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The dynamics of turbulent kinetic energy (TKE), turbulence dissipation rate (TDR) and8
turbulence production rate (TPR) are explored in fully-developed turbulent channel flow9
using direct numerical simulations up to Reg ≈ 2000 with minimal computational box10
for large-scale structures. Time correlation analysis based on volume-averaged TKE and11
TDR shows a well-defined average time lag, as in periodic/homogeneous turbulence, which,12
unlinke periodic/homogeneous turbulence, appears to beReynolds number dependent. On the13
basis of a spatio-temporal correlation analysis we show that plane-averaged TKE fluctuations14
in the near-equilibrium region are transported towards both the core and near-wall regions,15
and are positively correlated with plane-averaged TDR fluctuations there with combined16
wall-distance and time lags. In the path towards the core region, the wall-distance lag is17
very close to the time lag multiplied by the friction velocity. The path towards the near-18
wall region has a wide spread of time lags which increases with Reynolds number. The19
spatio-temporal correlation paths both towards the core and towards the wall are reproduced20
when the reference-plane TKE is conditionally averaged on either ejections or sweeps and21
are in fact stronger in correlation values in the case of ejections which are better organised22
than sweeps. While volume-averaged TPR evidently precedes volume-averaged TKE, a more23
complex picture of non-local space-time correlations between reference-plane TKE and TPR24
is revealed. A mechanistic model is proposed to elucidate these correlations between TKE25
and TPR through the interaction between the mean shear and the Reynolds shear stress.26
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1. Introduction29

Dissipation plays an important role in the dynamics of turbulent flows. In a turbulence that30
is statistically stationary and homogeneous, the Richardson-Kolmogorov energy cascade31
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states that the turbulence kinetic energy (TKE) produced at the large scales is on average32
carried to smaller scales and eventually dissipated at the smallest scales (Frisch 1995).33
An equilibrium between the space-time average rate of turbulence generation at the large34
scales and the space-time average turbulence dissipation at the smallest scales is achieved.35
However, highly active fluctuations in TKE and TDR appear if such averaging is removed.36
The feeding and dissipation of turbulence are almost always out of equilibrium. For example,37
the studies of Goto & Vassilicos (2015, 2016) in forced periodic/homogeneous turbulence38
showed that the volume-average TDR Y+ (C) fluctuates in time and correlates heavily with39
the volume-average TKE �+ (C) with some finite time lag which characterises the average40
time taken for the turbulence cascade to transport energy from the large energy-containing41
scales to the small dissipative scales (see Sagaut & Cambon 2008). They also demonstrated42

that the turbulence dissipation coefficient, defined as �Y (C) ≡ Y+ /(�3/2
+
/!) (! = ! (C) is43

the fluctuating integral length scale), is anti-correlated in time with the Taylor-length-based44
Reynolds number Re_(C) ∼ �+ /

√
aY+ (a is the kinematic viscosity) without time lag, i.e.45

�Y (C) ∼ (
√

Re�/Re_(C))= where = ≈ 1 and Re� denotes a global Reynolds number. �Y46
is a ratio between the rate of energy loss (dissipation) at the small scales and the rate of47
energy loss at the large scales (by the large-scale eddy turnover). Similarly, Re_ is a ratio48
of the energy �+ contained mainly in the large scales to the energy √aY+ contained in the49
small scales. The strong anti-correlation between �Y and Re_ suggests that the turbulence50
is self-regulating: when the energy at the large scales becomes excessive compared to the51
energy at the small scales, the large scales tend to lose energy at a higher rate compared52
to the rate of energy loss at the small scales. This self-regulation appears to be a universal53
phenomenon present, in one way or another, in a wide range of turbulent flows (see Vassilicos54
2015; Vassilicos & Laval 2024)55

Recently, Apostolidis et al. (2022) investigated this self-regulation (using wall-parallel-56
plane-average quantities instead of volume-average ones) in the near-equilibrium region57
of fully developed turbulent channel flow (FD TCF), where the local turbulence energy58
production roughly balances local turbulence energy dissipation on average (Townsend 1961),59
and found an exponent = ≈ 3/2 for the time fluctuations. It was even further demonstrated60
that the two signals are anti-correlated at all frequencies in this region of FD TCF. However,61
they did not investigate the possibility of a time lag between TKE and TDR in FD TCF.62

The key difference between wall-bounded turbulence and periodic/homogeneous turbu-63
lence is the coupling between the boundary conditions and the generation of turbulence.64
In periodic/homogeneous turbulence, TKE is generated by arbitrary direct forcing of the65
Navier-Stokes equations, whereas in TCF the no-slip boundary condition at the wall enforces66
mean shear and momentum transfer between the core flow and the wall thereby leading to67
production of TKE. Both viscosity and turbulence (through the Reynolds shear stress which68
is an average of D′E′ where D′ and E′ are streamwise and wall-normal velocity fluctuations69
respectively) contribute to the momentum transfer and the latter is particularly significant70
away from the wall where the effect of viscosity is negligible. The contributions of Reynolds71
shear stress can be classified based on the sign of velocity fluctuations, i.e. the quadrant in72
D′-E′ plane (Wallace et al. 1972; Willmarth & Lu 1972; Lu &Willmarth 1973). In particular,73
ejections (Q2 quadrant where D′ < 0 and E′ > 0) provide the largest contribution to the74
Reynolds stress and sweeps (Q4 quadrant where D′ > 0 and E′ < 0) provide the second75
largest contribution to the Reynolds stress throughout a turbulent boundary layer (Lu &76
Willmarth 1973).77

Thanks to the development of numerical simulation and high performance computing,78
spatio-temporal data of turbulence fields have been made available. In the numerical79
experiment of Jiménez & Moin (1991), the width of the minimal computational domain80
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(minimal flow unit) that can sustain TCF was found to be approximately the average spacing81
of near-wall streaks discovered from the early experiment of Kline et al. (1967). By removing82
the small-scale structures using over-damped large eddy simulation, Hwang & Cossu (2010)83
identified the largest energy-containing structures in the outer layer that conform with the84
large- and very-large-scale motions (Kim & Adrian 1999; Guala et al. 2006; Hutchins &85
Marusic 2007a).86
Energy-containing structures regenerate themselves quasi-periodically and constitute a87

substantial part of the dynamics of wall-bounded flows (Hamilton et al. 1995; Waleffe 1997;88
Jiménez & Pinelli 1999; Hwang & Bengana 2016). This autonomous cycle is often referred89
to as the ‘self-sustaining process’ (SSP). (Doohan et al. 2021; Ciola et al. 2023). Recent90
studies on the time evolution of these energy-containing structures suggest that they operate91
quasi-periodically with a time scale proportional to their size (Lozano-Durán & Jiménez92
2014b; Hwang & Bengana 2016).93
In the present study, we explore the dynamical interplay between TKE, TDR and turbulent94

production rate (TPR) fluctuations in a relatively small computational box FD TCF at95
moderately high Reynolds number. Whereas there was no need to study the fluctuations96
of power input rate in the studies of periodic/homogeneous turbulence of Goto & Vassilicos97
(2015, 2016) which concentrated on TKE and TDR fluctuations, in FD TCF the TPR98
fluctuations are part and parcel of small box dynamics and cannot be neglected. We start99
by exploring the same questions addressed by Goto & Vassilicos (2015, 2016) but now in100
FD TCF, namely whether TKE and TDR fluctuate in quasi-periodic manner and whether101
they do so with some time lag relative to each other as in forced periodic/homogeneous102
turbulence. If so, what are the scalings of this time lag and does it relate to the dynamics of103
TPR in wall-bounded flows? We finally address the interconnectivity between TPR and TKE104
dynamics given that TKE needs to be produced before it is cascaded to smaller scales and105
dissipated.106
While such general questions can be asked for any wall-bounded turbulent flow, we107

limit ourselves to the study of FD TCF using DNS datasets at several different Reynolds108
numbers with long integration time intervals to obtain well converged statistics and temporal109
correlations. The size of the computational box is chosen to be the minimal one that can110
accommodate the largest energy-containing structures in FD TCF as in Hwang & Cossu111
(2010) without mean statistics such as time-average mean velocity profile and mean energy112
budgets deviating too far from DNS in larger computational domains (Lozano-Durán &113
Jiménez 2014a; Lee & Moser 2015).114
This paper is organised as follows. In §2, we present the numerical setup for our DNS of115

FD TCF and define our observables in terms of turbulence energetics. In §3, we present our116
results on the dynamics of TKE and TDR in terms of volume-average temporal correlations,117
2-time 1-plane correlations, and 2-time 2-plane correlations of plane-average turbulence118
energetics. We then focus in §4 on TPR and TKE fluctuations, as well as fluctuations of119
Reynolds shear stress and mean shear, and introduce a mechanistic model of the fluctuations120
of mean shear and Reynolds shear stress to account for the space-time lags between TPR and121
TKE. We summarise our conclusions in §5.122

2. Numerical methods123

We perform DNS of incompressible FD TCF subject to constant mass flux at five different124
Reynolds numbers: Reg = 235, 359, 498, 953, 2008, where Reg is the friction Reynolds125
number. We denote the streamwise, wall-normal, and spanwise direction by (G, H, I), with126
the corresponding velocity fields (D, E, F) or (D1, D2, D3). The size of the simulation domain127
is set to be !G = c�, !H = 2�, and !I = c�/2, where � is the half channel height. The128
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Name Reg #G × #H × #I ΔG+ ΔH+ ΔI+ )intDg/� #C

R230 235 96 × 193 × 96 11.52 0.53 – 4.53 5.76 183.06 3000
R360 359 144 × 257 × 144 11.74 0.61 – 5.19 5.87 172.13 3000
R500 498 192 × 289 × 192 12.22 0.75 – 6.41 6.11 164.34 3000
R950 953 384 × 513 × 384 11.69 0.80 – 6.91 5.85 151.52 3000
R2000 2008 768 × 1025 × 768 12.31 0.83 – 7.29 6.16 92.42 2001

Table 1: Numerical setup of DNS in FD TCF. #G , #H and #I indicate the numbers of grid points in the
streamwise, wall-normal and spanwise directions respectively; ΔG+,ΔH+ and ΔI+ indicate grid spacings,
after de-aliasing, in inner units; )int denotes the integration time after the initial transient and #C denotes
the number of instantaneous snapshots stored for post-processing.

spanwise extent of the simulation box is comparable to theminimal unit for the self-sustaining129
process of the largest energy-containing structures as per Hwang & Cossu (2010) and Hwang130
& Bengana (2016). The size of the simulation domain is deliberately chosen to be small in131
order to capture the temporal dynamics around the single entity of the large-scale energy-132
containing structures without significantly modifying the mean statistics (Lozano-Durán &133
Jiménez 2014a). Details of the DNS data set and its naming convention can be found in134
table 1. We note that integration over a relatively long time interval is required to obtain135
well-converged statistics ‘temporal correlations’ in the given computational domain.136
The numerical simulation is performed using the Navier-Stokes solver diablo (Bewley137

2014). The solver uses the Fourier-Galerkin method with a 2/3 de-aliasing rule in the138
wall-parallel directions G and I, and a second-order finite difference method in the wall-139
normal direction H. The temporal discretisation of the solver is based on the fractional-140
step algorithm by Kim & Moin (1985), with implicit treatment of viscous terms using the141
Crank–Nicolson scheme and explicit treatment of the remaining terms using a low-storage142
third-order Runge–Kutta scheme. A snapshot of the velocity field is stored every 1�/*1,143
where *1 = 1

+Ω

∫
Ω
D d3x = 1 (Ω is the computatonal domain and +Ω its volume) is the bulk144

streamwise velocity that is kept constant at all time in all DNS. The solver has been verified145
extensively in previous studies (e.g. Doohan et al. 2019).146

3. Dynamics of TKE and TDR147

We first study the dynamics of the TDR and its relation to TKE from the temporal148
correlation of terms in the TKE budget equation in the wall-normal direction and in time.149
The velocity field is decomposed as follows: u(x, C) = (* (H, C), 0,, (H, C)) + u′(x, C) where150
(* (H, C), 0,, (H, C)) = 〈u(x, C)〉 and 〈·〉 denotes averaging over the G-I plane. While the151
Reynolds decomposition has often been used with a mean flow obtained by averaging over152
time, here we average over wall-parallel planes and extract a time-fluctuating average flow153
profile, from which the associated Reynolds stresses are derived. Both the average flow and154
the Reynolds stresses fluctuate in time because of the finite size of the minimal computational155
domain. We use the notation x ≡ (G1, G2, G3) ≡ (G, H, I) and (D′1, D

′
2, D
′
3) ≡ (D

′, E′, F′) and156

two energy budget equations can be considered: one for the kinetic energy (*2+,2)/2 of the157
mean flow which involves neither turbulent transport nor small-scale turbulence dissipation158
(the dissipation rate in this equation is a[( 3*

3H
)2 + ( 3,

3H
)2] which, unlike TDR, cannot result159

from a turbulence cascade in (G, H, I) space), and one for the TKE, 〈D′
8
D′
8
〉/2, which does160

incorporate turbulent transport and cascade-related dissipation dynamics and is obtained by161
multiplying the governing equation for the fluctuating velocity component D′

8
by D′

8
, summing162
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over 8 = 1, 2, 3 and averaging in the G-I plane:163

m

mC

1
2

〈
D′8D
′
8

〉︸    ︷︷    ︸
� (H,C)

= −
〈
D′8D
′
9

〉 m*8
mG 9︸           ︷︷           ︸

% (H,C)

− a
〈
mD′

8

mG 9

mD′
8

mG 9

〉
︸         ︷︷         ︸

Y (H,C)

164

+ d
dH

〈
−E′(D′8D′8)

〉
︸             ︷︷             ︸

)C (H,C)

+ a d2

dH2
1
2

〈
D′8D
′
8

〉
︸           ︷︷           ︸

)a (H,C)

+ d
dH
〈−E′?′〉︸        ︷︷        ︸
)? (H,C)

, (3.1)165

where a is the kinematic viscosity of the fluid, ?′ ≡ ? − 〈?〉 is the fluctuating pressure field166
and ? the full pressure field (the mass density of the fluid is taken to be 1). Note that the167
three transport terms given in the second line of (3.1) vanish when integrating thoughout the168
wall-normal direction because of the no-slip boundary condition at the walls. This is not true169
if we only integrate over the half-channel in the wall-normal direction from the wall to the170
channel centre where the fluxes are expected to be highly fluctuating in time.171

In this paper, we focus on the TKE budget (3.1) because this is the budget directly affected172
by turbulence cascade (via TDR) and turbulent transport. A top-down approach is employed173
to study the correlations in FD TCF between TKE � (H, C) and TDR Y(H, C) on the one174
hand and TPR %(H, C) and TDR Y(H, C) on the other. We first explore the dynamics of the175
overall TKE and TDR by studying the temporal correlation between their volume averages176
in §3.1, as in the work of Goto & Vassilicos (2015) for periodic/homogeneous turbulence.177
We volume-average from either wall to the centre line and report the existence of a time lag178
both between volume-average TKE and volume-average TDR and between volume-average179
TPR and volume-average TDR. (For all present Reynolds numbers, the frequency spectrum180
of the volume average *2/2 has one to two orders of magnitude more energy density than181
the volume average TKE’s frequency spectrum at frequencies below 0.5�/Dg to �/Dg . The182
two frequency spectra are however comparable at higher frequencies, and the intensity of183
time-fluctuations of the volume-average *2/2 is around 1% of its time-average whereas184
the intensity of time-fluctuations of the volume-average TKE is about 10% of its time-185
average. ,2/2 is very much smaller than TKE with negligible fluctuations.) More detailed186
dynamical interplay between TKE and TDR is subsequently studied in the wall-normal187
direction by investigating in §3.2 the temporal-correlation of the plane-average TKE and188
the plane-average TDR at the same wall-normal location. Overall, the temporal correlation189
between the two signals is high in the near-wall and in the outer region, but little time lag190
is observed, suggesting that the time lag observed from the volume-average statistics results191
from dynamics involving various wall-normal locations. In §3.3, we therefore investigate the192
temporal correlation between plane-average TKE and plane-average TDR at different wall-193
normal locations, i.e. Y(H, C) and � (Href , C) where Href is a reference wall-normal location.194
A time lag between TKE and TDR is recovered together with a wall-distance lag, revealing195
the role of inhomogeneity in the spatio-temporal path of energy transfer in FD TCF which196
is absent in the temporal correlation between plane-average TPR and plane-average TDR.197
We also report significant temporal anti-correlations in the near-equilibrium region between198
TKE and TDR with time lag. In §3.4, we investigate the 2-time 2-plane correlations with199
reference plane taken in the near-wall region and report a Reynolds number dependence of200
correlation contours. We then average TKE and TDR over regions of ejection and sweeps to201
further illustrate the link between paths of energy and momentum fluxes in FD TCF in §3.5.202
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3.1. Volume-average dynamics and correlations203

The volume-average budget equation is obtained by integrating (3.1) from either wall to the204
centre of the channel:205

m

mC
�+ = %+ − Y+ ± ) |H=� , (3.2)206

where the subscript ·+ denotes averaging over the upper or lower half of the computational207
domain. Without time averaging, the wall-normal transport terms in (3.1) fluctuate in time.208
The fluxes ±) |H=� across the centre line are found to be very small compared with the209
integrated turbulence production %+ and dissipation Y+ .210
Figures 1(0, 2, 4, 6, 8) present the time signals of volume-average TPR, TKE and TDR for211

R230, R360, R500, R950, and R2000 (see table 1). While these signals fluctuate heavily212
around their mean values, TDR seems to have a low frequency content that closely follows213
TPR and TKE together with some coexisting high frequency content, a behaviour which214
becomes more apparent with increasing Reynolds number. The time signal of TDR in215
FD TCF more explicitly displays various times scales than that of TKE, particularly at216
higher Reynolds numbers, unlike previous observations in homogeneous turbulence (Goto217
& Vassilicos 2015). This difference might be attributed to the presence of a hierarchy of218
energy-containing scales or integral length scales in FD TCF.219
The time histories of volume-average TKE and volume-average TDR in (3.2) are subse-220

quently studied using a temporal correlation function. For two random signals that fluctuate221
only in time, say - (C) and . (C), the temporal correlation function is defined as follows:222

d [-,. ] (g) =
- ′(C + g). ′(C)√
- ′2(C)

√
. ′2(C)

, (3.3)223

where - ′(C) = - (C) − - is the fluctuation centred around its mean and - is the time average224
of - (C). The auto-correlation function is recovered for - (C) = . (C) in which case a maximum225
value of d [-,- ] (g) = 1 is reached for time lag g = 0.226
The temporal correlation functions are presented in figures 1(1, 3, 5 , ℎ, 9). Limited by the227

Reynolds number, R230 and R360 show narrow auto-correlation of volume-average TKE.228
The auto-correlation functions of volume-average TKE cross zero at roughly gDg/� '229
±2 for the higher three Reynolds numbers shown here, suggesting that some aspects, at230
least, of the dynamics and time scales of large-scale energy-containing structures become231
approximately independent of Reynolds number when it is high enough (Hwang & Bengana232
2016). The auto-correlation functions in figures 1(1, 3, 5 , ℎ, 8) show sharper correlation233
peaks for TDR and TPR than for TKE, presumably caused by the high-frequency content in234
the dissipation and production signals. The zero crossings of the auto-correlation for TDR235
and TPR widen as Reynolds number increases, although it remains unclear if this continues236
with further increasing Reynolds number. Importantly, the peaks of the correlation functions237
between volume-average TKE and volume-average TDR are roughly at gDg/� ' 0.2 with238
values of d [Y+ ,�+ ] between 0.5 and 0.8 (increasing with Reg), indicating the presence of an239
average time lag that is reminiscent of the observationsmade in forced periodic/homogeneous240
turbulence by Goto & Vassilicos (2015) (see also figure 31 in Goto & Vassilicos 2016). A241
similar time lag is also observed between volume-average TPR and volume-average TDR, in242
fact with even higher values d [Y+ ,%+ ] (consistently around 0.8 for all five Reynolds numbers)243
presumably because TPR and TDR are both rates of change of TKE. This time lag is shorter244
than the typical time scale of the SSP at large scale (Hwang & Bengana 2016). In addition,245
the correlation functions d [Y+ ,�+ ] and d [Y+ ,%+ ] display increasing skewness toward positive246
time lags at higher Reynolds numbers, spanning the range gDg/� ∈ [−1, 2] for R550 but247
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Figure 1: In (0, 3, 6, 9 , <), time evolution of volume-average TKE �+ (C) (black lines), volume-average TDR
Y+ (C) (blue lines) and volume-average TPR %+ (C) (red lines), normalised by their time-averaged mean in
the lower half channel for five Reynolds numbers. In (1, 4, ℎ, :, =), auto-correlations d [�+ ,�+ ] (black lines),
d [Y+ , Y+ ] (blue lines) and d [%+ ,%+ ] (red lines). In (2, 5 , 8, ;, >), cross-correlations d [Y+ ,�+ ] (blue lines),
d [%+ ,�+ ] (red lines) and d [Y+ ,%+ ] (green lines).



8

gDg/� ∈ [−1, 4] for R2000 in the case of d [Y+ ,�+ ] . The skewed correlation function may248
be interpreted as a ‘spread’ of time lags (see §3.3).249
While we observe a clear positive time lag both between TKE and TDR and between250

TPR and TDR in FD TCF, it is important to point out that volume-averaging obscures the251
dynamics associated with inhomogeneity in the interactions between TKE and dissipation.252
The observed dynamical interplay between TKE and TDR cannot be the same as that found253
in periodic/homogeneous turbulence (Goto & Vassilicos 2015). We address the impact of254
vertical inhomogeneity on the interplay between TKE and TDR in the remainder of this255
section 3 and the interplay between TKE and TPR in section 4.256

3.2. 2-time 1-plane correlations257

The neglect of inhomogeneity, due to volume averaging, needs to be restored for the detailed258
picture of the full temporal dynamics between TKE and TDR. We therefore now investigate,259
as in §3.1, the correlations between time signals of plane-average TKE and plane-average260
turbulence dissipation rate at different wall-normal locations. In figure 2, we plot time signals261
of the plane-average TKE and TDR normalised by their plane- and time-average mean values262
at three locations: the near-wall region at the edge of the viscous sublayer (H+ = 10), the263
near-equilibrium region where production roughly balances dissipation (H/� = 0.3) and the264
core region (H/� = 0.8).265
In the near-wall region (H+ = 10 in figure 2 but similar observations hold for H+ 6 100),266

TKE and turbulence dissipation fluctuate almost concurrently. This is not surprising as there267
is little separation between the energy-containing scale and dissipative scale in the near-268
wall region. As the Reynolds number increases (from top to bottom in figure 2), the low269
frequency signal appears more pronounced. The near-wall time scale becomes shorter and270
shorter compared to�/Dg (used to normalize time in figure 2) as Reynolds number increases.271
It is interesting to observe that, even so, the TKE and TDR fluctuate almost concurrently even272
at the highest Reynolds numbers considered here (see figures 2 9 , <). This suggests that the273
near-wall energy-containing structures (potentially part of large-scale structures extending274
from the near-equilibrium and outer layers) are directly related to dissipation in the near-wall275
region.276
At H/� = 0.3 (figures 21, 4, ℎ, :, =), the time signals of plane-average TKE and plane-277

average TDR do not appear to be well correlated with each other as Reg increases. The same278
holds true for any H/� between 0.2 and 0.4. Note that this is the region where the large-scale279
structures are very energetic (Hoyas & Jiménez 2006).280
In the core region at H/� = 0.8 (though similar observations can be made for H/� = 0.5 to281

1), TPR is known to be very small due to diminishing mean shear and Reynolds shear stress282
near the channel centre. The dynamics of turbulence energetics are therefore dominated by283
turbulence transport and dissipation. The plane-average TKE and the plane-average TDR284
appear highly correlated instantaneously at the same plane, as shown in figures 2(2, 5 , 8, ;, >)285
for all the Reynolds numbers considered here. As can be seen in the following figure 3,286
there is no time lag in these correlations and there is therefore no cascade directly linking287
plane-average TKE and plane-average TDR in the core region.288
Similar to the correlation function defined for volume-average variables in time in §3.1,289

one can define a temporal correlation function for signals in time that depends on the290
wall-normal location in FD TCF. Figure 3 plots the contours of 2-time 1-plane correlation291
functions between plane-average TKE and TDR, defined as292

d [Y,� ] (g, H) =
Y′(C + g, H)� ′(C, H)√
Y′2(C, H)

√
� ′2(C, H)

, (3.4)293
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Figure 2: Time evolution of plane-average TKE � (H, C) (black lines) and plane-average TDR Y(H, C) (blue
lines), normalised by their plane- and time-averaged mean in the lower half channel for five Reynolds
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Figure 3: 2-time 1-plane correlation function contours d [Y,� ] versus distance from the wall in outer unit
H/� with linear axis (0, 2, 4) or inner unit H+ with log axis (1, 3, 5 ) and versus time lag gDg/�. (0, 1) R230,
(2, 3) R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9) R2000. Vertical dashed lines indicate the position of maximum
positive correlation as a function of H, showing that it coincides with the vertical g = 0 line.
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where g is a time difference. From the correlation contours in figure 3, high positive294
correlations between TDR and TKE in the near-wall region and the core region with zero295
time lag are observed, as expected from figure 2. The positive correlations in the near-wall296
region are concentrated in a narrow timewindow for small Reynolds numberswhichwidens as297
Reynolds number increases, reflecting the volume averaged correlation observation in figures298
1(1, 3, 5 , ℎ, 9). It may be that, as Reg increases, increasingly energetic structures above the299
near-wall region influence the near wall region with fluctuations of increasing length and300
time scales causing positive correlations with an increasing range of time lags in the near301
wall region. In the near-equilibrium region, the correlation contour shows negative values302
(anti-correlation) between TDR and TKE with positive time lag, i.e. an increase/decrease in303
local TKE precedes a decrease/increase in local TDR. Finally, TKE and TDR are strongly304
correlated throughout the core with both positive and negative time lags g in the range305
gDg/� ∈ [−1, 1] nearly independent of Reynolds number.306
In both the near-wall and core regions, the location of the maximum correlation in terms of307

time lag is always clearly at g = 0. In the near-equilibrium region it is also near g = 0 though308
less rigorously at g = 0 because of low correlation values there. These zero time lag results309
have been previously reported for FD TCF (see figures 56, ℎ of Apostolidis et al. 2022) using310
data obtained in a computational domain that is double the size of the present simulations311
in the streamwise and spanwise directions in terms of multiples of � (Lozano-Durán &312
Jiménez 2014a). In the near-wall region, high instantaneous correlations between TKE and313
TDR (neither time lag nor lead) are expected, since there is no scale separation there. The high314
instantaneous correlations in the core region (neither time lag nor lead) suggest that high/low315
values of TKE and TDR occur together perhaps because the core flow flip-flops between316
quiescent and turbulent states as show in Kwon et al. (2014). However, the zero average317
time lag of plane-average dynamics is seemingly inconsistent with the time lag discovered318
in volume-average dynamics in §3.1. It is therefore natural to question if plane-average TKE319
at some distance from the wall correlates with plane-average TDR at another distance from320
the wall, with or without time lag.321

3.3. 2-time 2-plane correlations: TKE and TDR322

To unveil the time lag observed in figure 1 and to illuminate the dynamic relation between323
TKE and TDR (as well as TPR and TDR) in space and time, we now investigate 2-time324
2-plane correlations. The correlations between TKE at a reference G-I plane and TDR at325
another plane in the channel are defined as follows:326

d [Y,� ref ] (g, H; Href) = Y′(C + g, H)� ′(C, Href)√
Y′2(C, H)

√
� ′2(C, Href)

. (3.5)327

A similar 2-time 2-plane correlation can be defined by replacing TKE with TPR, i.e. � ref328
with %ref and � ′ with %′. From the 2-time 1-plane correlations between TKE and TDR in329
figure 3(0, 2, 4, 6, 8), we observe a region of low positive correlations between H/� = 0.2330

and H/� = 0.4, the outer part of the near-equilibrium (% ≈ Y) region. We therefore start331
by plotting the correlation contours for reference plane Href/� = 0.3 which is where the332
minimal 2-time 1-plane correlation at zero time lag is found (figure 3). Taking a different333
reference plane within this low correlation region H/� = 0.2 to H/� = 0.4 changes little the334
observations that follow throughout the paper.335
The correlation contours in (g, H) space, with TKE at reference plane Href/� = 0.3, are336

plotted in figure 4 for the five Reynolds numbers considered. It can be clearly observed that337
the TKE in the near-equilibrium region correlates with TDR in both the core region and338
the near-wall region, with a positive time lag and also a wall-distance lag. This observed339
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Figure 4: 2-time 2-plane correlation function contours d [Y,� ref ] versus distance from the wall H+ or H/�
and time lag gDg/� with respect to TKE at the reference plane Href/� = 0.3 (horizontal dash-dotted lines).
The slopes of the solid black lines are ±Dg respectively. (0, 1) R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950,
(8, 9) R2000. Vertical dashed lines, g = 0.
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Figure 5: For given Href , one defines XH(H, Href) ≡ |H − Href |, and then extracts Xg from the maximum
correlation at local H and Href , i.e.: d(Xg, H; Href) = supg {d(g, H; Href)}, where d is defined in equation (3.5).
A best linear fit of XH versus Xg gives an average slope XH/Xg with its 95% confidence interval for each Href .
We plot the fitted slopes XH/(XgDg ) as a function of Href (0) for the 2-time 2-plane correlations above the
reference plane and (1) for the 2-time 2-plane correlations below the reference plane. In both (0) and (1) the
shading around the different-coloured lines are 95% confidence intervals for R230 (black line), R360 (red
line), R500 (blue line), R950 (yellow line) and R2000 (green line).

time lag resolves the discrepancy between volume-average correlations and 2-time 1-plane340
correlations. Along the path of positive correlation from the reference plane towards the341
channel centre, the peaks of correlations in (g, H) space lie very close to a line of slope342
XH/Xg = (1 ± 0.2)Dg (see figure 4 and 50). This is a time lag combined with a wall-distance343
lag and the ratio of the latter to the former is ∼ Dg . Note that any turbulence transport in the344
wall-normal direction should be through the wall-normal velocity in the turbulent transport345
term (see )C (H, C)). The mean wall-normal velocity is zero but the standard deviation of346
the wall-normal velocity fluctuations Erms is of order Dg and varies slowly with H. The347
correlations with time lag in figure 4 cannot be caused by the passage of inclined structures348
previously observed in turbulent boundary layers (e.g. in Marusic & Heuer 2007) and FD349
TCF (e.g. in Cheng et al. 2022). If they were, TDR in the core region would precede TKE350
in the near-equilibrium region due to the earlier passage of structures further away from the351
wall than closer to the wall.352
TKE can be transported both upwards and downwards from the reference plane. During353

wall-normal turbulence transport, high TKE fluctuations are also transferred towards smaller354
scales which leads to high TDR fluctuations. This transport through scales is illustrated by355
the increasing correlation between TKE and TDR further away from the reference plane356
(figure 4) as well as by the path of the slowest decorrelation of TKE with itself which is357
also along the line of slope XH/Xg ≈ Dg (not shown here). This interpretation is supported358
by figure 6 which shows that the 2-time 2-plane correlation between TPR and TDR behaves359
differently even though the volume-average TPR has similar time lag with volume-average360
TDR as volume-average TKE. The difference between figures 4 and 6 can be understood361
with the fact that TPR is not transported through space and scales whereas TKE is. Figure362
6 shows that TPR and TDR are maximally correlated locally rather than non-locally along a363
XH/Xg line as in the case of TKE and TDR in figure 4.364
Regarding the path of high correlations towards the core region, the velocity XH/Xg is365

close to that of the plane-average ejections found by Flores & Jiménez (2010). In the core366
region, the mean shear is very weak and the eddies are mainly composed of dissipative367
ones (see §3.2). It is, therefore, conceivable that this path is associated with the energy368
cascade initiated from the large-scale structure mainly around Href/� = 0.3. This would also369
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Figure 6: 2-time 2-plane correlation function contours d [Y,%ref ] versus distance from the wall H+ or H/�
and time lag gDg/� with respect to TPR at the reference plane Href/� = 0.3 (horizontal dash-dotted lines).
(0, 1) R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9) R2000. Vertical dashed lines, g = 0.
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imply that the ejections towards the outer region (Flores & Jiménez 2010) involve not only370
momentum transport but also energy transport in space and in scales, which leads to TDR371
fluctuations through a cascade process. In the path towards the wall, the correlation velocity372
XH/Xg appears to be smaller than (1 ± 0.2)Dg and less well-defined (see figure 51). The373
contours in figure 4 show that as Reg increases, the TKE in the near-equilibrium region and374
the TDR in the near-wall region correlate with a wider and more skewed spread of time lags375
in �/Dg units. It is worth emphasising that this TKE to TDR spatio-temporal path towards376
the wall is fundamentally different from the superposition and modulation effects described377
in Hutchins & Marusic (2007b).378
As in §3.2, we observe from the 2-time 2-plane correlation in figure 4 a region of anti-379

correlation between turbulence dissipation rate and TKE around the reference plane at Href =380
0.3�. The extent of this anti-correlation shows a spread of time lags beyond gDg/� ' 0.5381
and little wall-distance lag, consistent with the anti-correlation in 2-time 1-plane correlation382
in figure 3. This anti-correlation signifies a high/low TKE event followed in time by low/high383
dissipation around a reference plane taken at the outer edge of the near-equilibrium region.384
A plausible explanation of the local anti-corelation between TKE and TDR with time lag385
could be that TKE is transported away from the upper near-equilibrium region and therefore386
does not remain there to cascade and dissipate. A high instance of TKE at the upper near-387
equilibrium region is therefore followed by no increase in dissipation, in fact even a decrease388
in dissipation given that there is no local cascade at H ≈ Href between H/� = 0.2 and389
H/� = 0.4 to feed it.390
As a side note, unlike the peak of 2-time 1-plane correlation located at the channel centre391

in figure 3, the maximum 2-time 2-plane correlation only reaches a distance from the wall392
around H ∼ 0.75�, above which TKE at the reference plane decorrelates with TDR in the393
core region. This observed decorrelation is likely due to the fact that the single core region in394
FDTCF contains information such as signals of TKE ejected from both the upper channel and395
the lower channel. It would be interesting to investigate in the future temporal correlations396
between TKE in the near-equilibrium layer and TDR in the outer layer of wall-bounded397
turbulence with only one wall, such as that of open channel flow (Yao et al. 2022; Pirozzoli398
2023) or turbulent boundary layers.399

3.4. 2-time 2-plane correlations: near-wall region and Reynolds number dependence400

The observations made in §3.3 indicate a correlation velocity closely related to the turbulent401
transport velocities from the near-equilibrium region both towards and away from the wall.402
The path of correlation away from the wall shows little dependence on the Reynolds number403
and is always very close to the friction velocity. However, the correlation between the TKE404
in the near-equilibrium region and the TDR in the near-wall region is heavily dependent on405
Reynolds number. We therefore turn our focus on the 2-time 2-plane correlations between406
TKE at a reference plane taken in the near-wall region and TDR fluctuations elsewhere. The407
correlation contours with reference plane taken at Href = 10Xa are presented in figure 7.408
This figure does not change sinificantly if we take a different reference plane in the range409
Href ∈ [10, 50]Xa .410
The first point made by figure 7 is that TKE and TDR fluctuations are strongly correlated411

in the near-wall region below H+ ≈ 100, without time lag on average but also, quite412
symmetrically, with equally positive and negative time lags in the range −2 6 gDg/� 6 2.413
This strong correlation makes sense given that the length and velocity scales associated with414
TKE and TDR are not well separated in the near-wall region. The second observation coming415
out of figure 7 is that, unlike figure 4, no continuous path of positive correlation exists from416
the near wall to the near-equilibrium region and ultimately to the core region. And the third417
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Figure 7: 2-time 2-plane correlation function contours d [Y,� ref ] versus distance from the wall H+ or H/�
and time lag gDg/� with respect to TKE at the reference plane Href = 10Xa (horizontal dash-dotted lines).
The slopes of the solid black lines are ±Dg respectively. (0, 1) R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950,
(8, 9) R2000. Vertical dashed lines, g = 0.
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Figure 8: Time-average mean profile of TPR over TDR in (0) inner unit and (1) outer unit for five Reynolds
numbers. Horizontal solid line indicates %/Y = 1.

observation is the significant positive correlation without significant time lag between TKE418
in the near-wall region and TDR in the core region.419
For a start towards an interpretation of this third observation, we plot in figure 8 the ratio420

between the time-average TPR over the time-average TDR in inner and outer units obtained421
from our data. The notion of “equilibrium” is merely an approximation of the actual TKE422
budget in the overlap region. The outer peak of the production to dissipation ratio increases423
with Reynolds number, and moves away from the wall in inner units. This is a signature of424
the very-large-scale motions at moderately high Reynolds number (Kim & Adrian 1999). As425
these outer structures become stronger with increasing Reynolds number, their contributions426
to the fluctuations in the TKE budget may also become more pronounced. These strong outer427
structures in the near-equilibrium region become increasingly dominant in both outer and428
near-wall TDR fluctuations. In the near-wall region, TKE and TDR fluctuate almost in the429
same manner (as seen from the high correlation with no time lag on average in the near-wall430
region in figure 7). Strong correlations between TKE near the wall and TDR in the core431
region therefore also indicate strong correlations between TDR near the wall and TDR in the432
core region with zero or little time lag at high Reynolds number, both presumably controlled433
by strong energy-containing structures of sizes comparable to the channel half height. Indeed,434
the 2-time 2-plane correlations of TDR at H+ = 10 and TDR at other wall-distances H (not435
shown here for economy of space) are nearly identical to figure 7 except perhaps at the lowest436
Reg = 230 for which they are just very similar. A correlation where the reference TKE is437
taken in the core region was also computed (not shown here for economy of space) and438
similar instantaneous correlation values with the near-wall TDR were found, suggesting that439
the near-wall TDR and the core TDR are both controlled by structures of sizes comparable440
to the channel half height.441

3.5. 2-time 2-plane correlations: ejections and sweeps442

As already mentioned in subsection 3.3, the spatio-temporal path of TKE to TDR from the443
near-equilibrium region to the outer region observed in that subsection is reminiscent of444
the spatio-temporal path of ejections/sweeps oberved by (Flores & Jiménez 2010). Hence,445
we now focus on the regions in the G-I plane where ejections and sweeps happen. For any446
quantity / (G, H, I, C) in FD TCF, we define a conditional plane-average as447

/Qs(H, C) =
1

�Qs(H, C)

∬
Qs
/ (G, H, I, C) dG dI, (3.6)448
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Figure 9: 2-time 2-plane correlation function contours d [Y,� ref
Q2 ]

versus distance from the wall H+ or H/�

and time lag gDg/� with respect to TKE conditioned on ejection event at the reference plane Href/� = 0.3
(horizontal dash-dotted lines). The slopes of the solid black lines are ±Dg respectively. (0, 1) R230, (2, 3)
R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9) R2000. Vertical dashed lines, g = 0.
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Figure 10: 2-time 2-plane correlation function contours d [Y,� ref
Q4 ]

versus distance from the wall H+ or H/�

and time lag gDg/� with respect to TKE conditioned on sweep event at the reference plane Href/� = 0.3
(horizontal dash-dotted lines). The slopes of the solid black lines are ±Dg respectively. (0, 1) R230, (2, 3)
R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9) R2000. Vertical dashed lines, g = 0.
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Figure 11: Time evolution of conditionally averaged TKE �Qs/� at H/� = 0.3, normalised by plane-
and time-averaged TKE, in the lower half channel. Red signals indicate TKE conditionally averaged over
ejections (s=2) and blue over sweeps (s=4). (0) R500, (1) R950, and (2) R2000.

where Qs, for s = 1, 2, 3, 4, indicates the four quadrants in the D-E plane and �Qs = �Qs(H, C)449
is the sum of the areas in the G-I plane where Qs events take place (Wallace et al.450
1972; Willmarth & Lu 1972). In particular, we investigate 2-time 2-plane correlations of451
unconditioned TDR with TKE conditionally averaged either over ejections (Q2) or over452
sweeps (Q4) in each plane. It is well-known that ejections and sweeps are the principal453
contributors to the Reynolds stress −〈D′E′〉 in the near-equilibrium region (Willmarth & Lu454
1972).455
Figure 9 presents the same correlation function as in (3.5) but using unconditionedTDRand456

TKE conditionally averaged (as in equation 3.6) over Q2 ejection events, i.e. locations in the457
plane where D′ < 0 and E′ > 0. The resulting correlation contours show a trend consistent458
with the unconditional TKE and TDR in figure 4 (in particular, very similar correlation459
velocities XH/Xg to within 10% and correlation levels comparable to the unconditional460
correlations to within 7%).461
When the correlation function is computed using TKE conditionally averaged over Q4462

sweep events (D′ > 0 and E′ < 0) as shown in figure 10, noticeable changes in the correlation463
velocity and in the value of correlation coefficients appear. The spatio-temporal path towards464
the core region shows a significantly reduced correlation velocity (by up to 33% reduced)465
and significantly reduced levels of correlation (by up to 20% reduced). The, perhaps counter-466
intuitive, observation, however, is the difference of the correlation coefficients between the467
ejection-conditioned and sweep-conditioned correlations in the near-wall region. Sweep468
events are E′ < 0 events, which in effect transport high streamwise momentum (D′ > 0)469
towards thewall. Theymay, therefore, be expected to bemainly responsible for the dissipation470
of the near-wall region, hence the TKE and TDR conditionally averaged over sweep events471
may be expected to be more strongly correlated with higher correlation coefficient near472
the wall. The present correlation contours are contrary to this expectation. Even though473
ejection events correspond to E′ > 0 structures which would mainly transport slow (D′ < 0)474
streamwise momentum away from the wall, they appear to be better correlated with the near-475
wall dissipation than sweep events. For the higher three Reynolds numbers, the correlation476
levels between reference ejection-conditioned TKE and near-wall TDR (figure 9 5 , ℎ, 9)477
varies within 10% from the unconditional correlation (figure 4 5 , ℎ, 9), whereas the sweep-478
conditioned correlation levels (figure 10 5 , ℎ, 9) are reduced by 20% to 36%.479
In FD TCF, the plane-average wall-normal velocity must satisfy 〈E〉 (H, C) = 0, an exact480

result imposed by the no-penetration boundary condition, homogeneity in the wall-parallel481
directions and incompressibility. This suggests that locally positive E′ > 0 and negative482
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Figure 12: Time-average mean profile of conditionally averaged Reynolds shear stress over ejections (red
lines) and sweeps (blue lines) for five Reynolds numbers.

E′ < 0 must occur in pairs at any wall-parallel plane in the channel. As a result, ejections483
and sweeps should also happen simultaneously at any plane, and the TKE conditionally484
averaged over ejections and sweeps should fluctuatemore or less concurrently as appears to be485
approximately the case (see figure 11).On the other hand, it isworth pointing out that ejections486
have previously been shown to provide the largest contribution to the overall Reynolds shear487
stress and TKE (Willmarth & Lu 1972). From figure 11, in the near-equilibrium region, the488
TKE conditionally averaged over ejections is indeed higher than conditionally averaged over489
sweeps, indicating that local turbulent motions associated with ejections are more energetic490
than sweeps (Farano et al. 2017), which might be responsible for the faster correlation491
velocity than that of sweeps towards the core region.492

In the near-wall region, there is little separation between energy containing length scales493
and dissipative length scales. Turbulence energetics, whether it being the TKE or dissipation,494
plane-average or conditionally averaged over ejections/sweeps, are expected to fluctuate495
concurrently near the wall. While we expect the sweeps to be responsible for the near-wall496
fluctuations, it is actually the ejections in the near-equilibrium regions that correlate with497
the near-wall dissipation better, contrary to our expectation. We present here an hypothesis498
to account for this observation. Ejections and sweeps operating in tandem, anything relating499
to one should also somehow relate to the other. Presumably, sweeps are responsible for the500
connection and travel to the wall and ejections for the connection and travel to the core, but501
correlations conditioned on ejections are stronger than correlations conditioned on sweeps502
because ejections are more organised/structured than sweeps. In support of this suggestion,503
we plot in figure 12 the time-average mean profile of conditionally plane-average Reynolds504
shear stress over ejections and over sweeps respectively. One may consider the Reynolds505
shear stress as an indication of organisation/coherence given that −〈D′E′〉 = 0 if D′ and E′ are506
uncorrelated as expected in the absence of organised coherent flow structure, and therefore507
higher absolute values of −〈D′E′〉 indicate higher order/coherence. In the case of FD TCF,508

the magnitude of −〈D′E′〉Q2 (time-average −〈D′E′〉 conditioned on Q2 i.e. plane-averaged509

over Q2 regions only) is significantly larger than −〈D′E′〉Q4 for H > 0.2�, thereby suggesting510
that ejections are more organised than sweeps. As a result the correlations conditioned on511
ejections in figure 9 are stronger than the correlations conditioned on sweeps in figure 10512
both towards the wall and towards the core. Note that significant correlations conditioned on513
sweeps also appear towards the core region in figure 10 which is as counter-intuitive as the514
significant correlations conditioned on ejections towards the wall in figure 9.515
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4. Dynamics of TPR516

Having examined the links between TKE and TDR fluctuations we now turn to the517
production of TKE which, anyway, occurs before its dissipation. One, of course, expects518
the volume-average TPR to lead the volume-averaged TKE simply because TKE builds519
up as an integration in time of TPR (see (3.2). This is confirmed by the cross-correlation520
function d [%+ ,�+ ] (red line in figure 12, 5 , 8, ;, >): the peaks of the correlations are around521
gDg/� ∼ −0.1 (time lead) with values of d [%+ ,�+ ] between 0.5 and 0.8 (increasing with522
Reg). The 2-time 1-plane correlation d [%,� ] (not shown here for brevity) calculated as in523
equation (3.4) by replacing TDR Y with TPR %, shows little/no average time lag between the524
plane-average TPR and the plane-average TKE, suggesting that the dynamic relation between525
TPR and TKE is more complex than expected.526
In §4.1, we therefore investigate the 2-time 2-plane correlation d [%,� ref ] between TKE at527

reference plane Href/� = 0.3 (chosen indicatively as results are very similar for any Href/�528
between 0.2 and 0.4) and TPR elsewhere. TPR fluctuations result from fluctuations of mean529
shear and Reynolds shear stress and we therefore concentrate on both in §4.2 and §4.3. A530
mechanistic model is proposed in §4.3 to explain the dynamics relating TPR and TKE.531

4.1. 2-time 2-plane correlation: TPR and TKE532

We plot in figure 13 the 2-time 2-plane correlation between TKE at reference plane Href =533
0.3� and TPR elsewhere. Positive correlations exist between TKE at the reference plane and534
TPR in the near-wall and TPR in the core region. The correlations in the core region share535
similar peak locations as those between TKE and TDR (figure 4), but the levels of correlation536
between TKE and TPR are significantly lower and the correlation peaks do not follow the537
XH/Xg ≈ Dg line which characterises the path from TKE to TDR. The core correlation538
between TKE and TPR must be rooted in the correlation between TKE and Reynolds shear539
stress (see §4.2).540
The positive correlations between TKE at the reference plane and TPR in the near-wall541

region appear similar to the correlations between TKE at the same reference plane and TDR542
in the near-wall region (see figure 4) in terms of both the levels of correlations and the543
peak locations of the correlations, i.e. the average time lags. As discussed in §3.2, §3.4 and544
§3.5, the near-wall dynamics are limited by a small range of scales and TKE, TDR and TPR545
fluctuate almost concurrently near the wall. The similarity between correlations d [%,� ref ] and546
d [Y,� ref ] near the wall is therefore expected. One observation is that the near-wall production547
depends on the turbulent energy further away from the wall, which becomes more evident548
at higher Reynolds numbers (increasing levels of correlation in the near-wall region). The549
peaks of the correlation with time lag instead of time lead indicate that the near-wall TPR550
lags the reference TKE. Such an observation may be unexpected, since one often views the551
turbulence production as a source of turbulent energy and TPR should lead TKE in time, as552
shown in a volume-average sense in §3.1.553
It is worth pointing out that the 2-time 2-plane correlations with time lags in figure 13554

are not inconsistent with the time lead of peak d [%+ ,�+ ] observed in the volume-average555
correlation. The observed positive values in figure 13 of 2-time 2-plane correlations with556
time lag in the near-wall and core regions largely cancel the negative values of 2-time 2-plane557
correlations with time lag in the near-equilibrium region when integrated in the wall-normal558
direction, and the overall time-lagged peaks of correlations are attenuated.559

4.2. 2-time 2-plane correlation: Reynolds shear stress and TKE560

The time-fluctuating TPR is the product of the time-fluctuating plane-average mean stream-561
wise shear and the time-fluctuating plane-average Reynolds shear stress −〈D′E′〉. (The562
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Figure 13: 2-time 2-plane correlation function contours d [%,� ref ] versus distance from the wall H+ or H/�
and time lag gDg/� with respect to TKE at the reference plane Href/� = 0.3 (horizontal dash-dotted lines).
The slopes of the solid black lines are ±Dg respectively. (0, 1) R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950,
(8, 9) R2000. Vertical dashed lines, g = 0.
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Figure 14: 2-time 2-plane correlation function contours d [−〈D′E′〉,� ref ] versus distance from the wall H+ or
H/� and time lag gDg/� with respect to TKE at the reference plane Href/� = 0.3 (horizontal dash-dotted
lines). The slopes of the solid black lines are ±Dg . (0, 1) R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9)
R2000. Vertical dashed lines, g = 0.
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Figure 15: 2-time 2-plane correlation function contours d [3*/3H,−〈D′E′〉ref ] versus distance from the wall
H+ or H/� and time lag gDg/� with respect to plane averaged Reynolds shear stress at the reference plane
Href/� = 0.3 (horizontal dash-dotted lines). The slopes of the solid black lines are ±Dg respectively. (0, 1)
R230, (2, 3) R360, (4, 5 ) R500, (6, ℎ) R950, (8, 9) R2000. Vertical dashed lines, g = 0.
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contribution from the plane-average spanwise mean shear and the corresponding Reynolds563
shear stress component −〈D′F′〉 is minimal compared to the streamwise component, less564
than 1% of the overall production). We therefore analyse the dynamics of the turbulence565
production in terms of 2-time 2-plane correlations between the TKE at the reference plane566
and these two factors.567
The TKE and the Reynolds shear stress are closely related to each other in terms of their568

time fluctuations. As shown by the correlation plot d [−〈D′E′〉,� ref ] in figure 14, the TKE and569
the Reynold shear stress are maximally correlated around the reference plane with no average570
time lag. The correlation contours above the reference plane show both wall-distance lag and571
time lag along a line of slowest decorrelation that is very close to the friction velocity up to572
around H = 0.8�. In the near-wall region around the viscous sublayer, as Reynolds number573
increases, positive correlations develop with time lag, the spread of which widens in outer574
time unit �/Dg , and the levels of correlations increases.575
Comparing the correlation contours around the reference plane between d [%,� ref ] in figure576

13 and d [−〈D′E′〉,� ref ] in figure 14, the TKE is strongly correlated with the local Reynolds577
shear stress, whereas relatively decorrelated with TPR. The difference between the above578
two correlation contour must be due to the time-fluctuating mean shear. If a time- and plane-579
averagedmean flowwas used the plane-averagedmean shear would then show no fluctuations580
in time and the correlation contours d [%,� ref ] in figure 13 and d [−〈D′E′〉,� ref ] in figure 14 would581
be identical. The dynamics of the plane-average mean shear is therefore indispensable for582
the dynamics of TPR.583

4.3. Interplay between the Reynolds shear stress and the mean shear: a mechanistic model584

To reveal the dynamics of the plane-averagemean shear and its relationwith the place-average585
Reynolds shear stress, we plot in figure 15 the correlation between the Reynolds shear stress586
at the reference plane Href = 0.3� and the mean shear elsewhere (as already mentioned, the587
results for Href = 0.3� are indicative of any Href between 0.2 and 0.4). Very similar, if not588
near-identical, correlation maps (not shown here for brevity) are obtained for the correlation589
between TKE at the reference plane Href = 0.3� and the mean shear elsewhere. Around590
the reference plane, there exists a region of anti-correlation between plane-average Reynolds591
shear stress and mean shear with a spread of time lags. On the other hand, the mean shear in592
the near-wall region shows a positive correlation with the plane-average reference Reynolds593
shear stress in the near-equilibrium region. High/low TKE or Reynolds shear stress in the594
near-equilibrium region are followed with some time lag by low/high mean shear in the same595
region and by high/low mean shear fluctuations in the near-wall region. The anti-correlation596
of d [3*/3H,−〈D′E′〉ref ] in the near-equilibrium region in figure 15 resolves the discrepancy597
between anti-correlation in the contours of d [%,� ref ] with time lag and d [−〈D′E′〉,� ref ] .598
The above observations may be interpreted by the following mechanistic model. Around599

the near-equilibrium region, when strong ejections and/or sweeps occur, high streamwise600
momentum in the outer region is transported towards the wall by sweeps and low streamwise601
momentum in the inner region is transported away from the wall by ejections, resulting in602
a local flattening of the mean velocity profile and reduction of the mean shear d* (H, C)/dH.603
Therefore, in the near-equilibrium region where viscosity plays little role, high values of604
− 〈D′E′〉, and therefore also TKE, precede low values of d*/dH as well as resulting reduced605
values of TPR around the same G-I plane. When high momentum in the outer region is606
transported to the near-wall region by sweeps, the overall near-wall momentum increases607
while the no-slip boundary condition at the wall is unaltered. As a result, the mean shear close608
to the wall becomes elevated, thereby explaining our observation of a positive correlation609
with positive time lag between − 〈D′E′〉 in the near-equilibrium region and d*/dH in the610
near-wall region. Since both the near-wall Reynolds shear stress and the near-wall mean611
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shear are positively correlated with reference TKE in the near-equilibrium region with time612
lag, the near-wall TPR is also positively correlated with TKE in the near-equilibrium region613
as in figure 13. This mechanistic model therefore explains how TKE can precede TPR even614
though volume-average TPR obviously precedes, albeit slightly, TKE.615

5. Conclusion616

Dynamical interactions between turbulent energetics, specifically TKE (turbulent kinetic617
energy), TDR (turbulent dissipation rate) and TPR (turbulence production rate), have been618
studied in FD TCF using temporal correlations at Reynolds numbers up to Reg ' 2000. By619
using a minimal computational domain capable of capturing the outer large-scale structures620
(Hwang&Cossu 2010), volume- and plane-averaged statistics fluctuate in time. For example,621
plane-averaged fields fluctuate in time, though of course less than fluctuating fields obtained622
by a Reynolds decomposition and therefore fluctuating around respective plane-averaged623
fields.624
The volume-averaged TKE is found to be correlated with TDR at a later time (i.e. time625

lag) as in periodic/homogeneous turbulence (Goto & Vassilicos 2015) where this time lag626
was recognised as resulting from the turbulence energy cascade. The volume-averaged TPR627
is correlated with TKE at a later time simply because TPR is an energy input rate.628
Moving to plane-averaged TKE, TDR and TPR at various wall-normal locations, corre-629

lations between plane-averaged TKE and TDR at the same plane reveal almost zero time630
lag/lead throughout the channel (as in Apostolidis et al. (2022)). The volume-averaged time631
lag between TKE and TDRmust therefore result from non-local processes in the wall-normal632
direction.633
Non-local correlations are then investigated with 2-time 2-plane correlations, i.e. correla-634

tions between plane-averaged TKE at a reference plane in the outer near-equilibrium region635
(where a local minimum in the 2-time 1-plane correlation is found between TKE and TDR)636
and plane-averaged TDR at another plane. Positive correlations between reference-plane637
TKE and core-region TDR have been revealed with positive time lags Xg and wall-distance638
lags XH related by XH/Xg ≈ Dg for all Reynolds numbers. There is, therefore, a correlation639
path from TKE at the outer near-equilibrium region to TDR in the core which is reminiscent640
of the momentum transport path by ejections (Flores & Jiménez 2010).641
Another path of positive correlation between reference-plane TKE and near-wall region642

TDR has also been found with correlation velocities XH/Xg significantly smaller than Dg and643
less well-defined. The path towards the near-wall region shows an increasing spread of time644
lags with increasing Reynolds number, as also, in fact, observed in the correlation between645
volume-averaged TKE and TDR. This is a mechanism by which turbulence in the outer part646
of the near equilibrium layer influences/controls near-wall TKE, TDR and TPR in a way647
that involves elevation of production/dissipation throughout the overlap and buffer layers.648
This mechanism is very different from the superposition and modulation effect described in649
Hutchins & Marusic (2007b) but is reminiscent of a similar effect seen by Doohan et al.650
(2022) at much lower Reynolds number.651
A plane-local anti-correlation also exists between TKE and TDR in the same plane652

within the near-equilibrium region with time lag (from TKE to TDR). This anti-correlation653
signifies high/low TKE preceding low/high TDR around the reference plane. If the principal654
mechanism of depletion of local TKE occurs along the two spatio-temporal paths identified655
in the two preceding paragraphs so that high TDR follows high TKE along these paths, little656
amounts of TKE will be left on the reference plane thereby leading to relatively low TDR on657
that plane at later times.658
Taking a reference plane near the wall rather than in the outer part of the near-equilibrium659
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region leads to significant instantaneous correlations between near-wall TKE and core-region660
TDR as well as near-wall TDR and core-region TDR. This observation points to an additional661
effect whichmay be that near-wall and core-region TDR are both controlled in a synchronised662
way by large energy-containing structures with sizes comparable to the half-channel height.663
The relevance of ejections/sweeps to TKE transport has been studied by calculating plane-664

averaged TKE conditionally on ejections/sweeps. Ejection-based TKE correlates with TDR665
in a way similar to the unconditional TKE both in terms of the correlation velocity and666
levels of correlations, whereas the sweep-based TKE is significantly less correlated with667
TDR. It is hypothesised that the correlation is higher when conditioning plane-averaged668
TKE on ejections rather than sweeps along both paths towards the core and towards the669
wall because ejections have higher absolute values of Reynolds shear stress and are therefore670
better organised than sweeps.671
While the volume-averaged TPR evidently precedes TKE, 2-time 2-plane correlations672

reveal that high/low reference-plane-average TKE precedes high/low plane-average TPR673
in both the core and near-wall regions when taking the reference plane in the outer near-674
equilibrium region. In this reference plane, plane-averaged TKE and plane-averaged TPR are675
anti-correlated with positive time lag from high/low TKE to low/high TPR.676
We have explained these TPR observations with a mechanistic model. High instantaneous677

Reynolds shear stress flattens the local mean flow profile (reduces the local mean shear) in678
the near-equilibrium region as ejections and sweeps mix high streamwise momentum above679
with low streamwise momentum below the reference plane. It then strengthens the mean680
shear in the near-wall region as high streamwise momentum is brought close to the wall681
where viscosity kicks in.682
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