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A scaling theory for the passive scalar transport in Couette flow, i.e. the flow between two
parallel plates moving with different velocities, is proposed. This flow is determined by
the bulk Reynolds number Reb and the Prandtl number Pr. In the turbulent regime, for
moderate shear Reynolds number Reτ and moderate Pr, we derive that the passive scalar
transport characterised by the Nusselt number Nu scales as Nu ∼ Pr1/2Re2

τ Re−1
b . We then

use the well-established scaling for the friction coefficient Cf ∼ Re−1/4
b (corresponding

to a shear Reynolds number Reτ ∼ Re7/8
b ) which holds reasonably well within the range

3 × 103 � Reb � 105, to obtain Nu ∼ Pr1/2Re3/4
b for the Nusselt number scaling. The

theoretical results are tested against direct numerical simulations of Couette flows for
the parameter ranges 81 � Reb � 22361 and 0.1 � Pr � 10, finding good agreement.
Analyses of the numerically obtained turbulent flow fields confirm logarithmic mean
wall-parallel profiles of the velocity and the passive scalar in the inertial sublayer.

Key words: turbulent convection, Bénard convection, turbulence simulation

1. Introduction

The transport of passive scalars in shear-driven turbulent flows (Warhaft 2000) is highly
relevant to various natural phenomena, for example, in oceanic mixed layers (Large,
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McWilliams & Doney 1994; Kantha & Clayson 2004) and weakly stable stratified
atmospheric boundary layers (Deusebio, Caulfield & Taylor 2015). Understanding
turbulent mixing in such phenomena is of major importance for environmental and
meteorological processes.

Early experimental work on turbulent passive transport of temperature by Subramanian
& Antonia (1981) and Nagano & Tagawa (1988) has shown the existence of characteristic
logarithmic profiles of temperature and streamwise velocity for flow in weakly heated
channels. These papers also studied the profiles of higher-order statistics. Moreover,
Nagano & Tagawa (1988) showed that the probability distribution function of the
temperature and streamwise velocity fluctuations in the log-layer are well approximated by
Gaussian probability distribution functions. The empirically found log-law of the passive
temperature by Kader (1981), based on various experimental data, has proven to be quite
successful. Kays & Crawford (1993) not only provide an extensive, in-depth overview of
heat and momentum transport in boundary layers, channel flows and pipe flows, but also
propose a conduction model for the turbulent Prandtl number with further improvements
proposed by Weigand, Ferguson & Crawford (1997) whereas Jischa & Rieke (1979a,b)
propose a model based on transport equations for the turbulent kinetic energy and for the
turbulent heat flux. Obviously, various efforts to describe the kinetic and thermal boundary
layers in shear flows and their (relative) thicknesses have been made from early on, dating
back to Prandtl (1910, 1925, 1932) and von Kármán (1921, 1934). Excellent summaries of
both the experimental data and the theoretical work are given in the famous textbook on
boundary layers by Schlichting & Gersten (2016).

More recently there have been various numerical studies of passive scalar transport in
wall-bounded flows. Direct numerical simulations (DNS) of channel flows have revealed
the existence of streaky structures in the log-layer (Kim & Moin 1989; Kawamura, Abe
& Matsuo 1999, 2004; Debusschere & Rutland 2004; Schwertfirm & Manhart 2007)
and large streamwise vortical structures in the bulk which dominate the heat transport
(Debusschere & Rutland 2004) and lead to the nonlinear effects (Kawamura et al. 2004).
Large eddy simulations using coarse grids and filtered flow fields for the passive scalar
have shown that the small scales hardly influence the macroscopic turbulence (Robert &
Tiselj 2006). It has been observed that the mean profiles of velocity and passive scalar
can be accurately predicted even if the flow is not fully resolved down to the Kolmogorov
and Batchelor scales (Bergant & Tiselj 2007). This suggests that the scalar flux is also
dominated by the large-scale circulation and not the smaller-scale fluctuations. Similar
observations made by Na & Hanratty (2000) show that the high wavenumber fluctuations
are damped close to the wall.

It has also been observed that the fluctuations of streamwise velocity and temperature
are highly correlated in the boundary layer (Kim & Moin 1989; Na & Hanratty 2000;
Tiselj et al. 2001; Liu 2003; Schwertfirm & Manhart 2007; Antonia, Abe & Kawamura
2009; Pirozzoli, Bernardini & Orlandi 2014, 2016). The energy budgets for turbulent
production, dissipation and Reynolds stresses have also been well studied (Kim & Moin
1989; Lyons, Hanratty & McLaughlin 1991; Papavassiliou & Hanratty 1997; Wikström
& Johansson 1998; Kawamura et al. 1999; Debusschere & Rutland 2004; Schwertfirm &
Manhart 2007). For channel flows, Pirozzoli et al. (2016) noted that in the log-layer the
production of turbulent kinetic energy is larger than the dissipation. In contrast, in the
bulk, the dissipation is larger than the production (Liu 2003), which leads to a transport
of turbulent kinetic energy out of the log-layer into the bulk. With the availability of more
computational resources, an exploration of channel flows at larger shear Reynolds numbers
has revealed that the local dominance of production over dissipation leads to large-scale
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eddies and an additional term in the log-layer of the scalar field which scales linearly
with outer wall distance (Pirozzoli et al. 2016). A comparison between the transport of
passive scalars in channel flow and in Couette flow reveals similarities in aspects of flow
organisation and flow structures in the bulk as well as in the log-layer (Kawamura, Abe &
Shingai 2000; Liu 2003; Debusschere & Rutland 2004). Indeed, the mechanism of scalar
transport in both flows is driven by large streamwise vortices (Debusschere & Rutland
2004) and the scalar profiles are very similar (Kawamura et al. 2000). However, in contrast
to the channel flow where the turbulent shear stress vanishes at the channel centre, the
production term of turbulent kinetic energy is non-zero at the channel centre for Couette
flow (Liu 2003) due to the non-zero turbulent shear stress at the mid-height. Therefore,
the scalar transport in Couette flows is up to 20 % greater than the scalar transport of the
channel flow (Debusschere & Rutland 2004). The value of the von Kármán constant for
the scalar profiles is also case dependent and, a priori, cannot be assumed to be universal.

In this paper, we will focus on obtaining the dependence between the transport of passive
scalar and momentum transport in Couette flow. The control parameters for the system are
the bulk Reynolds number

Reb ≡ UbH/ν, (1.1)

characterising the strength of the kinetic driving due to the bottom plate (at z = 0) moving
with speed (−Ub) and the top plate (at distance z = H) with speed Ub, and the Prandtl
number

Pr ≡ ν/κ, (1.2)

as the ratio between the kinematic viscosity ν and the scalar diffusivity κ (i.e. a material
property of the fluid)

The crucial global response parameters of that system are the Nusselt number (Nu),
which is the non-dimensionalised scalar flux from the bottom plate to the top plate,

Nu ≡ QH
κΔ

, (1.3)

with Q being the scalar flux, and the shear Reynolds number

Reτ ≡ uτ H
2ν

, (1.4)

where uτ ≡ √
τw/ρ =

√
ν
〈
∂zux|z=0

〉
A,t is the friction velocity, with τw being the mean

wall shear stress, ρ being the density, ux being the streamwise component of the velocity,
z being the wall-normal distance from the bottom wall and 〈. . . 〉A,t indicating the mean
over time and a wall-parallel plane A at a distance z from the bottom wall (here, z =
0). Alternatively, the same response information that is expressed in the shear Reynolds
number Reτ , can also be expressed in terms of the friction coefficient

Cf ≡ 2τw

ρU2
b

= 8
Re2

τ

Re2
b
. (1.5)

The key question is: How do the global response parameters Nu and Reτ depend on the
control parameters Reb and Pr? That is, we wish to understand the dependencies

Nu(Reb, Pr) and Reτ (Reb, Pr). (1.6a,b)

Na, Dimitrios & Hanratty (1999) found an effective scaling of Nu ∼ Pr0.464 at Reτ ≈
150. For large Prandtl numbers Pr > 700, the effective scaling changes to Nu ∼ Pr0.297
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Figure 1. Parameter space of experiments and simulations on scalar transport taken from various literature
sources. The current simulations shown with the black star markers are performed for the range of bulk
Reynolds numbers 81 � Reb � 22 361 corresponding to shear Reynolds numbers of 7.07 < Reτ < 546 using
Prandtl numbers Pr = 0.1, 0.3, 1.0, 3.0 and 10.0. The other colours represent other experiments and numerical
studies from literature: [1] Subramanian & Antonia (1981), [2] Kader (1981), [3] Nagano & Tagawa (1988), [4]
Kim & Moin (1989), [5] Lyons et al. (1991), [6] Papavassiliou & Hanratty (1997), [7] Wikström & Johansson
(1998), [8] Kawamura et al. (1999), [9] Na et al. (1999), [10] Kawamura et al. (2000), [11] Na & Hanratty
(2000), [12] Tiselj et al. (2001), [13] Liu (2003), [14] Schmitt (2003), [15] Kawamura et al. (2004), [16]
Debusschere & Rutland (2004), [17] Robert & Tiselj (2006), [18] Schwertfirm & Manhart (2007), [19] van
den Berg et al. (2007), [20] Antonia et al. (2009) and [21] Pirozzoli et al. (2016). The star markers correspond
to studies of Couette flow, the plus markers correspond to studies of channel flow and the filled circle markers
correspond to the studies of pipe flow. A black circular outline around the marker represents an experimental
study.

(Shaw & Hanratty 1977). However, these scaling relations for Pr are obtained empirically
through the analysis of numerical and experimental data, respectively, and lack a sound
theoretical explanation. In this current work, we derive the Nusselt number dependence
through scaling arguments and show its validity through numerical simulations. The
ranges of Pr and Reτ for the present DNS are shown in figure 1.

The manuscript is organised in the following way. In § 2 we present the underlying
dynamical equations and develop the scaling for passive scalar transport. Section 3 briefly
presents the numerical method. In § 4, we check that the numerical results agree with the
assumptions made in § 2. Section 5 consists of the comparison between the numerical
results and the scaling laws obtained from the theoretical predictions in § 2. Section 6
focuses on the mean velocity and temperature profiles. Section 7 demonstrates that Nu and
Reτ for case of the sheared Rayleigh–Bénard system in the limit of the Rayleigh number
going to zero converge to the Nu and Reτ scaling laws of passive scalar transport. The
paper ends with conclusions in § 8.

2. Underlying equations and theory

2.1. Underlying equations
Passive scalar transport in incompressible Couette flow is governed by the
Navier–Stokes equation for the velocity field u(x, t) ≡ (ux, uy, uz), the continuity
equation and the transport equation for the scalar θ(x, t). In Cartesian coordinates
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x ≡ (x, y, z) ≡ (x1, x2, x3), they read

∂tui + uj∂jui = −∂ip + ν∂2
j ui, (2.1)

∂iui = 0, (2.2)

∂tθ + uj∂jθ = κ∂2
j θ, (2.3)

where p(x, t) is the kinematic pressure and θ(x, t) the passive scalar with the arithmetic
mean of the top and bottom wall values subtracted. We consider x, y to be the wall-parallel
directions and z to be the wall-normal direction. The boundary conditions for the equations
are

θ |z=0 = Δ/2, θ |z=H = −Δ/2, ux|z=0 = −Ub, ux|z=H = Ub, (2.4a–d)

uy
∣∣
z=0 = uy

∣∣
z=H = 0, uz|z=0 = uz|z=H = 0. (2.5a,b)

The scalar flux Q from the bottom plate to the top plate is
Q = 〈uzθ〉A,t − κ 〈∂zθ〉A,t . (2.6)

2.2. Laminar case
In the laminar regime, steady uniform gradients of the streamwise velocity and temperature
develop in the flow. Therefore, we have the profiles of the streamwise velocity and scalar
given by

ux = Ub

(
2z
H

− 1
)

, θ = Δ

2

(
1 − 2z

H

)
, (2.7a,b)

with z as the wall-normal coordinate which lies between z = 0, corresponding to the
bottom plate, and z = H, corresponding to the top plate. This gives the well-known and
trivial laminar results ∂zux = 2Ub/H, τw = 2ρνUb/H, or in dimensionless form

Reτ = 1√
2

Re1/2
b , Cf = 4Re−1

b , (2.8a,b)

and ∂θ/∂z = −Δ/H, Q = κΔ/H, or in dimensionless form
Nu = 1. (2.9)

2.3. Turbulent regime
From (2.1), we use the Reynolds (1895) averaging to split the velocity and scalar into the
mean and fluctuating values as follows:

ui = 〈ui〉t + u′
i, θ = 〈θ〉t + θ ′, (2.10a,b)

with 〈. . . 〉t indicating the Reynolds averaging. Assuming that x is the streamwise direction
and using (2.1) averaged in time and over the wall-parallel directions, we obtain

∂z

(
− 〈u′

xu′
z
〉
A,t + ν∂z 〈ux〉A,t

)
= 0, (2.11)

which simply reflects momentum conservation in the z direction. Integrating this relation
z between z = 0 and z gives the well-known Reynolds-averaged Navier–Stokes equation
(Pope 2000)

− 〈
u′

xu′
z
〉
A,t + ν∂z 〈ux〉A,t = ν∂z 〈ux〉A,t

∣∣
z=0 ≡ u2

τ . (2.12)

Here, − 〈u′
xu′

z
〉
A,t represents the Reynolds shear stress and ν∂z 〈ux〉A,t represents the viscous

shear stress. These quantities can be viewed as the convective and diffusive momentum
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fluxes. This equation means that the total momentum flux given by the sum of convective
and diffusive fluxes at any height equals the diffusive momentum flux at the wall in the
case of statistically steady flow, i.e. the diffusive flux at the wall is the bottleneck for the
total flux through the system. At the wall, we introduce a characteristic length scale in
terms of the kinetic boundary layer thickness λu (Prandtl 1904; Blasius 1908) such that

ν∂z 〈ux〉A,t
∣∣
z=0 = u2

τ = νUb/λu. (2.13)

The diffusive time scale of the momentum flux at the wall is then λ2
u/ν. Since the

convective heat transfer through turbulent motions in the bulk is much quicker than the
diffusive heat transfer at the wall, this diffusive time scale represents the bottleneck for the
for momentum transport through the system.

Similarly, the Reynolds-averaged form of (2.3) yields

∂z

(
− 〈θ ′u′

z
〉
A,t + κ∂z 〈θ〉A,t

)
= 0, (2.14)

which when integrated between the limits z = 0 and z gives

− 〈
θ ′u′

z
〉
A,t + κ∂z 〈θ〉A,t = κ∂z 〈θ〉A,t

∣∣
z=0 ≡ θQ

2, (2.15)

with θQ defined analogously to uτ (Schlichting & Gersten 2016). This equation again
reflects that the total scalar flux through the system is determined by the scalar flux at
the wall. Therefore, we introduce another characteristic length scale in terms of the thermal
boundary layer thickness λθ such that

θQ
2 = κΔ/λθ = (2κΔ/H)Nu. (2.16)

The diffusive time scale of heat flux at the wall is then λ2
θ /κ , which must be the bottleneck

time scale of the system, as the diffusive scalar flux at the wall is the bottleneck for the
total scalar flux through the system.

However, since the scalar is a passive quantity, the time scale of the system should be
solely governed by the diffusive time scale of the momentum flux at the wall, in which
case

λ2
u/ν ≈ λ2

θ /κ. (2.17)

Postulating this gives,
λu/λθ ≈ Pr1/2. (2.18)

Using (1.4), (1.5), (2.13) and (2.16) results in the relation

Nu ≈ 2Pr1/2Re2
τ Re−1

b = Cf

4
Pr1/2Reb. (2.19)

Note that the relation (2.19) is similar to the Reynolds (1874) analogy for turbulent
boundary layer over a heated flat plate (Schlichting & Gersten 2016) and turbulent flow
in heated pipes (Kays 1994; McEligot & Taylor 1996). According to the Reynolds analogy,
the shear stress and the heat flux are analogous if the average value of the turbulent Prandtl
number 〈Prt〉L ≈ 1 in the log-layer. Here, the value of the Prt is defined at any given point
in the flow by

Prt =
〈
u′

xu′
z
〉
t

∂z 〈ux〉t

/ 〈
u′

zθ
′〉

t
∂z 〈θ〉t

, (2.20)

and 〈. . . 〉L indicates the average value in the log-layer. For alternate definitions used to
compute Prt from the numerical simulations, we refer the reader to §4. Therefore, from
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the Reynolds analogy,
Nu ≈ f (Pr)Cf Reb. (2.21)

The comparison of (2.19) and (2.21) thus confirms that the Reynolds analogy is also
applicable to the case of passive transport in Couette flow with the value of f (Pr) ≈
Pr1/2/8.

For the scaling of the shear Reynolds number with the bulk Reynolds number in
the turbulent regime, we use the empirical relation Cf ∼ Re−1/4

b . This relation was first
suggested by Blasius (1913) for pipe flows in an intermediate range of 3 × 103 � Reb �
105 and is widely accepted as a good representation of the friction coefficient of pipe
flows for the aforementioned range of bulk Reynolds numbers (McKeon, Zargola & Smits
2005). This scaling relation has since been well established through experiments of flows
in non-circular pipes (Nikuradse 1930, 1950), rectangular ducts (Dean 1978) and channel
flows (Schultz & Flack 2013). Also, the DNS results by Bernardini, Pirozzoli & Orlandi
(2014) and by Orlandi, Bernardini & Pirozzoli (2015) show that this power law is a good
description of the friction coefficient in turbulent Poiseuille and Couette flows for the
considered Reb range.

Using the scaling relation Cf ∼ Re−1/4
b with relation (1.5), we get

Reτ ∼ Re7/8
b . (2.22)

Since Cf is independent of Pr, combining relations (2.22) and (2.19) gives

Nu ∼ Pr1/2Re3/4
b . (2.23)

The scaling relation Cf ∼ Re−1/4
b (i.e. Reτ ∼ Re7/8

b ) holds well for the range of Reb
considered here but it is not valid at high bulk Reynolds numbers. The value of the friction
coefficient deviates more and more from the empirical power law for Re � 105 (McKeon
et al. 2005; Scheel, Emran & Schumacher 2013). We note that, for extremely large Reb,
it might be more appropriate to use the logarithmic law to obtain the friction coefficient
(similar to the Prandtl (1932) turbulent friction law). However, for the range of Reb for
which we claim the validity of the scaling laws derived in this work, the Blasius law and
the Prandtl turbulent friction law show minimal differences and therefore the use of the
Blasius scaling is sufficient. At higher Reb, we still expect the scaling given by (2.19) to
hold, however with a different scaling for Cf .

For extremely large Reb, we expect that the scaling law given by relation (2.23) may
not be valid and further studies are required to determine the scaling relations for Nu at
very high Reb. Here, we draw an analogy from the ultimate regime of turbulent thermal
convection, where the scaling relations of Nu change for extremely large thermal forcing
(i.e. Rayleigh Number) (Kraichnan 1962; Spiegel 1971; Chavanne et al. 1997; He et al.
2012; Zhu et al. 2018b).

3. Numerical method

We performed numerical simulations in a domain of dimensions 8H × 4H × H in the
streamwise (along the x axis), spanwise (along the y axis) and wall-normal (along the z
axis) directions, respectively. We impose periodic boundary conditions in the wall-parallel
directions and no-slip boundary conditions at the top and bottom plates.

The non-dimensional form of the incompressible Navier–Stokes equations (2.1) and
(2.3) are integrated numerically using the AFiD GPU package (Zhu et al. 2018a) which
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Figure 2. (a) The ratio of the kinetic and scalar boundary layer thicknesses normalised with Pr1/2 plotted
against bulk Reynolds number; (b) the thickness of the kinetic boundary layer in wall units; (c) the thickness
of the scalar boundary layer in wall units.

uses a second-order finite-difference scheme (van der Poel et al. 2015). The code has been
validated and verified many times (Verzicco & Orlandi 1996; Verzicco & Camussi 1997,
2003; Stevens, Verzicco & Lohse 2010; Stevens, Lohse & Verzicco 2011; Ostilla-Mónico
et al. 2014; Kooij et al. 2018). We use a uniform discretisation in the wall-parallel periodic
directions and a non-uniform grid, with a clipped Chebyshev-like clustering of nodes in
the wall-normal direction.

The grid for all cases except for (Reb = 14 142, Pr = 1) and (Reb = 22 360, Pr = 1)
consists of 1536, 768 and 256 nodes in the streamwise, spanwise and wall-normal
directions, respectively, whereas the grid for (Reb = 14 142, Pr = 1) and (Reb =
22 360, Pr = 1) consists of 2048, 1024 and 384 nodes in the streamwise, spanwise and
wall-normal directions, respectively, to ensure sufficient resolution. We note that the
computational domain used in the current study is smaller than those typically used in
studies of Couette flow (Avsarkisov et al. 2014; Pirozzoli et al. 2014; Lee & Moser 2018).
However, here, we focus on the global quantities Nu and Reτ (and thus also Cf ), for which
a smaller domain is sufficient. The domain used is, however, larger than the minimal size
mentioned in Sekimoto, Atkinson & Soria (2018) to ensure ‘healthy’ turbulence in the
log-layer region. To further confirm that the domain size is sufficient, we have verified
that these integral properties obtained from an 8H × 4H × H domain agree to within 1 %
of the corresponding values obtained from test domain of size 48H × 24H × H.

4. Boundary layer thickness and turbulent Prandtl number

Figure 2(a) shows that the ratio of the kinetic and scalar boundary layer thicknesses in
the turbulent flow simulations indeed scales as Pr1/2 while figures 2(b) and 2(c) show the
wall-normal location of the kinetic and scalar boundary layers. It is interesting to note that,
for Pr > 0.1, the scalar boundary layer lies completely inside the buffer region whereas,
for Pr = 0.1, the scalar boundary layer overlaps with the log-layer. This results in the
minor disagreement with the Pr dependence that can be seen in 2(a) for Reb = 10 000 and
Pr = 0.1, suggesting that the predictions from the theory are not accurate for Pr 	 1.

943 A17-8

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

36
8 

Pu
bl

is
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.2022.368


Passive scalar transport in Couette flow

Reb

Reb

Reb Reb

Reb Reb

103 104

2.0

1.5

1.0

0.5

0

z+

0
2000

4000

6000

8000

10 000

0

2500

5000

7500

10 000

12 500

0

5000

10 000

15 000

20 000

0

2500

5000

7500

10 000

12 500

0
2000

4000

6000

8000

10 000 Prt
(1) (Pr = 0.1)

Prt
(1) (Pr = 0.3)

Prt
(1) (Pr = 1.0)

Prt
(1) (Pr = 3.0)

Prt
(2) (Pr = 3.0)

Prt
(1) (Pr = 10.0)

Prt
(2) (Pr = 10.0)

Prt  = 1.0

Prt  = 0.85

Pr  = 10.0

Pr  = 1.0 Pr  = 3.0

Pr  = 0.1 Pr  = 0.3

( f )(e)

(c)

(a)

(d)

(b)

Prt 

10310110–110–3

10310110–110–3 10310110–110–3

10310110–110–3 10310110–110–3

3 × 10–1

4 × 10–1

6 × 10–1

100

2 × 100

3 × 100

Pr
t(1

)  
(z

+
)

3 × 10–1

4 × 10–1

6 × 10–1

100

2 × 100

3 × 100

Pr
t(1

)  
(z

+
)

3 × 10–1

4 × 10–1

6 × 10–1

100

2 × 100

3 × 100

3 × 10–1

4 × 10–1

6 × 10–1

100

2 × 100

3 × 100

3 × 10–1

4 × 10–1

6 × 10–1

100

2 × 100

3 ×100

Pr
t(1

)  
(z

+
)

Pr
t(1

)  
(z

+
)

Pr
t(1

)  
(z

+
)

Figure 3. Turbulent Prandtl number Pr(1)
t computed using (4.1) and averaged over wall-parallel directions for

(a) Pr = 0.1, (b) Pr = 0.3, (c) Pr = 1.0, (d) Pr = 3.0, (e) Pr = 10.0. ( f ) Turbulent Prandtl number Pr(1)
t and

Pr(2)
t computed using (4.1) and (4.2), respectively, and averaged over wall-parallel directions in the log-layer

i.e. for z+ � 30.

Figure 3 shows Prt obtained from our simulations. The average value of Prt at a given
distance from the wall can be computed from the numerical simulations using either

Pr(1)
t =

〈
u′

xu′
z
〉
A,t

∂z 〈ux〉A,t

/ 〈
u′

zθ
′〉

A,t

∂z 〈θ〉A,t
, (4.1)

or

Pr(2)
t =

〈 〈
u′

xu′
z
〉
t

∂z 〈ux〉t

〉
A

/〈〈
u′

zθ
′〉

t
∂z 〈θ〉t

〉
A

. (4.2)

To obtain the profile for Pr(1)
t , we first average the time-averaged profiles of u′

xu′
z, ∂zux, u′

zθ
′

and ∂zθ over the wall-parallel directions and then compute the Prt using (4.1). On the other
hand, to obtain the profile for Pr(2)

t , we use time-averaged three-dimensional flow fields
to compute the ratios

〈
u′

xu′
z
〉
t /∂z 〈ux〉t and

〈
u′

zθ
′〉

t /∂z 〈θ〉t at each grid point, average them
over the wall-parallel directions and then compute the Prt using (4.2). For a statistically
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steady flow, the difference between the values computed using the equations (4.1) and (4.2)
should be very small.

The wall-normal variation of Pr(1)
t is shown in figures 3(a)–3(e). From figure 3( f ),

we see that the mean value of the turbulent Prandtl number in the log-layer (z+ � 30)
is quite sensitive to the definition used in the computation. The range of z+ over which
Prt(z+) is averaged also affects the value of the mean Prt. The average Pr(1)

t obtained
by using (4.1) approaches unity for larger Reb while for larger viscous Prandtl number
(Pr = 3.0, Pr = 10.0), the average Pr(2)

t obtained by using (4.2) drops to lower than
unity and approaches 0.85, as suggested in the literature (Kader 1981; Malhotra & Kang
1984; Kays 1994; McEligot & Taylor 1996). Once again, it is noteworthy that the data
for Pr = 0.1 show a slower convergence of Prt than the cases for larger Pr, suggesting
that the predictions of the theory would become inaccurate for Pr 	 0.1. However, for
the control parameters of this paper, and for a large range of wall-normal distances z+,
we can say that, indeed, Prt ≈ 1 is a reasonable assumption consistent with the numerical
data.

5. Global scalar transport and wall shear

Now we investigate the variation of Nu and Reτ (and thus also Cf , or vice versa) with
increasing Reb. From figures 4(a) and 4(b) in the turbulent regime, we indeed find the
Blasius scaling Cf ∼ Re−1/4

b (Blasius 1913; Nikuradse 1930, 1950; Orlandi et al. 2015)
(indicated with the black dashed line) from the present numerical simulations as well
as from the data taken from Pirozzoli et al. (2014), Orlandi et al. (2015), Avsarkisov
et al. (2014) and Lee & Moser (2018), closely approximating the Prandtl (1932) turbulent
friction law (von Kármán 1934)√

2
Cf

= 1
k

ln

(
Reb

√
Cf

8

)
+ B. (5.1)

It is shown as black dash dotted line where k = 0.41 (Pirozzoli et al. 2014) is the von
Kármán (1934) constant and B = 5.

In figures 4(c) and 4(d), the scaling for Reτ changes sharply with the transition from the
laminar to the turbulent regime. In the laminar regime, the effect of steady linear gradients
can be seen from the Reτ ∼ Re1/2

b scaling. In the turbulent flow regime, we see a good
agreement with the suggested scaling law given by (2.22).

A similar sharp transition is also observed for Nu in figure 5(c). Figure 5(d) shows that
Nu varies as Pr1/2 for the range of Pr considered in the numerical simulations, which
reflects the analogy between turbulent transport of the passive scalar in Couette flow and
turbulent transport of heat in Rayleigh–Bénard flow in the limit of zero thermal driving.
It can be observed that the values of Nu obtained from the numerical simulations follow
the scaling laws given, respectively, by (2.9) and (2.23) quite well. We note that Kays &
Crawford (1993) give an empirical relation Nu = 0.022Pr0.5Re0.8 for turbulent pipe flows
with gases (0.5 < Pr < 1) which is very close to our fit of Nu = 0.015Pr0.5Re0.75.

The sharpness of the transition from the laminar regime to the turbulent one in the
Couette-type shear flow under consideration here is in vast contrast to the very smooth
transition from the laminar regime to the turbulent one in Rayleigh–Bénard flow (Ahlers,
Grossmann & Lohse 2009; Stevens et al. 2013). The reason for this difference lies in the
different type of flow instability: whereas in Rayleigh–Bénard flow linear instabilities are
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Lee & Moser (2018)
Avsarkisov et al. (2014)
Orlandi et al. (2015)
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7/8, Cf = 0.060Reb

−1/4 (Turbulent)

Prandtl turbulent friction law
Pr = 0.1, current study
Pr = 0.3, current study
Pr = 1.0, current study
Pr = 3.0, current study
Pr = 10.0, current study

(b)(a)

Reτ = (1/�2)Reb
1/2, Cf = 4/Reb (Laminar)

Figure 4. (a) Value of Cf vs Reb for various Pr. The Cf ∼ Re−1/4
b scaling in the turbulent regime (represented

with black dashed line) is consistent with the Prandtl (1932) turbulent friction law (shown as the purple dash
dot line). (b) Value of Reτ vs Reb.

102 103 104
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102 103 104

Reb

100
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Nu

3/4
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N
u/

P
r1/
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Nu = 0.015Pr1/2Reb
3/4 (Turbulent)

Pr = 0.1
Pr = 0.3

Pr = 1.0
Pr = 3.0

Pr = 10.0

(b)(a)

Figure 5. (a) Value of Nu vs Reb for different Pr. (b) Value of Nu compensated with Pr1/2 vs Reb.

very crucial (Landau & Lifshitz 1987), in Couette-type shear flow, the onset of turbulence
is of nonlinear non-normal type (Trefethen et al. 1993; Grossmann 2000; Barkley 2016;
Lemoult et al. 2016; Shi, Avila & Hof 2013).
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Prt = 0.85 Prt = 1.0

Pr D (Simulations) D (Kader 1981) D (Simulations) D (Kader 1981)

0.1 −4.71 −4.64 −5.38 −6.10
0.3 −1.08 −0.92 −1.30 −2.70
1.0 6.26 6.50 6.50 4.88
3.0 20.4 20.4 20.8 18.4

10.0 51.6 53.8 54.5 49.5

Table 1. Comparison between the value of the intercept D for the log law obtained from the numerical
simulations and the value computed from the empirical relation from Kader (1981).

6. Mean velocity and scalar profiles

We now come to the local flow properties. The existence of a logarithmic inertial sublayer
in turbulent wall-bounded flows with passive scalar transport has been studied extensively
(Yaglom 1979; Jischa & Rieke 1979a; Kader 1981; Pirozzoli et al. 2016). The log-laws for
the mean streamwise velocity and the mean temperature may be written as

u+ = 1
k

ln(z+) + B, θ+ = Prt

k
ln(z+) + D(Pr, Prt). (6.1a,b)

The values of z+, u+ and θ+ are defined as usual as

z+ = zuτ /ν, u+ = u/uτ , (6.2a,b)

θ+ = |θw − θ |/θτ , θτ = Q/uτ . (6.3a,b)

Here, θτ is a quantity analogous to the friction velocity, θw is the mean value of θ at the
wall and D(Pr, Prt) is an a priori unknown offset temperature, which in general, depends
on Pr and Prt.

The value of D(Pr, Prt) as a function of Pr and Prt as obtained from the numerical
simulations is shown in table 1. Kader (1981) proposed the following empirical fitting
relation:

D =
(

3.85Pr1/3 − 1.3
)2 + Prt

κ
ln(Pr), (6.4)

along with Prt = 0.85 as a modelling parameter.
Figure 6(a) shows the mean streamwise velocity profile normalised with the friction

velocity vs height in wall units for the various Reb obtained from the numerical
simulations. The laminar cases (shown by the blue lines) follow the linear profile whereas
the turbulent cases (green–red lines) display the log-layer beyond the viscous sublayer.
This is also seen when plotting the diagnostic function in figure 6(b) where we see an
appreciably well developed log-layer for the turbulent cases. Figure 6(c) shows the mean
scalar profiles where we see a similar family of lines, each associated with a particular
value of Pr.

The dependence of the turbulent Prandtl number Prt on Pr has been well studied for pipe
flows (Malhotra & Kang 1984; McEligot & Taylor 1996), channel flows (Kim & Moin
1989) as well as for stratified Couette flows (Zhou, Taylor & Caulfield 2017; Glazunov
et al. 2019) with models suggested by Jischa & Rieke (1979a,b). It is considered that,
for Pr < 1, Prt > 1 and for Pr > 1, Prt < 1 with Prt → 0.85 for large Pr and Reb (Kays
1994). This observation is consistent with the numerical results shown in figure 3. We note
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Figure 6. (a) Mean streamwise velocity normalised with the friction velocity (uτ ) vs height in wall units.
(b) The diagnostic function for the mean streamwise velocity. (c) Mean scalar value normalised with θτ vs
height in wall units. The value of the intercept of the log-law is obtained from the empirical relation (6.4) given
by Kader (1981). (d) The diagnostic function for the mean temperature.

that a constant value of Prt = 0.85 suggested by Kader (1981) seems to be a good fit for
the mean temperature profiles of all the values of Pr considered in this study, as shown by
the diagnostic function in figure 6(d).
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7. Passive scalar transport in Couette flow as limiting case of heat transport in
sheared Rayleigh–Bénard

For weak temperature fluctuations and small thermal driving (i.e. small or even zero
Rayleigh number), the transport of heat may be considered as passive transport of
temperature (Subramanian & Antonia 1981). Therefore, we may view the passive scalar
transport problem as a limiting case of the heat transport in the sheared Rayleigh–Bénard
system (Ahlers et al. 2009; Lohse & Xia 2010; Chilla & Schumacher 2012). The
sheared Rayleigh–Bénard system consists of the standard Rayleigh–Bénard set-up with an
additional Couette-type shear forcing. The strength of the thermal driving in the sheared
Rayleigh–Bénard system, due to the temperature difference Δ between the hot bottom
plate and the cold top plate, is given by the Rayleigh number as

Ra ≡ βgH3Δ

νκ
. (7.1)

Here, β is the thermal expansion coefficient and g is the gravitational acceleration.
The relative strength of thermal and shear driving is quantified by the Richardson

number given by

Ri ≡ Ra

PrRe2
b
. (7.2)

Viewing the passive transport in Couette flow as the limiting case of the sheared
Rayleigh–Bénard system with Ra → 0 and Ri → 0, the numerical simulations and results
shown in this paper correspond to

Nu(Reb, Pr, Ra = 0) and Reτ (Reb, Pr, Ra = 0). (7.3a,b)

For the passive scalar transport in Couette flow, given that there is a temperature difference
Δ /= 0 between the bottom and top plates, the limit Ra → 0 is achieved by setting
the thermal expansion coefficient β → 0, or alternatively the gravitational acceleration
g → 0. The standard Rayleigh–Bénard case of purely thermally driven convective flow
(Ahlers et al. 2009; Lohse & Xia 2010; Chilla & Schumacher 2012) is another limiting
case, namely

Nu(Reb = 0, Pr, Ra) and Reτ (Reb = 0, Pr, Ra). (7.4a,b)

For that case, Grossmann & Lohse (2000, 2001, 2002, 2004), Stevens et al. (2013) and
Shishkina et al. (2017) have developed a unifying theory, based on the decomposition of
the kinetic and thermal dissipation rates into boundary layer and bulk contribution, which
very successfully describes the experimental and numerical data for the control parameter
dependencies of the Nusselt and wind Reynolds numbers (Ahlers et al. 2009; Stevens et al.
2013). Note that some other limiting cases of problem (1.6a,b) have already been analysed
before, namely

Nu(Reb, Pr = 1, Ra) and Reτ (Reb, Pr = 1, Ra), (7.5a,b)

by Blass et al. (2020) and

Nu(Reb, Pr, Ra = 106) and Reτ (Reb, Pr, Ra = 106), (7.6a,b)

by Blass et al. (2021). In these two papers, the focus was on the interplay and the
competition between thermal driving and shear driving, identifying the transitions from
dominance of one to dominance of the other, in order to understand the dependencies
(7.5a,b) and (7.6a,b).
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Figure 7. (a) Shear Reynolds number (Reτ ) plotted against the bulk Reynolds number Reb. (b) Nusselt number
(Nu) plotted against the bulk Reynolds number (Reb). The data are taken from by Blass et al. (2020, 2021). In
the limiting case of large shear, the scaling relations assumed (Reτ ∼ Re7/8

b ) or derived (Nu ∼ Re3/4
b ) in this

paper are recovered.

With increasing shear forcing as compared with thermal forcing, i.e. PrRe2
b � Ra, one

approaches Ri → 0, which is the limiting case of passive scalar transport in Couette flows.
For such large shear forcing (compared with thermal forcing), we expect the Nu and Reτ

to follow the scaling dependencies derived in this work. From figure 7, it can indeed
be observed that Nu(Reb, Pr, Ra) and Reτ (Reb, Pr, Ra) for the sheared Rayleigh–Bénard
system as obtained by Blass et al. (2020, 2021) seem to, in the limit of large shear forcing,
asymptotically converge to the Nu(Reb, Pr, Ra = 0) and Reτ (Reb, Pr, Ra = 0) scaling
laws discussed here in the context of passive scalar transport in Couette flows.

8. Conclusions

In conclusion, building on the Blasius’s empirical scaling relation Cf ∼ Re−1/4
b for the

friction coefficient, which holds for intermediate Reb, we have studied the scaling relations
for passive scalar transport Nu(Reb, Pr) in turbulent Couette flow. We then performed
DNS for the large control parameter ranges 81 � Reb � 22 360 and 0.1 � Pr � 10, and
identified the laminar and turbulent regimes and the transition between them. These
numerical results are in good agreement with the derived scaling laws for the whole
range of considered control parameters. Some disagreement is observed in the transitional
regime where it is very difficult to obtain well-converged results. We verify the validity
of the assumptions made to derive the scaling of Nu(Reb, Pr) and show that this scaling
arises due to the presence of strong streamwise fluctuations close to the wall. The scaling
for Reτ (Reb, Pr) is taken from the empirical Blasius scaling for the friction coefficient
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Cf ∼ Re−1/4
b for pipe flows, which not only shows minimal deviation from the Prandtl

(1932) turbulent friction law but also from experimental results for non-circular channels
(Nikuradse 1930, 1950), rectangular ducts (Dean 1978) as well as from numerical studies
of channel flows (Bernardini et al. 2014) and Couette flows (Orlandi et al. 2015) for the
bulk Reynolds number range 3 × 103 � Reb � 105.

Next, the mean profiles of streamwise velocity and temperature in the turbulent regime
show the existence of the viscous sublayer close to the wall and the inertial sublayer which
follows the log-law (Yaglom 1979; Kader 1981; Jischa & Rieke 1979a), as shown by the
respective diagnostic functions.

Obviously, it is desirable to further extend the regime of control parameters to even
larger shear Reynolds numbers Reb and even smaller and larger Pr, to observe the possible
emergence of new regimes. Such new regimes can also emerge for rough walls, which
will enhance the scalar transfer, analogous to the enhanced heat transfer in rough-wall
Rayleigh–Bénard convection (Ciliberto & Laroche 1999; Emran & Shishkina 2020; Xie &
Xia 2017; Zhu et al. 2017; Jiang et al. 2018; Zhu et al. 2019).
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Appendix. Numerical simulations

Pr Reb(×103) Reτ Cf (×10−3) Nu 
x+
c (×10−2) 
y+

c (×10−2) 
z+
w (×10−3) Δz+

c (×10−2) tuτ /λu

0.100 0.100 7.10 40.4 1.00 7.40 7.40 1.06 8.68 0.286
0.100 0.141 8.49 28.8 1.00 8.84 8.84 1.27 10.4 0.344
0.100 0.224 10.7 18.3 1.00 11.1 11.1 1.60 13.1 0.433
0.100 0.316 12.9 13.3 1.00 13.4 13.4 1.92 15.7 0.530
0.100 0.447 16.0 10.2 1.00 16.6 16.6 2.39 19.5 0.695
0.100 0.707 28.9 13.4 1.15 30.1 30.1 4.32 35.3 1.28
0.100 0.816 31.4 11.9 1.18 32.7 32.7 4.70 38.4 1.48
0.100 0.913 35.8 12.3 1.26 37.3 37.3 5.34 43.7 1.93
0.100 1.00 37.4 11.2 1.25 38.9 38.9 5.58 45.7 1.96
0.100 1.41 48.1 9.24 1.37 50.1 50.1 7.18 58.7 3.33
0.100 2.24 72.7 8.46 1.66 75.7 75.7 10.9 88.9 6.81

Table 2. For caption see next page.
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Pr Reb(×103) Reτ Cf (×10−3) Nu 
x+
c (×10−2) 
y+

c (×10−2) 
z+
w (×10−3) Δz+

c (×10−2) tuτ /λu

0.100 3.16 97.7 7.64 2.01 102 102 14.6 119 11.8
0.100 4.47 132 6.97 2.38 138 138 19.7 161 20.7
0.100 7.07 199 6.37 3.16 208 208 29.8 244 43.8
0.100 10.0 273 5.96 3.98 284 284 40.8 334 79.0
0.300 0.0816 6.36 48.5 1.00 6.62 6.62 0.950 7.77 0.439
0.300 0.100 7.07 40.0 1.00 7.37 7.37 1.06 8.64 0.490
0.300 0.129 8.03 31.0 1.00 8.37 8.37 1.20 9.82 0.557
0.300 0.183 9.55 21.9 1.00 9.95 9.95 1.43 11.7 0.662
0.300 0.258 11.4 15.5 1.00 11.8 11.8 1.70 13.9 0.787
0.300 0.408 14.3 9.80 1.00 14.9 14.9 2.13 17.5 0.990
0.300 0.577 17.0 6.93 1.00 17.7 17.7 2.54 20.8 1.18
0.300 0.707 20.8 6.91 1.02 21.6 21.6 3.11 25.4 1.60
0.300 0.816 20.2 4.90 1.00 21.0 21.0 3.02 24.7 1.40
0.300 0.913 35.8 12.3 1.79 37.3 37.3 5.34 43.7 3.59
0.300 1.00 37.0 10.9 1.75 38.5 38.5 5.52 45.2 3.43
0.300 1.05 39.4 11.2 1.88 41.0 41.0 5.88 48.1 4.02
0.300 1.29 45.1 9.77 2.00 47.0 47.0 6.74 55.1 5.04
0.300 1.83 61.3 9.01 2.51 63.8 63.8 9.16 74.9 8.89
0.300 2.58 82.1 8.09 3.00 85.5 85.5 12.3 100 14.3
0.300 4.08 121 7.00 3.93 126 126 18.0 148 29.8
0.300 5.77 165 6.57 5.12 172 172 24.7 202 54.8
0.300 8.16 220 5.82 6.25 229 229 32.9 269 95.4
0.300 10.0 269 5.78 7.57 280 280 40.2 329 133
0.300 12.9 339 5.51 9.11 353 353 50.6 414 204
1.00 0.100 7.07 40.0 1.00 7.37 7.37 1.06 8.64 0.894
1.00 0.141 8.41 28.3 1.00 8.76 8.76 1.26 10.3 1.06
1.00 0.224 10.6 17.9 1.00 11.0 11.0 1.58 12.9 1.34
1.00 0.316 12.6 12.6 1.00 13.1 13.1 1.88 15.4 1.59
1.00 0.447 15.0 8.94 1.00 15.6 15.6 2.23 18.3 1.89
1.00 0.707 18.8 5.66 1.00 19.6 19.6 2.81 23.0 2.38
1.00 0.816 33.0 13.1 2.61 34.4 34.4 4.93 40.3 5.23
1.00 0.913 35.9 12.4 2.74 37.4 37.4 5.36 43.9 5.91
1.00 1.00 37.4 11.2 2.75 38.9 38.9 5.59 45.7 6.88
1.00 1.41 49.8 9.91 3.48 51.8 51.8 7.44 60.8 11.0
1.00 2.24 72.1 8.31 4.62 75.1 75.1 10.8 88.1 20.9
1.00 3.16 96.7 7.48 5.95 101 101 14.4 118 37.1
1.00 4.47 131 6.91 7.76 137 137 19.6 161 64.3
1.00 7.07 197 6.23 11.1 205 205 29.5 241 139
1.00 10.0 268 5.77 14.6 280 280 40.1 328 247
1.00 14.1 376 5.65 20.2 294 294 25.0 307 45.6
1.00 22.4 564 5.10 29.1 441 441 37.6 461 76.9
3.00 0.0816 6.39 49.0 1.00 6.66 6.66 0.955 7.81 1.40
3.00 0.100 7.07 40.0 1.00 7.37 7.37 1.06 8.64 1.55
3.00 0.129 8.03 31.0 1.00 8.37 8.37 1.20 9.82 1.76
3.00 0.183 9.55 21.9 1.00 9.95 9.95 1.43 11.7 2.09
3.00 0.258 11.4 15.5 1.00 11.8 11.8 1.70 13.9 2.49
3.00 0.408 14.3 9.80 1.00 14.9 14.9 2.13 17.5 3.13
3.00 0.577 17.0 6.93 1.00 17.7 17.7 2.54 20.8 3.72
3.00 0.707 18.8 5.66 1.00 19.6 19.6 2.81 23.0 4.12
3.00 0.816 20.2 4.90 1.00 21.0 21.0 3.02 24.7 4.43
3.00 0.913 35.8 12.3 4.12 37.3 37.3 5.35 43.8 11.4
3.00 1.00 36.8 10.8 3.91 38.3 38.3 5.49 44.9 12.0
3.00 1.05 39.8 11.4 4.46 41.5 41.5 5.95 48.7 12.6
3.00 1.29 44.9 9.69 4.74 46.8 46.8 6.71 54.9 15.9

Table 2. For caption see next page.
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Pr Reb(×103) Reτ Cf (×10−3) Nu 
x+
c (×10−2) 
y+

c (×10−2) 
z+
w (×10−3) Δz+

c (×10−2) tuτ /λu

3.00 1.83 61.1 8.96 6.39 63.6 63.6 9.13 74.7 27.3
3.00 2.58 81.7 8.02 8.26 85.1 85.1 12.2 99.9 46.5
3.00 4.08 122 7.12 12.0 127 127 18.2 149 96.3
3.00 5.77 166 6.61 16.1 173 173 24.8 203 174
3.00 8.16 226 6.10 21.3 235 235 33.7 276 279
3.00 10.0 270 5.85 25.3 282 282 40.4 330 302
3.00 12.9 340 5.56 31.5 355 355 50.9 416 328
10.0 0.100 7.07 40.0 1.00 7.37 7.37 1.06 8.64 2.83
10.0 0.141 8.41 28.3 1.00 8.76 8.76 1.26 10.3 3.36
10.0 0.224 10.6 17.9 1.00 11.0 11.0 1.58 12.9 4.23
10.0 0.316 12.6 12.6 1.00 13.1 13.1 1.88 15.4 5.03
10.0 0.447 15.0 8.94 1.00 15.6 15.6 2.23 18.3 5.98
10.0 0.707 18.8 5.66 1.01 19.6 19.6 2.81 23.0 7.52
10.0 0.816 31.0 11.6 5.39 32.3 32.3 4.64 37.9 15.5
10.0 0.913 34.9 11.7 6.22 36.4 36.4 5.22 42.7 19.4
10.0 1.00 38.2 11.7 6.54 39.8 39.8 5.71 46.7 22.5
10.0 1.41 49.4 9.76 8.19 51.4 51.4 7.38 60.4 34.5
10.0 2.24 72.1 8.33 11.9 75.1 75.1 10.8 88.2 59.7
10.0 3.16 96.9 7.51 15.9 101 101 14.5 118 117
10.0 4.47 131 6.87 21.3 136 136 19.6 160 202
10.0 7.07 199 6.31 31.7 207 207 29.7 243 329
10.0 10.0 270 5.83 42.6 281 281 40.3 330 296

Table 2. Simulations considered in this work. The values of 
x+
c and 
y+

c are the grid spacing at the
mid-plane location in wall units in the streamwise and spanwise directions, respectively. Equal grid spacing
is chosen for streamwise and spanwise directions therefore 
x+

c = 
y+
c for all simulations. The values of 
z+

w
and 
z+

c represent the wall-normal grid spacing in wall units at the wall and at the mid-height, respectively.
The non-dimensional time during which the quantities Reτ , Cf , and Nu are averaged is given by tuτ /λu.
All simulations were performed in a 8H × 4H × H domain. The mid-domain and near-wall grid spacing
in wall units (table 2) given by 
x+

c � 3.55, 
y+
c � 3.55, 
z+

c � 4.16, and 
z+
w � 0.051 are comparable

to 
x+
c � 11.22, 
y+

c � 5.14, 
z+
c � 6.34 and 
z+

w � 0.040 used by Lee & Moser (2018), 
x+
c � 12.58,


y+
c � 5.03 
z+

c � 6.71 and 
z+
w � 0.041 used by Lozano-Durán & Jiménez (2014), as well as 
x+

c � 6.80,

y+

c � 4.84, 
z+
c � 4.36 and 
z+

w � 0.080 used by Pirozzoli et al. (2014).

REFERENCES

AHLERS, G., GROSSMANN, S. & LOHSE, D. 2009 Heat transfer and large scale dynamics in turbulent
Rayleigh–Bénard convection. Rev. Mod. Phys. 81, 503–537.

ANTONIA, R.A., ABE, H. & KAWAMURA, H. 2009 Analogy between velocity and scalar fields in a turbulent
channel flow. J. Fluid Mech. 628, 241–268.

AVSARKISOV, V., HOYAS, S., OBERLACK, M. & GARCÍA-GALACHE, J.P. 2014 Turbulent plane Couette
flow at moderately high Reynolds number. J. Fluid Mech. 751, R1.

BARKLEY, D. 2016 Theoretical perspective on the route to turbulence in a pipe. J. Fluid Mech. 643, 495–507.
VAN DEN BERG, T.H., VAN GILS, D.P.M., LATHROP, D.P. & LOHSE, D. 2007 Bubbly turbulent drag

reduction is a boundary layer effect. Phys. Rev. Lett. 98, 084501.
BERGANT, R. & TISELJ, I. 2007 Near-wall passive scalar transport at high Prandtl numbers. Phys. Fluids

19 (6), 065105.
BERNARDINI, M., PIROZZOLI, S. & ORLANDI, P. 2014 Velocity statistics in turbulent channel flow up to

Reτ = 4000. J. Fluid Mech. 742, 171–191.
BLASIUS, H. 1908 Grenzschichten in Flüssigkeiten mit kleiner Reibung. Z. Angew. Math. Phys. 56, 1–37.
BLASIUS, H. 1913 Das Äehnlichkeitsgesetz bei Reibungsvorgängen in Flüssigkeiten, Mitteilungen über

Forschungsarbeiten auf dem Gebiete des Ingenieurwesens, vol. 134. VDI.
BLASS, A., VERZICCO, R., LOHSE, D., STEVENS, R.J.A.M. & KRUG, D. 2021 Flow organisation in

laterally unconfined Rayleigh–Bénard turbulence. J. Fluid Mech. 906, A26.

943 A17-18

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

36
8 

Pu
bl

is
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.2022.368


Passive scalar transport in Couette flow

BLASS, A., ZHU, X., VERZICCO, R., LOHSE, D. & STEVENS, R.J.A.M. 2020 Flow organization and heat
transfer in turbulent wall sheared thermal convection. J. Fluid Mech. 897, A22.

CHAVANNE, X., CHILLA, F., CASTAING, B., HEBRAL, B., CHABAUD, B. & CHAUSSY, J. 1997 Observation
of the ultimate regime in Rayleigh–Bénard convection. Phys. Rev. Lett. 79, 3648–3651.

CHILLA, F. & SCHUMACHER, J. 2012 New perspectives in turbulent Rayleigh–Bénard convection. Eur. Phys.
J. E 35, 58.

CILIBERTO, S. & LAROCHE, C. 1999 Random roughness of boundary increases the turbulent convection
scaling exponent. Phys. Rev. Lett. 82, 3998–4001.

DEAN, R.B. 1978 Reynolds number dependence of skin friction and other bulk flow variables in
two-dimensional rectangular duct flow. Trans. ASME J. Fluids Engng 100 (2), 215–223.

DEBUSSCHERE, B. & RUTLAND, C.J. 2004 Turbulent scalar transport mechanisms in plane channel and
Couette flows. Intl J. Heat Mass Transfer 47, 1771–1781.

DEUSEBIO, E., CAULFIELD, C.P. & TAYLOR, J.R. 2015 The intermittency boundary in stratified plane
Couette flow. J. Fluid Mech. 781, 298–329.

EMRAN, M.S. & SHISHKINA, O. 2020 Natural convection in cylindrical containers with isothermal
ring-shaped obstacles. J. Fluid Mech. 882, A3.

GLAZUNOV, A.V., MORTIKOV, E.V., BARSKOV, K.V., KADANTSEV, E.V. & ZILITINKEVICH, S.S. 2019
Layered structure of stably stratified turbulent shear flows. Izv. Atmos. Ocean. Phys. 55 (4), 312–323.

GROSSMANN, S. 2000 The onset of shear flow turbulence. Rev. Mod. Phys. 72, 603–618.
GROSSMANN, S. & LOHSE, D. 2000 Scaling in thermal convection: a unifying view. J. Fluid Mech. 407,

27–56.
GROSSMANN, S. & LOHSE, D. 2001 Thermal convection for large Prandtl number. Phys. Rev. Lett. 86,

3316–3319.
GROSSMANN, S. & LOHSE, D. 2002 Prandtl and Rayleigh number dependence of the Reynolds number in

turbulent thermal convection. Phys. Rev. E 66, 016305.
GROSSMANN, S. & LOHSE, D. 2004 Fluctuations in turbulent Rayleigh–Bénard convection: the role of

plumes. Phys. Fluids 16, 4462–4472.
HE, X., FUNFSCHILLING, D., NOBACH, H., BODENSCHATZ, E. & AHLERS, G. 2012 Transition to the

ultimate state of turbulent Rayleigh–Bénard convection. Phys. Rev. Lett. 108, 024502.
JIANG, H., ZHU, X., MATHAI, V., VERZICCO, R., LOHSE, D. & SUN, C. 2018 Controlling heat transport

and flow structures in thermal turbulence using ratchet surfaces. Phys. Rev. Lett. 120, 044501.
JISCHA, M. & RIEKE, H.B. 1979a About the prediction of turbulent Prandtl and Schmidt numbers from

modeled transport equations. Intl J. Heat Mass Transfer 22 (11), 1547–1555.
JISCHA, M. & RIEKE, H.B. 1979b On the influence of the molecular Prandtl number on the turbulent

Prandtl number. In Recent Developments in Theoretical and Experimental Fluid Mechanics (ed. U. Müller,
K.G. Roesner & B. Schmidt), pp. 457–466. Springer.

KADER, B.A. 1981 Temperature and concentration profiles in fully turbulent boundary layers. Intl J. Heat
Mass Transfer 24 (9), 1541–1544.

KANTHA, L.H. & CLAYSON, C.A. 2004 On the effect of surface gravity waves on mixing in the oceanic
mixed layer. Ocean Model. 6 (2), 101–124.

VON KÁRMÁN, T. 1921 Über laminare und turbulente Reibung. Z. Angew. Math. Mech. 1, 233–252.
VON KÁRMÁN, T. 1934 Turbulence and skin friction. J. Aeronaut. Sci. 1 (1), 1–20.
KAWAMURA, H., ABE, H. & MATSUO, Y. 1999 DNS of turbulent heat transfer in channel flow with respect

to Reynolds and Prandtl number effects. Intl J. Heat Fluid Flow 20 (3), 196–207.
KAWAMURA, H., ABE, H. & MATSUO, Y. 2004 Very large-scale structures observed in DNS of turbulent

channel flow with passive scalar transport. In Proceedings of the 15th Australasian Fluid Mechanics
Conference (ed. M. Behnia, W. Lin & G. D. McBain), pp. 13–17. The University of Sydney.

KAWAMURA, H., ABE, H. & SHINGAI, K. 2000 DNS of turbulence and heat transport in a channel flow with
different Reynolds and Prandtl numbers and boundary conditions. Turbul. Heat Mass Transfer 3, 15–32.

KAYS, W.M. 1994 Turbulent Prandtl number. Where are we? Trans. ASME J. Heat Transfer 116 (2), 284–295.
KAYS, W.M. & CRAWFORD, M.E. 1993 Convective Heat and Mass Transfer, 3rd edn. McGraw Hill.
KIM, J. & MOIN, P. 1989 Transport of passive scalars in a turbulent channel flow. In Turbulent Shear Flows 6

(ed. J.C. André, J. Cousteix, F. Durst, B.E. Launder, F.W. Schmidt & J.H. Whitelaw), pp. 85–96. Springer.
KOOIJ, G.L., BOTCHEV, M.A., FREDERIX, E.M.A., GEURTS, B.J., HORN, S., LOHSE, D., VAN DER

POEL, E.P., SHISHKINA, O., STEVENS, R.J.A.M. & VERZICCO, R. 2018 Comparison of computational
codes for direct numerical simulations of turbulent Rayleigh–Bénard convection. Comput. Fluids 166, 1–8.

KRAICHNAN, R.H. 1962 Turbulent thermal convection at arbitrary Prandtl number. Phys. Fluids 5, 1374–1389.
LANDAU, L.D. & LIFSHITZ, E.M. 1987 Fluid Mechanics. Pergamon.

943 A17-19

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

36
8 

Pu
bl

is
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.2022.368


G.S. Yerragolam and others

LARGE, W.G., MCWILLIAMS, J.C. & DONEY, S.C. 1994 Oceanic vertical mixing: a review and a model
with a nonlocal boundary layer parameterization. Rev. Geophys. 32 (4), 363–403.

LEE, M. & MOSER, R.D. 2018 Extreme-scale motions in turbulent plane Couette flows. J. Fluid Mech. 842,
128–145.

LEMOULT, G., SHI, L., AVILA, K., JALIKOP, S.V., AVILA, M. & HOF, B. 2016 Directed percolation phase
transition to sustained turbulence in Couette flow. Nat. Phys. 12 (3), 254–258.

LIU, C.H. 2003 Turbulent plane Couette flow and scalar transport at low Reynolds number. Trans. ASME J.
Heat Transfer 125, 988–998.

LOHSE, D. & XIA, K.-Q. 2010 Small-scale properties of turbulent Rayleigh–Bénard convection. Annu. Rev.
Fluid Mech. 42, 335–364.

LOZANO-DURÁN, A. & JIMÉNEZ, J. 2014 Effect of the computational domain on direct simulations of
turbulent channels up to Reτ = 4200. Phys. Fluids 26 (1), 011702.

LYONS, S.L., HANRATTY, T.J. & MCLAUGHLIN, J.B. 1991 Direct numerical simulation of passive heat
transfer in a turbulent channel flow. Intl J. Heat Mass Transfer 34 (4-5), 1149–1161.

MALHOTRA, A. & KANG, S.S. 1984 Turbulent Prandtl number in circular pipes. Intl J. Heat Mass Transfer
27 (11), 2158–2161.

MCELIGOT, D.M. & TAYLOR, M.F. 1996 The turbulent Prandtl number in the near-wall region for low Prandtl
number gas mixtures. Intl J. Heat Mass Transfer 39 (6), 1287–1295.

MCKEON, B.J., ZARGOLA, M.V. & SMITS, A.J. 2005 A new friction factor relationship for fully developed
pipe flow. J. Fluid Mech. 538, 429–443.

NA, Y., DIMITRIOS, P.V. & HANRATTY, T.J. 1999 Use of direct numerical simulation to study the effect of
Prandtl number on temperature fields. Intl J. Heat Fluid Flow 20 (3), 187–195.

NA, Y. & HANRATTY, T.J. 2000 Limiting behavior of turbulent scalar transport close to a wall. Intl J. Heat
Mass Transfer 43 (10), 1749–1758.

NAGANO, Y. & TAGAWA, M. 1988 Statistical characteristics of wall turbulence with a passive scalar. J. Fluid
Mech. 196, 157–185.

NIKURADSE, J. 1930 Untersuchungen über turbulente Strömungen in nicht kreisförmigen Rohren. Ing. Arch.
1 (3), 306–332.

NIKURADSE, J. 1950 Laws of Flow in Rough Pipes. National Advisory Committee for Aeronautics.
ORLANDI, P., BERNARDINI, M. & PIROZZOLI, S. 2015 Poiseuille and Couette flows in the transitional and

fully turbulent regime. J. Fluid Mech. 770, 424–441.
OSTILLA-MÓNICO, R., VAN DER POEL, E.P., VERZICCO, R., GROSSMANN, S. & LOHSE, D. 2014

Exploring the phase diagram of fully turbulent Taylor–Couette flow. J. Fluid Mech. 761, 1–26.
PAPAVASSILIOU, D.V. & HANRATTY, T.J. 1997 Transport of a passive scalar in a turbulent channel flow. Intl

J. Heat Mass Transfer 40 (6), 1303–1311.
PIROZZOLI, S., BERNARDINI, M. & ORLANDI, P. 2014 Turbulence statistics in Couette flow at high Reynolds

number. J. Fluid Mech. 758, 327–343.
PIROZZOLI, S., BERNARDINI, M. & ORLANDI, P. 2016 Passive scalars in turbulent channel flow at high

Reynolds number. J. Fluid Mech. 788, 614–639.
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.
POPE, S.B. 2000 Turbulent Flow. Cambridge University Press.
PRANDTL, L. 1904 Über Flüssigkeitsbewegung bei sehr kleiner Reibung. In Verhandlungen des III. Int. Math.

Kongr., Heidelberg, pp. 484–491. Teubner.
PRANDTL, L. 1910 Eine Beziehung zwischen Wärmeaustausch and Strömungswiderstand der Flüssigkeiten.

Phys. Z. 11, 1072–1078.
PRANDTL, L. 1925 Bericht über Untersuchungen zur ausgebildeten Turbulenz. Z. Angew. Math. Mech. 5,

136–139.
PRANDTL, L. 1932 Zur turbulenten Strömung in Rohren und längs Platten. Ergeb. Aerodyn. Vers. Gött. 4,

18–29.
REYNOLDS, O. 1874 On the extent and action of the heating surface of steam boilers. Proc. Lit. Philos. Soc.,

Manchester, 1874 14, 7–12.
REYNOLDS, O. 1895 On the dynamical theory of incompressible viscous fluids and the determination of the

criterion. Phil. Trans. R. Soc. Lond. A 186, 123–164.
ROBERT, B. & TISELJ, I. 2006 On the role of the smallest scales of a passive scalar field in a near-wall

turbulent flow. Heat Mass Transfer 42 (5), 411–426.
SCHEEL, J.D, EMRAN, M.S & SCHUMACHER, J. 2013 Resolving the fine-scale structure in turbulent

Rayleigh–Bénard convection. New J. Phys. 15 (11), 113063.
SCHLICHTING, H. & GERSTEN, K. 2016 Boundary-Layer Theory. Springer.

943 A17-20

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

36
8 

Pu
bl

is
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.2022.368


Passive scalar transport in Couette flow

SCHMITT, R.W. 2003 Observational and laboratory insights into salt finger convection. Prog. Oceanogr.
56 (3–4), 419–433.

SCHULTZ, M.P. & FLACK, K.A. 2013 Reynolds-number scaling of turbulent channel flow. Phys. Fluids 25 (2),
025104.

SCHWERTFIRM, F. & MANHART, M. 2007 DNS of passive scalar transport in turbulent channel flow at high
Schmidt numbers. Intl J. Heat Fluid Flow 28 (6), 1204–1214.

SEKIMOTO, A., ATKINSON, C. & SORIA, J. 2018 Characterisation of minimal-span plane Couette turbulence
with pressure gradients. J. Phys.: Conf. Ser. 1001 (1), 012020.

SHAW, D.A. & HANRATTY, T.J. 1977 Turbulent mass transfer rates to a wall for large Schmidt numbers. Am.
Inst. Chem. Engrs J. 23 (1), 28–37.

SHI, L., AVILA, M. & HOF, B. 2013 Scale invariance at the onset of turbulence in Couette flow. Phys. Rev.
Lett. 110 (20), 204502.

SHISHKINA, O., EMRAN, M., GROSSMANN, S. & LOHSE, D. 2017 Scaling relations in large-Prandtl-number
natural thermal convection. Phys. Rev. Fluids 2, 103502.

SPIEGEL, E.A. 1971 Convection in stars. Annu. Rev. Astron. Astrophys. 9, 323–352.
STEVENS, R.J.A.M., LOHSE, D. & VERZICCO, R. 2011 Prandtl and Rayleigh number dependence of heat

transport in high Rayleigh number thermal convection. J. Fluid Mech. 688, 31–43.
STEVENS, R.J.A.M., VAN DER POEL, E.P., GROSSMANN, S. & LOHSE, D. 2013 The unifying theory of

scaling in thermal convection: the updated prefactors. J. Fluid Mech. 730, 295–308.
STEVENS, R.J.A.M., VERZICCO, R. & LOHSE, D. 2010 Radial boundary layer structure and Nusselt number

in Rayleigh–Bénard convection. J. Fluid Mech. 643, 495–507.
SUBRAMANIAN, C.S. & ANTONIA, R.A. 1981 Effect of Reynolds number on a slightly heated turbulent

boundary layer. Intl J. Heat Mass Transfer 24 (11), 1833–1846.
TISELJ, I., POGREBNYAK, E., LI, C., MOSYAK, A. & HETSRONI, G. 2001 Effect of wall boundary condition

on scalar transfer in a fully developed turbulent flume. Phys. Fluids 13 (4), 1028–1039.
TREFETHEN, L.N, TREFETHEN, A.E., REDDY, S.C. & DRISCOL, T.A. 1993 Hydrodynamic stability without

eigenvalues. Science 261, 578–584.
VERZICCO, R. & CAMUSSI, R. 1997 Transitional regimes of low-Prandtl thermal convection in a cylindrical

cell. Phys. Fluids 9, 1287–1295.
VERZICCO, R. & CAMUSSI, R. 2003 Numerical experiments on strongly turbulent thermal convection in a

slender cylindrical cell. J. Fluid Mech. 477, 19–49.
VERZICCO, R. & ORLANDI, P. 1996 A finite-difference scheme for three-dimensional incompressible flow in

cylindrical coordinates. J. Comput. Phys. 123, 402–413.
WARHAFT, Z. 2000 Passive scalars in turbulent flows. Annu. Rev. Fluid Mech. 32, 203–240.
WEIGAND, B., FERGUSON, J.R. & CRAWFORD, M.E. 1997 An extended Kays and Crawford turbulent

Prandtl number model. Intl J. Heat Mass Transfer 40 (17), 4191–4196.
WIKSTRÖM, P.M. & JOHANSSON, A.V. 1998 DNS and scalar-flux transport modelling in a turbulent channel

flow. Turbul. Heat Transfer 1, 6–46.
XIE, Y. & XIA, K.-Q. 2017 Turbulent thermal convection over rough plates with varying roughness

geometries. J. Fluid Mech. 825, 573–599.
YAGLOM, A.M. 1979 Similarity laws for constant-pressure and pressure-gradient turbulent wall flows. Annu.

Rev. Fluid Mech. 11 (1), 505–540.
ZHOU, Q., TAYLOR, J.R. & CAULFIELD, C.P. 2017 Self-similar mixing in stratified plane Couette flow for

varying Prandtl number. J. Fluid Mech. 820, 86–120.
ZHU, X., et al. 2018a AFiD-GPU: a versatile Navier–Stokes solver for wall-bounded turbulent flows on GPU

clusters. Comput. Phys. Commun. 229, 199–210.
ZHU, X., STEVENS, R.J.A.M., SHISHKINA, O., VERZICCO, R. & LOHSE, D. 2019 Nu ∼ Ra1/2 scaling

enabled by multiscale wall roughness in Rayleigh–Bénard turbulence. J. Fluid Mech. 869, R4.
ZHU, X., STEVENS, R.J.A.M., VERZICCO, R. & LOHSE, D. 2017 Roughness-facilitated local 1/2 scaling

does not imply the onset of the ultimate regime of thermal convection. Phys. Rev. Lett. 119, 154501.
ZHU, X., VERSCHOOF, R.A., BAKHUIS, D., HUISMAN, S.G., VERZICCO, R., SUN, C. & LOHSE, D. 2018b

Wall roughness induces asymptotic ultimate turbulence. Nat. Phys. 14, 417–423.

943 A17-21

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
2.

36
8 

Pu
bl

is
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.2022.368

	1 Introduction
	2 Underlying equations and theory
	2.1 Underlying equations
	2.2 Laminar case
	2.3 Turbulent regime

	3 Numerical method
	4 Boundary layer thickness and turbulent Prandtl number
	5 Global scalar transport and wall shear
	6 Mean velocity and scalar profiles
	7 Passive scalar transport in Couette flow as limiting case of heat transport in sheared Rayleigh--Bénard
	8 Conclusions
	A Appendix. Numerical simulations
	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


