes
to the injection/suction control. Figure 6(b) shows that at Roτ = 5, the control with
four injection slots has greater enhancement to the kz = 2 mode instead of the expected
kz = 4 mode. Such discrepancy between the control configuration and the plume current
distribution disappears in the R10J4B case. It is likely that the dominating mode of the
uncontrolled case represents the distribution of plume currents that is most efficient in
collecting plumes (totally). In other words, the distances between neighbouring plume
currents with the dominating patterns in uncontrolled cases tend to be as small as possible
(close to the limit of stability), so that each plume is close enough to a plume current and
gets pulled towards it. Therefore, a pattern of plume currents (e.g. four plume currents
induced by four injection slots at Roτ = 5) that is significantly more compact than the
dominating pattern in the uncontrolled case (e.g. kz = 3 mode at Roτ = 5) is likely to
exceed the maximum ratio between height and distance, which will result in the merging
of plume currents.

The above results are still valid in other Roτ , Reτ and Lz, as shown in figure 7, where
different numbers of injection/suction slots are applied at the unstable wall. Figure 7(a),
showing the results at Roτ = 2, indicates that the dominating mode is kz = 2 in the
uncontrolled case, and only NJ = 2 can achieve significant enhancement at kz = NJ .
In comparison, NJ = 3 and NJ = 4 mainly enhance the kz = 2 and kz = 1 modes,
respectively, indicating the merging of too compact plume currents. Figure 7(b), showing
the results at Roτ = 5 at a higher Reτ = 300, indicates that the dominating pattern in the
uncontrolled case is also kz = 3, which is the same as the case at Reτ = 180 (figure 6b).
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Figure 4. Contours of v′(0, 0, z, t) in the Roτ = 5 cases. The origin of t is chosen within a statistically steady
state: (a) R5J0; (b) R5J2B; (c) R5J3B; (d) R5J4B; (e) R5J2T; ( f ) R5J3T; (g) R5J4T.
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Figure 5. Contours of v′(0, 0, z, t) in the Roτ = 10 cases. The origin of t is chosen within a statistically
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Figure 6. Here Φvv(kz; y) averaged over y: (a) Roτ = 0; (b) Roτ = 5; (c) Roτ = 10; (d) Roτ = 30.

As a result, the wavenumber of the maximally enhanced mode of each NJ is also the
same, which can be found by comparing figures 6(b) and 7(b). It is also worth mentioning
that, although v′

rms(−1)/Ub is smaller at larger Reτ , the increase of the kz = 3 mode by
the NJ = 3 control becomes even more prominent. This indicates that the present control
strategy still works under the increase of Reynolds number. Figure 7(c,d) shows the control
effect in a larger Lz = 4π at Reτ = 180, Roτ = 5, where the dominant distribution of
plume currents has kz = 2.5. Figure 7(c) shows that doubling the spanwise domain does
not significantly change the locations and heights of the peaks in the spectra, if we assign
the energy at each non-integer wavenumber to the nearest integer wavenumber smaller than
it. This suggests that Lz = 2π is sufficient for capturing energy spectra at kz ≥ 2 and that
the control with Lz/DJ ∈ Z is robust. With Lz = 4π, the control set-ups allow NJ = 2.5
and NJ = 3.5, which means that there are 5 and 7, respectively, pairs of control slots in
the spanwise domain. Figure 7(d) shows that the control with 2 ≤ NJ ≤ 3.5 can still fix
and enhance the large-scale motions with kz = NJ . However, it should be noted that the
enhancement of large-scale motions does not necessarily lead to very strong enhancement
of the turbulent transport, which can be seen from the values of Nu listed in table 1.

Another interesting phenomenon can be inferred from figure 6(c) corresponding to
Roτ = 10. It shows that the control with three and four injection slots on the unstable
side can induce a large increase in the energy of kz = 3 and kz = 4 modes, respectively,
while the increase of the kz = 2 mode caused by two injection slots is relatively small.
This indicates that a control pattern which is too sparse compared with the dominating
pattern in the uncontrolled case would be less capable of enhancing large-scale motions.
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Figure 7. Here Φvv(kz; y) averaged over y: (a) Reτ = 180, Roτ = 2 and Lz = 2π; (b) Reτ = 300, Roτ = 5
and Lz = 2π; (c,d) Reτ = 180, Roτ = 5 and Lz = 4π. The results at Reτ = 180, Roτ = 5 and Lz = 2π are
also shown in (c) for comparison. The results with Lz = 4π in (c) are derived by assigning the value at each
non-integer wavenumber to the nearest integer wavenumber smaller than it.

The underlying mechanism should be that a sparse pattern of plume currents may fail
to collect some near-wall plumes. Those plumes will be dissipated by viscosity rapidly
or form new plume currents. Such a mechanism is further supported by figure 6(d),
corresponding to Roτ = 30 at which the kz = 7 mode is dominating in the uncontrolled
case. It can be seen that three injection slots on the unstable side are less effective than
four injection slots. Moreover, two injection slots on the unstable side mainly promote the
kz = 6 mode, indicating that there are more plume currents between injection slots.

The above discussion can be distilled into a straightforward guideline for the current
injection/suction control strategy aimed at enhancing large-scale motions in RPPF. For a
fixed Reτ and Roτ , utilizing NJLz/2π injection slots on the unstable side with NJ neither
significantly smaller nor much larger than the kz value of the dominant large-scale pattern
in the uncontrolled case can substantially amplify plume currents with the corresponding
pattern. Injection slots that are too closely spaced will cause plume currents to merge,
while excessively sparse injection slots will result in the loss of energy from some plumes
or the generation of new plume currents. Consequently, injection/suction control patterns
that are either too compact or too sparse, with NJLz/2π injection slots on the unstable
side, will not effectively amplify the kz = NJ mode. Injection/suction control on the stable
side has a limited impact on enhancing large-scale motions, as plumes do not originate or
detach from this region.
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Although spectral analysis is simple to perform, we should notice from figures 4 and
5 that the large-scale plume currents are non-sinusoidal in the spanwise direction, which
means that Fourier spectra do not fully characterize the properties and contributions of
different plume current patterns. A complementary analysis method should be introduced
to specify how frequently each plume current pattern occurs and how much it contributes
to turbulent kinetic energy and scalar transport. Also, as observed from figures 4 and
5, the plume currents in uncontrolled cases are continually changing in both number
and spanwise locations, and even in controlled cases with pressure side injection/suction
(R5J3B and R5J4B), they are not always fully fixed. Consequently, the commonly
employed velocity decomposition method by Bech & Andersson (1996), which relies on
streamwise and time averaging, is unsuitable for RPPF. This is because the secondary
field will depend on the start time of averaging if the time interval for averaging is not
large enough, or vanish when it is too large. Furthermore, the conditional averaging
technique with spanwise shifting introduced by Dai et al. (2016) is also not suitable
since it assumes that the number of large-scale structures remains fixed. Instead, using
the clustering algorithm introduced in our previous work (Zhang et al. 2022) and briefly
described in § 2.3, we identified the large-scale patterns in RPPF. Figure 8 displays the
cluster centroids of R5J0 and R5J2B, which indicates that these two cases differ in
the number and shapes of large-scale patterns. Here R5J0 has five large-scale patterns,
whereas R5J2B only has four patterns, with the pattern of five plume currents missing.
In the R5J2B C†

1 pattern, the plume current in the middle is much stronger than the other
two. Figure 9(a) illustrates the occurrence possibilities P†

N of cluster C†
N in different cases.

Here N is the number of spanwise periods of the corresponding cluster, and follows the
top-down order in figure 8 as well as the supplementary document. As expected, three and
four pressure side injection slots promote the pattern of three and four plume currents,
respectively. Moreover, two injection slots on the pressure side significantly increase the
occurrence possibilities P†

2 of the C†
2 pattern to almost double that in the uncontrolled

case. In contrast, injection on the suction side has a weaker influence on the number and
occurrence possibilities P†

N of patterns, consistent with figures 4 and 6. Figure 9(a) also
perfectly demonstrates the necessity of introducing cluster analysis as a complement of
Fourier spectral analysis. By comparing figures 6(b) and 9(a), it can be found that the
control with NJ = 2 strongly suppressed the pattern of four plume currents (characterized
by C†

4), which seems contradictory to the increase of the kz = 4 mode. This is because such
increase is achieved by the enhancement of the C†

2 pattern which is highly non-sinusoidal
and contributes not only to the kz = 2 mode but also to the kz = 4 mode.

Figure 9(b) presents the y–z plane average of the conditional average of v′v′ within
clusters C†

N in Roτ = 5 cases. The results confirm that the pressure side control, featuring
two, three or four injection slots, can significantly enhance the large-scale pattern with
N = NJ , as anticipated. In contrast, the control on the stable side has a negligible effect on
the strength of large-scale motions. Although the pattern corresponding to C†

5 appears to
be enhanced by two injection slots on the stable side, its occurrence probability is too low
to significantly influence the overall 〈v′v′〉.

Despite the non-sinusoidal characteristics of large-scale motions, analysis in the spectral
perspective may still facilitate intuitive understanding of the complex dynamics, especially
interscale energy transfer (Cho, Hwang & Choi 2018; Kawata & Alfredsson 2018; Lee
& Moser 2019; Gatti et al. 2020). Figure 10 displays contours of spanwise spectral
turbulent kinetic energy, the related turbulent production term and the interscale transport
term at Reτ = 180 and Roτ = 5. Here, e+( y; kz) = E+( y; kz) − E+( y; kz − 2π/Lz) and
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Figure 8. Velocity vectors in the y–z plane and contours of the wall-normal component of cluster centroids at
Roτ = 5: (a–e) R5J0, clusters C†

1 − C†
5; ( f –i) R5J2B, clusters C†

1 − C†
4.

p+( y; kz) = P+( y; kz) − P+( y; kz − 2π/Lz) are the increments of the corresponding
cumulative terms (please note that for the two cases considered in figure 10, Lz = 2π).
As shown in figure 10(a), large-scale energy mainly concentrates in 2 ≤ kz ≤ 4, and the
kz = 4 mode is relatively closer to the pressure side. Figure 10(c) shows that the kinetic
energy production mainly occurs at the scales with 5 ≤ kz ≤ 12 locating at wall distances
within 10.9 ≤ y+ ≤ 17.4. The dominating scales of p+ are inconsistent with the spectral
distribution of kinetic energy. Figure 10(e) shows an inverse energy cascade at kz < 12
near the pressure side, which is in accordance with the self-sustaining process introduced
in our previous work (Zhang et al. 2022) and is responsible for the inconsistency of
dominating scales between p+ and e+. Therefore, the large-scale turbulent kinetic energy
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Figure 9. (a) Occurrence possibilities P†
N of clusters C†

N and (b) the y–z plane average of the conditional
average of v′v′ within clusters C†

N at Roτ = 5.

in the uncontrolled case, R5J0, is generated at 5 ≤ kz ≤ 12 in the near-wall region and
then transferred to 2 ≤ kz ≤ 4 away from the wall through the mechanisms of interscale
energy transfer and turbulent spatial transport.

With two injection slots applied to the pressure side, the e+ of the kz = 2 mode increases
significantly as shown in figure 10(b), which is consistent with the results in figures 6(b)
and 8(b,g). In addition, the large-scale energy spectra of R5J2B become more concentrated
in kz = 2n modes with n ∈ Z. This can be attributed to the non-sinusoidal property of
the pattern of two plume currents. Consistently, as depicted in figure 10(d), the kinetic
energy production mainly occurs at the scales with kz = 2n (n ∈ Z) near the pressure side.
However, figure 10( f ) shows that the inverse cascade is weakened in R5J2B, although
the e+ of the kz = 2 mode is significantly enhanced as shown in figures 10(b) and 6(b).
This is not surprising because T+ only represents the net energy transfer. When the
large-scale energy increases, the interaction between large-scale modes will be stronger
and consequently enhances the forward cascade. This neutralizes part of the inverse
cascade and results in the decrease of positive T+. Therefore, the enhancement of the
kz = 2 mode in R5J2B should be directly attributed to the increase of the production term,
which is due to the implementation of the two injection slots.

3.2. Turbulent statistics
Figure 11 depicts the mean velocity profiles 〈u〉 for all cases. It is observed from
figure 11(a) that the mean velocity profiles at Roτ = 0 become asymmetric in controlled
cases, while in the uncontrolled case, it remains symmetric. This is because the
injection/suction amplifies the near-wall motions and increases the friction. Figure 11(a–c)
illustrate that the pressure side injection/suction can decrease the mean flux, and the
decrease is insensitive to the distribution of injection/suction slots. The maximum relative
decrease of Ub is 5.93 %, achieved in R5J2B, as listed in table 1. In Roτ = 30 cases, the
influence of the present weak injection/suction is indiscernible, where the relative decrease
of Ub is less than 1 %, as shown in figure 11(d) and listed in table 1. For Roτ > 0 cases,
the impact of the suction side injection/suction is small. It is also worth noting that the
controlled cases maintain the local linear law of mean velocity profiles, whose slope is
approximately Roτ . Figure 12 displays the Reynolds shear stress 〈u′v′〉 for all cases. For the
non-rotating cases, as displayed in figure 12(a), the 〈u′v′〉 profiles of the controlled cases
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Figure 10. Contours of (a,b) spanwise spectra of turbulent kinetic energy e+; (c,d) spanwise spectra of
production term p+; and (e, f ) cumulative spanwise spectra of interscale transport term T+ at Reτ = 180 and
Roτ = 5. (a,c,e) for R5J0 and (b,d, f ) for R5J2B.

with two, three and four injection slots almost coincide with each other, and they differ
from that of the uncontrolled case. However, for the rotating cases, although the mean
velocity profiles of the uncontrolled cases and the suction-side controlled cases deviate
from those of the pressure-side controlled cases at Roτ = 5 and 10, the 〈u′v′〉 profiles do
not show obvious deviation, as displayed in figure 12(b–d). From the mean momentum
equation (Xia et al. 2016)

〈u′v′〉 = y + (1 − u2
τp) + 1

Reτ

d〈u〉
dy

, (3.1)

it can be inferred that uτp varies very slightly in the controlled and uncontrolled cases at
the same Roτ , as listed in table 1.

According to the definition in Brethouwer (2018) and equation (2.1), the Nusselt number
of φ can be defined equivalently (assuming an infinite averaging time) as

Nu = −2
∂〈φ〉
∂y

∣∣∣∣
y=±1

= 1 + PrReτ

∫ 1

−1
〈v′φ′〉 dy. (3.2)
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Figure 11. Mean velocity profiles 〈u〉 in uncontrolled and controlled cases: (a) Roτ = 0; (b) Roτ = 5;
(c) Roτ = 10; (d) Roτ = 30.
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Figure 12. Reynolds shear stress 〈u′v′〉 in uncontrolled and controlled cases: (a) Roτ = 0; (b) Roτ = 5;
(c) Roτ = 10; (d) Roτ = 30.
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Figure 13. Here 〈v′v′〉 in uncontrolled and controlled cases: (a) Roτ = 0; (b) Roτ = 5; (c) Roτ = 10;

(d) Roτ = 30.

It is evident that to increase scalar transport, one must increase the convective scalar flux
〈v′φ′〉, as the contribution of molecular diffusion remains constant. Therefore, enhancing
the strength of wall-normal motions can be a promising approach.

Figure 13 presents the 〈v′v′〉 profiles for all cases. From the values of 〈v′v′〉 at y = ±1, it
is evident that the present injection/suction is too weak to be noticed at the walls. However,
it has a significant impact on the 〈v′v′〉 profiles for Roτ ≤ 10 cases, especially in the
locations and heights of the peaks. Such influences can be attributed to the difference in
strength and height of plume current between clusters, and the variance of the clusters’
occurrence possibilities. For example, 〈v′v′〉 of case R5J2B has a peak closest to the
suction side, and it is the largest in the upper-half of the channel except for an extremely
small region at the suction side (where 〈v′v′〉 = 0.01 for suction side control cases). This
is because the C†

2 pattern of plume currents has the largest averaged strength and height of
plume currents as shown in figure 8(a–e), and such a pattern is dominating (figure 9a) and
further strengthened (figure 8g) in R5J2B. At Roτ = 30, the control has minor influence
on 〈v′v′〉 profiles. It is observed that the effect of the control in non-rotating cases is
weakly dependent on the slot distributions. In contrast, the effect of the control is strongly
dependent on the slot distributions on the pressure side for Roτ = 5 and Roτ = 10 cases.

The profiles of convective scalar flux denoted by 〈v′φ′〉 are presented in figure 14.
Figure 14(a) demonstrates that the increase of 〈v′φ′〉 is not strongly dependent on the
distribution of injection/suction slots in non-rotating cases. This behaviour is similar to 〈u〉,
〈u′v′〉 and 〈v′v′〉 in non-rotating cases. However, when Roτ is non-zero and not very large,
the distribution of injection/suction slots on the unstable side becomes a crucial factor
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in turbulent scalar transport. Figure 14(b) reveals that the largest relative enhancement of
〈〈v′φ′〉〉y is 17.2 % in R5J2B, which is almost three times the relative decrease of Ub in
this case. There are two main reasons for this observation. Firstly, case R5J2B exhibits a
significant increase of large-scale wall-normal kinetic energy, similar to case R5J3B, as
shown in figure 6(b). Secondly, two plume currents have a larger spanwise distance than
three plume currents, and a greater distance between plume currents may lead to higher
efficiency of scalar transport, as discussed in our previous work (Zhang et al. 2022). This
is supported by figure 15(a), where the y–z plane average of the conditional average of
v′φ′ within clusters C†

N at Roτ = 5 is shown. This can be used to illustrate the scalar
transport capability of different large-scale patterns. Notably, two injection slots on the
pressure side can significantly increase the scalar transport capability of the pattern with
two plume currents (C†

2 shown in figure 8g). Under the control of three injection slots
on the pressure side, the pattern with three plumes becomes the most efficient in scalar
transport. However, the impact of achieving this pattern through the use of three injection
slots on the pressure side is relatively minor, combined with the occurrence possibility P†

3
of cluster C†

3 shown in figure 9(a). More quantitatively, figure 15(b) shows the weighted
contribution of 〈v′φ′〉 from each cluster C†

N . It shows that the main contribution to 〈v′φ′〉
comes from cluster C†

2 in R5J2B, while it is from clusters C†
1 for other cases. At Roτ = 10,

three injection slots on the unstable side slightly outperform two injection slots, as shown
in figure 14(c). This is because 〈v′v′〉 in case R10J3B is generally larger than that in case
R10J2B, as demonstrated in figure 13(c), and the higher efficiency of two plume currents in
scalar transport cannot compensate for their lower strength. When Roτ = 30, the increase
of 〈v′v′〉 and 〈v′φ′〉 induced by injection/suction on the unstable side is relatively small
compared with the corresponding cases at Roτ = 5 or Roτ = 10, as shown in figure 14(d).
This suggests that turbulent kinetic energy and scalar transport are only sensitive to the
control when the scale of the control pattern is close to the intrinsic scale of large-scale
motions. Similar to 〈u〉, 〈u′v′〉 and 〈v′v′〉, convective scalar transport is weakly influenced
by injection/suction on the stable side. This also indicates that the present control strategy
increases the scalar transport not simply by blowing φ at the boundary into the fluid, but
by varying the distribution and strength of plume currents.

For a better demonstration of the local impact of injection/suction, the relative
enhancement of convective scalar flux 〈v′φ′〉 is presented in figure 16. It is evident
from figure 16(b–d) that pressure side injection/suction usually induces a significant
local enhancement of convective scalar transport. The corresponding peaks locate at
approximately y = 0.7 for Roτ = 5 and 10, and at around y = 0.4 for Roτ = 30. This is
due to the rise in both the mean strength and height of plume currents through effective
injections, evident from the comparison between figures 8(b) and 8(g). With stable plume
currents, plumes are more likely to penetrate deeper into the stable region near the suction
side. Since the mean scalar gradient is relatively large in the stable region due to the
weaker convective flux, plumes that approach the suction side will induce significant local
enhancement of scalar transport. From another perspective, the uncontrolled cases exhibit
a rapid drop in 〈v′φ′〉 near the suction side, and the injections can strengthen the plume
currents and consequently delay the decline.

Based on the discussions presented above, we can claim that the present
injection/suction control on the unstable wall can achieve an O(10 %) enhancement of
turbulent scalar transport with control velocity O(1 %)Ub. When v′

rms(−1) is fixed at
0.1uτ , only in rotating cases is scalar transport sensitive to injection/suction velocity
distribution. It is recommended that the distance between injection slots be equal to
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Figure 14. Convective scalar flux 〈v′φ′〉 in uncontrolled and controlled cases: (a) Roτ = 0; (b) Roτ = 5;
(c) Roτ = 10; (d) Roτ = 30.
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Figure 15. (a) The y–z plane average of the conditional average of v′φ′ within clusters C†
N and (b) the

weighted contribution of 〈v′φ′〉 from each clusterC†
N at Roτ = 5.

or slightly larger than the dominant spanwise wavelength λz = 2π/kz observed in the
uncontrolled case, in order to ensure a satisfactory enhancement of plume currents and
scalar transport efficiency.

The statement on the injection slot spacing for optimal scalar transport enhancement
is still valid at different Roτ , Reτ or in a larger spanwise domain. This is demonstrated
in figure 17, which exhibits the profiles of the convective scalar flux 〈v′φ′〉 at three
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Figure 16. Relative deviation of 〈v′φ′〉 from that of the corresponding uncontrolled cases: (a) Roτ = 0;
(b) Roτ = 5; (c) Roτ = 10; (d) Roτ = 30.

new sets of parameters. As shown in figure 7, the wavenumbers kz of the dominating
spanwise Fourier modes of the three uncontrolled cases, R2J0, R5J0_Re+ and R5J0_Lz+,
are 2, 3 and 2.5, respectively. Correspondingly, at Reτ = 180 and Roτ = 2, two injection
slots achieve maximum scalar transport in a spanwise domain of Lz = 2π, as shown in
figure 17(a). Likewise, two injection slots in Lz = 2π achieve maximum scalar transport
at Reτ = 300 and Roτ = 5, as shown in figure 17(b). Figure 17(c) demonstrates that the
largest enhancement of 〈v′φ′〉 and Nu at Reτ = 180, Roτ = 5 and Lz = 4π is achieved
by using four injection slots (NJ = 2). Figure 17(c) demonstrates that four injection slots
(NJ = 2) provides the largest enhancement of 〈v′φ′〉 and Nu at Reτ = 180, Roτ = 5 and
Lz = 4π, where the relative increase of turbulent transport is 16.1 %. For the control with
five injection slots (NJ = 2.5), the enhancement of the turbulent scalar transport is also
significant, which is 14.5 %. It is worth noting that, although the controls with NJ = 3 and
3.5 can greatly amplify the wall-normal kinetic energy at kz = 3 and 3.5, respectively, as
shown in figure 7(d), they can only enhance the turbulent scalar transport by 5.1 % and
2.7 %. These results not only demonstrate the robustness of the control strategy, but also
strongly support our criterion on the optimal choice of injection/suction distribution for
scalar transport enhancement, i.e. the distance between injection slots should be equal to
or slightly larger than the dominant spanwise wavelength in the uncontrolled case.

4. Conclusion

This paper presents an injection/suction control approach for RPPF, whose wall-normal
velocity at the controlling wall is uniform in the streamwise direction but varies in the
spanwise direction, aiming to increase the strength of plume currents and enhance the
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Figure 17. Convective scalar flux 〈v′φ′〉 in uncontrolled and controlled cases: (a) Reτ = 180, Roτ = 2,
Lz = 2π; (b) Reτ = 300, Roτ = 5, Lz = 2π; (c) Reτ = 180, Roτ = 5, Lz = 4π.

turbulent scalar transport. A general finding is that system rotation greatly complicates the
influence of flow control. Specifically, rotation number and injection/suction distribution
are both decisive. Based on the systematic analysis, we have arrived at the following three
conclusions. Firstly, the injection/suction control on the suction side wall has a minor
effect, and that the control should be implemented at the pressure side. Secondly, the
control at the pressure side, with proper control parameters where the distance between
injection slots is neither significantly smaller nor much larger than the dominant spanwise
wavelength of plume currents in the uncontrolled case, can well fix the large-scale patterns
of plume currents, and enhance the scalar transport. Thirdly, the finding regarding the
proper control with small injection/suction velocity is valid across different Reτ , Roτ and
spanwise domain sizes that are considered in the present study.

Supplementary material and movies. Supplementary material and movies are available at https://doi.org/
10.1017/jfm.2023.1091.
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JAKIRLIĆ, S., HANJALIĆ, K. & TROPEA, C. 2002 Modeling rotating and swirling turbulent flows: a perpetual
challenge. AIAA J. 40 (10), 1984–1996.

JOHNSTON, J.P. 1998 Effects of system rotation on turbulence structure: a review relevant to turbomachinery
flows. Intl J. Rotating Mach. 4 (2), 97–112.

JOHNSTON, J.P., HALLEENT, R.M. & LEZIUS, D.K. 1972 Effects of spanwise rotation on the structure of
two-dimensional fully developed turbulent channel flow. J. Fluid Mech. 56 (3), 533–557.

KAWATA, T. & ALFREDSSON, P.H. 2018 Inverse interscale transport of the Reynolds shear stress in plane
Couette turbulence. Phys. Rev. Lett. 120 (24), 244501.

KAWATA, T. & ALFREDSSON, P.H. 2019 Scale interactions in turbulent rotating planar Couette flow: insight
through the Reynolds stress transport. J. Fluid Mech. 879, 255–295.

KRISTOFFERSEN, R. & ANDERSSON, H.I. 1993 Direct simulations of low-Reynolds-number turbulent flow
in a rotating channel. J. Fluid Mech. 256, 163–197.

979 A43-25

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

10
91

 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.2023.1091


S. Zhang, Z. Xia and S. Chen

LEE, M. & MOSER, R.D. 2019 Spectral analysis of the budget equation in turbulent channel flows at high
Reynolds number. J. Fluid Mech. 860, 886–938.

LIU, N.-S. & LU, X.-Y. 2007 Direct numerical simulation of spanwise rotating turbulent channel flow with
heat transfer. Intl J. Numer. Meth. Fluids 53 (11), 1689–1706.

MACIEL, Y., PICARD, D., YAN, G., GLEYZES, C. & DUMAS, G. 2003 Fully developed turbulent channel
flow subject to system rotation. In 33rd AIAA Fluid Dynamics Conference and Exhibit.

MATSUBARA, M. & ALFREDSSON, P.H. 1996 Experimental study of heat and momentum transfer in rotating
channel flow. Phys. Fluids 8 (11), 2964–2973.

MIN, T., KANG, S.M., SPEYER, J.L. & KIM, J. 2006 Sustained sub-laminar drag in a fully developed channel
flow. J. Fluid Mech. 558, 309–318.

NAGANO, Y. & HATTORI, H. 2003 Direct numerical simulation and modelling of spanwise rotating channel
flow with heat transfer. J. Turbul. 4, N10.

NAKABAYASHI, K. & KITOH, O. 1996 Low Reynolds number fully developed two-dimensional turbulent
channel flow with system rotation. J. Fluid Mech. 315, 1–29.

NAKABAYASHI, K. & KITOH, O. 2005 Turbulence characteristics of two-dimensional channel flow with
system rotation. J. Fluid Mech. 528, 355–377.

VAN DER POEL, E.P., OSTILLA-MÓNICO, R., DONNERS, J. & VERZICCO, R. 2015 A pencil distributed
finite difference code for strongly turbulent wall-bounded flows. Comput. Fluids 116, 10–16.

SCHMID, P.J. 2010 Dynamic mode decomposition of numerical and experimental data. J. Fluid Mech. 656,
5–28.

SUMITANI, Y. & KASAGI, N. 1995 Direct numerical simulation of turbulent transport with uniform wall
injection and suction. AIAA J. 33 (7), 1220–1228.

TILLMARK, N. & ALFREDSSON, P.H. 1996 Experiments on Rotating Plane Couette Flow, pp. 391–394.
Springer.

TOWNE, A., SCHMIDT, O.T. & COLONIUS, T. 2018 Spectral proper orthogonal decomposition and its
relationship to dynamic mode decomposition and resolvent analysis. J. Fluid Mech. 847, 821–867.

TSUKAHARA, T., TILLMARK, N. & ALFREDSSON, P.H. 2010 Flow regimes in a plane Couette flow with
system rotation. J. Fluid Mech. 648, 5–33.

VISSCHER, J., ANDERSSON, H.I., BARRI, M., DIDELLE, H., VIBOUD, S., SOUS, D. & SOMMERIA, J.
2011 A new set-up for PIV measurements in rotating turbulent duct flows. Flow Meas. Instrum. 22 (1),
71–80.

WALLACE, J.M. & DICKINSON, R.E. 1972 Empirical orthogonal representation of time series in the
frequency domain. Part I. Theoretical considerations. J. Appl. Meteorol. Clim. 11 (6), 887–892.

WALLIN, S., GRUNDESTAM, O. & JOHANSSON, A.V. 2013 Laminarization mechanisms and
extreme-amplitude states in rapidly rotating plane channel flow. J. Fluid Mech. 730, 193–219.

WU, H. & KASAGI, N. 2004 Turbulent heat transfer in a channel flow with arbitrary directional system rotation.
Intl J. Heat Mass Transfer 47 (21), 4579–4591.

WU, W., PIOMELLI, U. & YUAN, J. 2019 Turbulence statistics in rotating channel flows with rough walls. Intl
J. Heat Fluid Flow 80, 108467.

XIA, Z., BRETHOUWER, G. & CHEN, S. 2018a High-order moments of streamwise fluctuations in a turbulent
channel flow with spanwise rotation. Phys. Rev. Fluids 3 (2), 022601.

XIA, Z., SHI, Y., CAI, Q., WAN, M. & CHEN, S. 2018b Multiple states in turbulent plane Couette flow with
spanwise rotation. J. Fluid Mech. 837, 477–490.

XIA, Z., SHI, Y. & CHEN, S. 2016 Direct numerical simulation of turbulent channel flow with spanwise
rotation. J. Fluid Mech. 788, 42–56.

XIA, Z., SHI, Y., WAN, M., SUN, C., CAI, Q. & CHEN, S. 2019 Role of the large-scale structures in spanwise
rotating plane Couette flow with multiple states. Phys. Rev. Fluids 4 (10), 104606.

YANG, Y.-T. & WU, J.-Z. 2012 Channel turbulence with spanwise rotation studied using helical wave
decomposition. J. Fluid Mech. 692, 137–152.

ZHANG, S., CHEN, X., XIA, Z., XI, H.-D., ZHOU, Q. & CHEN, S. 2021 Stabilizing/destabilizing the
large-scale circulation in turbulent Rayleigh–Bénard convection with sidewall temperature control. J. Fluid
Mech. 915, A14.

ZHANG, S., XIA, Z. & CHEN, S. 2022 Flow structures in spanwise rotating plane Poiseuille flow based on
thermal analogy. J. Fluid Mech. 933, A24.

ZHANG, S., XIA, Z., SHI, Y. & CHEN, S. 2019 A two-dimensional-three-component model for spanwise
rotating plane Poiseuille flow. J. Fluid Mech. 880, 478–496.

ZHANG, S., XIA, Z., ZHOU, Q. & CHEN, S. 2020 Controlling flow reversal in two-dimensional
Rayleigh–Bénard convection. J. Fluid Mech. 891, R4.

979 A43-26

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

10
91

 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.2023.1091

	1 Introduction
	2 Governing equations and numerical description
	2.1 Governing equations and boundary conditions
	2.2 Numerical set-up
	2.3 Cluster analysis
	2.4 Interscale transport equation of turbulent kinetic energy

	3 Results
	3.1 Large-scale motions
	3.2 Turbulent statistics

	4 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


