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Abstract

Direct numerical simulations are performed for a fully developed horizontal turbulent channel flow under stable

density stratification. The skin-friction and the Nusselt number agree well with the experimental results. Internal gravity

waves (IGW) are found to be built up in the core region, where the turbulent heat flux is suppressed drastically and the

steep mean velocity and temperature gradients result. In the central region of the channel, the stable density stratifi-

cation works as the virtual wall to block turbulent heat transfer. It is also found that the energy of IGW is transferred

from the shear-induced turbulence through the pressure diffusion. With an increase in the stratification, the flow on one

wall starts to become laminar, although it is still turbulent on the other. � 2002 Elsevier Science Ltd. All rights

reserved.

1. Introduction

When a flow is driven in the horizontal direction

under a gravitational acceleration, it is called a stratified

flow. Not only in many important engineering flows, but

also in geophysical flows, turbulent heat transport oc-

curs in the presence of unstable or stable density strati-

fication. When unstable stratification is imposed,

turbulence activity is enhanced, while under stable

stratification, turbulence is suppressed and the flow fi-

nally becomes relaminarized. Under stably stratified

fluids, internal gravity waves (IGW) are generated by

buoyancy. The low temperature and the high-density

fluid lifted upward by turbulence may bounce back due

to the buoyancy force, causing an oscillation, i.e., IGW

[1]. The generation of the wave-like perturbations is

observed in the stably stratified boundary layer [2,3]. It is

also found that in the linear gravity waves, phase dif-

ference between vertical motions and temperature will be

�p=2 in their cospectral [4]. As a result, linear IGW do

not transfer heat, although they can transfer momentum

through the action of pressure force [1]. The experi-

mental results [5] show that qvh decreases more rapidly

than quv when stable density stratification is enhanced.

In the stably stratified boundary layer, IGW are

subjected to strong nonlinear interaction with the tur-

bulence [4]. The effects of stratification on turbulence are

often investigated through direct numerical simulation

(DNS) [6–8] and experiment [9,10] of homogeneous

stably stratified flow. There are few results of DNS of

the fully developed wall turbulence under stable density

stratification [11].

On the other hand, many experiments and atmo-

spheric observations of stratified wall turbulence have

been well summarized by Stull [4] and Turner [12]. They

showed that the balance between mechanical generation

and turbulence dumping due to buoyancy varies from

case to case, creating stable boundary layers that range

from well mixed to non-turbulent region. This criterion

can be determined by using the gradient Richardson

number Rig. The oceanic and atmospheric observations

show that when Rig is smaller than the critical value,

which is typically 0.25, strong stable density stratifica-

tion in a turbulent boundary layer induces a steeper

mean velocity gradient and generates intermittent
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turbulent flow regime due to Kelvin–Helmholz insta-

bility [1,12]. In the experiment of the homogeneous shear

flow, the critical Rig is also found to be 0.25 [9]. On the

other hand, in the regime of a large Richardson number,

turbulence is significantly suppressed and IGW are the

dominant flow structure. As a result, there is a signifi-

cant interaction between the region of turbulence and

IGW in a turbulent boundary layer; it is no longer ho-

mogeneous in the vertical direction. Previous studies on

turbulent heat and momentum transfer indicate that a

pressure-correlation term in the budget of turbulent ki-

netic energy not only acts to redistribute turbulent ki-

netic energy, but also drains it out of the turbulent

boundary layer through IGW [4]. However, static pres-

sure fluctuations are too difficult to measure both in the

atmosphere and the laboratory. Thus, accurate numer-

ical simulations are required to investigate the interac-

tion between turbulence and IGW.

For Rig > 0:25, turbulence does not exist throughout
the entire flow region and a part of the flow field could

be relaminarized. Reverse transition from turbulent to

laminar flow has been studied by many investigators,

since it has a very complex and important nature to

many flows [13]. These studies give a fundamental in-

sight how to control turbulence and reduce the drag.

In this study, a series of DNS is carried out for a

turbulent channel flow under stable density stratifica-

tion. Our major objective is to investigate the funda-

mental effects of stable density stratification on wall

shear turbulence. In particular, the interaction between

turbulence and IGW, and the relaminarization under

strong density stratification are studied in detail. Al-

though almost all experiments and atmospheric obser-

vations are on the boundary layer turbulence at the

higher Reynolds number, the experiment of Fukui et al.

[14] was performed in the turbulent channel flow at

relatively low Reynolds number. Our DNS data are in

good agreement with Fukui et al. [14] and the homo-

geneous shear flow [5,6], indicating the validity of our

results. Our result showed that IGW are generated and

the turbulent heat flux is markedly attenuated in the

central region of a channel when Rig exceeds 0.25,

whereas, in the near-wall region, turbulence still remains

the dominant flow structure. Under the strong density

stratification, the large-scale turbulence is attenuated

over the entire channel. As a result, the flow on one side

of the channel becomes relaminarized. The similar re-

laminarization is observed in DNS of the minimal flow

unit [15], where the computational regions are narrowed

and the large-scale turbulence is filtered out.

2. Computational conditions of DNS

We study a turbulent flow between two parallel

horizontal walls, where the streamwise, wall-normal and

Nomenclature

Cf friction coefficient, 2sw=qU 2
b

cp specific heat at constant pressure

E22 one-dimensional energy spectrum of vþ2

Gr Grashof number, gbðT1 � T0Þð2dÞ3=m2
g gravitational acceleration

Nu, Nu� Nusselt number, 2dqw=kTb, 2dqw=kDT
Pr molecular Prandtl numbers, j=m
qw total heat flux at the wall, kðdT=dyÞw
Reb bulk mean Reynolds number, 2Ubd=m
Res Reynolds number, usd=m
Rig gradient Richardson number,

gb dT
dy

dU
dy

� �2�
Rib bulk Richardson number, Gr=Re2b
T temperature

T0, T1 temperatures at bottom and top walls

Tb bulk mean temperature,

ð
R 0

�d UðT � T0Þdy þ
R d
0
UðT1 � T ÞdyÞ=

ð2dUbÞ
U mean velocity in x-direction

Ub bulk mean velocity,
R d
�d Udy=2d

u, v, w fluctuating velocity components in x-,

y- and z-directions

us friction velocity,
ffiffiffiffiffiffiffiffiffiffi
sw=q

p
p pressure fluctuation

x, y, z streamwise, wall-normal and spanwise

directions

b volumetric expansion coefficient

DT temperature difference, T1 � T0
d channel half width

H mean temperature difference,

T � T0
h fluctuating temperature, T � T
hs friction temperature,

dH
dy

� �
w
m
.
usPr

m kinematic viscosity

j thermal diffusivity

j1 wave number in the streamwise direction

q density

quv cross correlation between u and v

qvh cross correlation between h and v

sw wall shear stress

ð Þ0 value at Gr ¼ 0 and Pr ¼ 0:71
ð Þw value at the wall

ð Þþ non-dimensionalized by wall variables us,

hs and m
ð Þ ensemble average
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spanwise directions are denoted x, y, and z, respectively.

The flow is driven by a constant mean pressure gradient

in the x-direction. Both flow and thermal fields are

assumed fully developed, so that periodic boundary

conditions are imposed in the x- and z-directions. The

no-slip boundary condition is assumed at the two walls,

which are kept at different, but uniform temperatures.

As a result, there is a constant temperature difference DT
(¼ T1 � T0) between the top (T0) and bottom walls (T1),
where (T1 � T0) is positive. The gravitational accelera-

tion g in the y-direction causes a stable buoyancy effect.

The governing equations are the standard set of hy-

drodynamic equations with the assumption of the con-

stant physical properties and the Boussinesq

approximation. The Reynolds number, Res, which is

based on the friction velocity, us, and channel half width,

d, and the Prandtl number, Pr, are Res ¼ 150 and

Pr ¼ 0:71, respectively. The resultant bulk Reynolds

number, Reb, is 4560 in the case without buoyancy, which

agree well with other DNS results of the same flow ge-

ometry [16,17]. In this numerical simulation, the Grashof

number, Gr, is increased gradually from 0 to 2� 107.

Referring to Kim et al. [18], a fourth-order partial

differential equation for the velocity v, a second-order

partial differential equation for the wall-normal compo-

nent of vorticity, and the continuity equation are solved

to determine the instantaneous flow field. A spectral

method is used to obtain the solutions with Fourier series

in the x- and z-directions and a Chebyshev polynomial

expansion in the y-direction [18]. The energy equation is

numerically solved by the similar method used in the

equation for the wall-normal component of vorticity [16].

Almost all calculations are carried out with

64� 49� 64 (x-, y- and z-directions) grid. In order to

assess the numerical accuracy, 128� 128 Fourier modes

and Chebyshev polynomials up to the 97th order in the

wave-number space are used for typical cases of Gr ¼ 0,

4:4� 106 and 1:0� 107. In all cases, the spanwise period

of the computational box is 2pd, while the streamwise

period is 5pd. The results of coarse-grid calculations are

qualitatively in reasonable agreement with those of fine-

grid ones as is discussed later in both the skin-friction

coefficient and the Nusselt number (see Section 3.1). The

alternate approaches using the energy spectrum and the

mean velocity profile are investigated to show the va-

lidity of the coarse-grid calculation by Pan and Banerjee

[19] and Iida and Kasagi [20], respectively. Flow con-

ditions of the coarse- and fine-grid DNS are shown in

Tables 1 and 2, respectively. The turbulence statistics are

calculated as spatio-temporal means after the temporal

variation in the mean velocity and temperature profiles

have become negligibly small and the flow fields are

considered fully developed. In all coarse-grid DNS, the

averaging timespan used in obtaining statistics is

1,200 m=u2s , except for the case of Gr ¼ 2:0� 107, where

averaging is made only over the horizontal domain at

some specific time. On the other hand, in the fine-grid

DNS, statistics are averaged over a period of 120 m=u2s .

3. Results and discussion

3.1. Effects of stable stratification on turbulent heat and

momentum transfer

At first, we discuss the validity of present numerical

simulations by comparing our data with the experi-

mental results. Figs. 1 and 2 show the friction coefficient

Table 1

Flow conditions for coarse-grid calculations

Case NC SC1 SC2 SC3 SC4 SC5

Gr 0 1:3� 106 4:4� 106 7:2� 106 1:0� 107 2:0� 107

Reb 4349 4548 4866 5114 5383 6060

Rib 0 0.063 0.18 0.28 0.35 0.54

Res 150

Pr 0.71

Table 2

Flow conditions for fine-grid calculations

Case N S2 S4

Gr 0 4:4� 106 1:0� 107

Reb 4560 5100 5760

Rib 0 0.168 0.302

Res 150

Pr 0.71

Fig. 1. Distribution of the normalized skin-friction coefficients

versus the bulk Richardson number.

O. Iida et al. / International Journal of Heat and Mass Transfer 45 (2002) 1693–1703 1695



and the Nusselt number, which are normalized by those

of standard channel flow without buoyancy, against the

bulk Richardson number jGr=Re2bj, respectively. In Fig.

2, two kinds of the Nusselt numbers are plotted. The

first one, Nu�, represents the heat transfer coefficient

based on the temperature difference between the two

walls, while the other, Nu, is based on the bulk mean

temperature as defined in the nomenclatures.

The results of fine-grid DNS agree well with those of

coarse-grid in Figs. 1 and 2, indicating the usefulness of

the coarse-grid results in exploring a global nature of the

flow under study with less computational load. The

present results are also in good agreement with the ex-

perimental results of Fukui et al. [14]. In the stably

stratified channel, both Cf and Nu decrease markedly

with the increase in Rib. When Rib > 0:54 (Gr ¼
2� 107), the flow becomes almost relaminarized. It is

also noted that the present DNS and the experimental

results [14] have agreed well.

The suppression of heat and momentum transfer due

to stable density stratification also contributes to de-

crease in the correlation coefficients between the wall-

normal velocity v and the fluctuations of �h and �u.
Figs. 3(a) and (b) show their correlation coefficients

against Rig. They are again compared with the experi-

mental results [5] and DNS data [6], both of which are

for stably stratified homogeneous shear flows of

Pr ¼ 0:71. Both correlations decrease strongly with in-

creasing stability, indicating the attenuation of both

turbulent heat and momentum transport with increasing

stability. Although the experimental quv of Webster [5]

show scatter, they also show a reduced degree of cor-

relation with increase of Rig. Our data of qvh are in good

agreement with the results of Gerz et al. [6] and Webster

[5] in the region of Rig ¼ 0:1 to 0:25. In the DNS data of

smaller Richardson numbers, which correspond to the

region near the wall, the viscous effects for low-Rey-

nolds-number flows are significant. This causes scatter in

the present data at small Richardson numbers.

Logarithmic plots of mean velocity and temperature

distributions are shown in Figs. 4 and 5, respectively.

The averaged statistics are symmetric on both walls. In

the stably stratified channel, the mean velocity increases

in the region yþ > 10. Interestingly, as the thickness of

the linear sublayer is increased, the logarithmic region

disappears. The disappearance of a logarithmic region is

also observed in the DNS of a rotating pipe [21], sug-

gesting an analogy between the effects of rotation and

stratification [22]. It is also noted in Fig. 5 that the effects

of stratification on the mean temperature distributions

are similar to those observed in the mean velocity pro-

files. The change in the mean temperature profiles is

significant in the central region of the channel, because

Rig is the largest value there.

Figs. 6(a) and (b) show the distributions of the

Reynolds shear stress and the turbulent heat flux. When

Rib increases, �vþhþ decreases markedly in the central

region of the channel, this is in agreement with the

laminar-like steep mean temperature gradient there as

shown in Fig. 5. However, the counter-gradient heat flux

is not observed when the turbulent heat flux is averaged

over the entire x–z plane. On the other hand, the Rey-

nolds shear stress decreases slightly over the entire

channel, except very near the wall.

Figs. 7(a) and (b) compare the iso-surfaces of the

non-dimensional temperature ðT � T0Þ=DT ¼ 0:5 under

neutral and stable density stratification, respectively. A

significant difference is observed between these cases. In

the case without buoyancy, the temperature iso-surface

Fig. 3. Correlation between u and v, and v and h.

Fig. 2. Distribution of the normalized Nusselt numbers versus

the bulk Richardson number.
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is violently torn up, indicating that the temperature is

effectively mixed by turbulent motions. On the other

hand, under stable stratification, undulations of the iso-

surface become smaller, and thermal mixing due to

turbulence is significantly less. Decreased thermal mix-

ing is consistent with the marked decrease in �vþhþ

shown in Fig. 6.

3.2. Effects of stratification on turbulence structures

In the following discussion, the change in the tur-

bulence structure is studied through the observation of

the instantaneous flow fields and the turbulence statis-

tics. Figs. 8(a) and (b) show a typical example of the

velocity vectors in the x–y and y–z planes at Rib ¼ 0:35
(Gr ¼ 1� 107). The location of x–y and y–z planes in-

cluded in Figs. 8(a) and (b) are indicated by the black

bars in Fig. 9. The iso-surfaces of the pressure fluctua-

tions are also shown in Fig. 8. In Fig. 8(a), a wave-like

motion associated with the pressure fluctuation is clearly

observed in the central region of the channel. It is noted

that a vertically elongated low-pressure region is often

generated between the wall and the crest of the wave

motions, indicating the close association between them.

In this flow, these low pressure regions correspond to the

streamwise vortices as shown in the turbulent channel

flow without buoyancy [23]. The streamwise vortices

reach down near to the wall and are associated with the

wave crests as shown in Fig. 8(b). We can also find that

these low pressure regions are elongated in the hori-

zontal direction from both Figs. 8(b) and 9.

The distributions of rms velocity fluctuations are

shown in Figs. 10(a) and (b). First, we will discuss the

case of 06Rib 6 0:35 (see Fig. 10(a)). In the near-wall

region yþ < 40, none of the velocity fluctuations are

significantly changed, so typical near-wall turbulence is

maintained at this Richardson number. In the region

yþ > 40, a decrease in vþrms is observed, while uþrms in-

creases. This is because the production of uþrms is en-

hanced due to the increase in the mean velocity gradient,

although �uþvþ decreases. In the central region of the

channel, wþ
rms decreases markedly. In contrast vþrms takes

a local maximum which is not observed in the neutral

flow. That is associated with IGW as discussed later.

As seen from Fig. 10(c), when the bulk Richardson

number further increases to 0:54 (Gr ¼ 2� 107), a stable

state occurs in which the turbulent flow exists only on

one wall (0 < yþ < 150), although on the other wall

(150 < yþ < 300) the flow becomes almost relamina-

rized. These results are similar to those seen in a minimal

flow unit [15], where the logarithmic region of the mean

velocity profile disappears when the flow became a

asymmetric turbulent flow. The disappearance of the

logarithmic region is also observed in the present result

(see Fig. 4).

(a) (b)

Fig. 6. (a) Distribution of the Reynolds shear stress (Case NC, SC1 to SC5). (b) Distribution of the turbulent heat flux (Case NC, SC1

to SC5).

Fig. 5. Logarithmic plot of the mean temperature profile (Case

NC, SC1 to SC5).

Fig. 4. Logarithmic plot of the mean velocity profile (Case NC,

SC1 to SC5).
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The distribution of rms temperature fluctuation is

shown in Fig. 10(d). In all cases, the peak value exists at

the center of the channel, and the increase in hþ
rms with

Rib is largest there. Thus, the effect of buoyancy is

strongest in the central region of the channel, and this

causes significant decrease in the turbulent heat flux. As

discussed later, the budget of the turbulent heat flux also

shows the important contribution of the buoyancy dis-

sipation term, i.e., Grþvþhþ. On the other hand, the

buoyancy effects are not clearly observed in the rms

velocity fluctuations in the channel center in comparison

to the temperature fluctuation.

The streamwise energy spectra of wall-normal ve-

locity fluctuations at three typical locations are shown in

Fig. 11. Except for the central region of the channel, the

energy spectra at low wave numbers decrease with the

large-scale turbulent structure being attenuated under

stable stratification. This is also the case in the energy

spectra of uþ2 and wþ2 (not shown here), although the

attenuation of the vþ2 energy spectrum is more signifi-

cant. Because the buoyancy dissipation in vþ2 is associ-

ated with vþhþ having its energy at low wave numbers,

buoyancy affects the large-scale turbulent structure most

seriously.

Another interesting result is that in the central re-

gion of the channel, the energy spectrum of vþ2 in-

creases at wave numbers from k1 ¼ 1 to 4. The

increase in vþ2 is associated with the generation of

IGW as shown in Fig. 12. Fig. 12 shows that the in-

crease in vþ2 occurs at the wave numbers where the

phase angle between the wall-normal velocity and the

temperature fluctuation is almost p=2. It is also noted

that in the other region of the channel (yþ ¼ 10, 100),

their phase angle becomes almost zero, and hence

turbulence still remains dominant flow structure rather

than IGW.

(a)

(b)

Fig. 7. Iso-surfaces of non-dimensional temperature ðT � T0Þ=DT ¼ 0:5: (a) Case NC, (b) Case SC4.

1698 O. Iida et al. / International Journal of Heat and Mass Transfer 45 (2002) 1693–1703



The partition between turbulent and non-turbulent

states can be determined by Rig. As discussed in the in-

troduction, when Rig surpasses the critical value of 0.25,
the turbulence is significantly attenuated and IGW be-

come the dominant flow structure [4]. Fig. 13 shows that

in the region beyond yþ 
 130, Rig > 0:25 in all cases of

the stably stratified channel flow studied. This indicates

that IGW are the dominant flow structure. In the region

of yþ < 100, Rig is smaller than 0.25 and shear turbu-

lence is dominant. These results are in accordance with

Fig. 9. Instantaneous iso-surfaces of low pressure regions over all the computational region (Case SC4): pþ ¼ �4.

(a)

(b)

Fig. 8. Instantaneous velocity vectors in the vertical x–y and y–z planes in the stably stratified channel (Case SC4): (a) black to white,

pþ ¼ �4 to 0, Dxþ � Dyþ ¼ 2356� 300, (b) blue to red, pþ ¼ �4 to 4, Dzþ � Dyþ ¼ 942� 300.
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the instantaneous flow structure shown in Figs. 8(a) and

(b) and the distribution of the phase angle shown in

Fig. 12.

3.3. Effects of stratification on budgets of turbulent kinetic

energy and turbulent heat flux

In the following section, we discuss the transport

mechanisms of turbulent kinetic energy and turbulent

heat flux, which interact each other through the buoy-

ancy dissipation term and the mean temperature gradi-

ent. The budget equation of turbulent kinetic energy

uiui=2 is given as

0 ¼ �uþvþ
dU
dy|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Production

þGrþvþhþ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Buoyancy dissipation

�
ouþj
oxþi

ouþj
oxþi|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Dissipation

� o

oyþ
vþ

uþi u
þ
i

2|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Turbulent diffusion

þ o2

oyþ2

uþi u
þ
i

2|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Viscous diffusion

� o

oyþ
pþvþ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Pressure diffusion

: ð1Þ

Only the buoyancy dissipation term is directly affected

by buoyancy. This term is also included in the budget

(a) (b)

(c) (d)

Fig. 10. Distribution of the rms velocity and temperature fluctuations: (a) uþrms (Case NC, SC1, SC2 and SC4), (b) vþrms, w
þ
rms (Case NC,

SC1, SC2 and SC4), (c) uþrms, v
þ
rms and wþ

rms (Case NC, SC4 and SC5), (d) hþ
rms.

Fig. 12. The phase angle between the wall-normal velocity and

temperature fluctuations (Case SC4).

Fig. 11. Streamwise energy spectra of vþ2 (Case SC4).
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equation of the vertical component of the Reynolds

normal stresses, but not related to the other compo-

nents. The budget equation of the Reynolds normal

stress vþ2 is given as

0 ¼ 2Grþvþhþ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Buoyancy dissipation

þ2pþ
ouþ

oyþ
þ ovþ

oxþ

 �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Pressure–strain correlation

�2
ovþ

oxþi

ovþ

oxþi|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Dissipation

� o

oyþ
vþ3|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Turbulent diffusion

þ o2

oyþ2
vþ2|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Viscous diffusion

�2
o

oyþ
pþvþ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

Pressure diffusion

: ð2Þ

Figs. 14 and 15 show the dominant terms of turbu-

lent kinetic energy and vþ2. In Fig. 14, the buoyancy

dissipation term is negligibly small in comparison to the

production and dissipation terms, both of which de-

crease in almost all region channel. The enhanced mean

velocity gradient increases the production term in the

near-wall region, yþ < 15, which balances with the in-

crease in the turbulent diffusion. In the region away

from the wall, 20 < yþ, the decrease in the production

term almost balances with the decrease in the dissipation

term. Fig. 15(a) shows that the buoyancy dissipation

term almost balances with the increase in the pressure–

strain correlation term over the entire channel except

near the wall. Thus, the intercomponent energy transfer

from the streamwise to the wall-normal velocity fluctu-

ations is enhanced by the suppression of the wall-normal

velocity due to buoyancy. In Fig. 15(b), the distributions

of the pressure and turbulent diffusion terms change

significantly in the central region of the channel. The

turbulent diffusion term decreases to nearly zero in the

central region of a channel. It can be seen that through

the pressure-diffusion term, the turbulent kinetic energy

vþ2 is transported from the near-wall region to the

channel center where IGW become the dominant flow

structure.

The individual terms in the budget of vþhþ are

written as

0 ¼ Grþhþ2|fflfflfflffl{zfflfflfflffl}
Buoyancy dissipation

�vþ2
dHþ

dyþ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
Production

þpþ
ohþ

oyþ|fflfflfflfflffl{zfflfflfflfflffl}
Pressure scrambling

� 1þ 1

Pr

 �
ovþ

oxþi

ohþ

oxþi|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Dissipation

� o

oyþ
vþ2hþ

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
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Viscous diffusion
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Pressure diffusion

; ð3Þ

and the dominant terms in Eq. (3) are shown in Fig. 16.

The dominant source term of vþhþ is the production

term, �vþ2dHþ=dyþ, while the pressure-scrambling term

contributes mainly to the destruction of the turbulentFig. 14. Budget of turbulent kinetic energy (Case S2).

(a) (b)

Fig. 15. Budget of vþ2 (Case S2).

Fig. 13. The distribution of the gradient Richardson numbers

(Case SC1, SC2, SC4 and SC5).
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heat flux. However, in the near-wall region where the

blocking effect suppresses the turbulent heat flux, the

pressure-scrambling and pressure-diffusion terms be-

come the dominant source and sink terms, respectively.

For stable stratification, the most serious effects appear

in the central region of the channel where the buoyancy

dissipation term Grþhþ2 is the largest, and hence the

turbulent heat flux is damped. Moreover, in that region,

the distributions of the pressure-scrambling, pressure-

diffusion and turbulent-diffusion terms become qualita-

tively similar to those in the near-wall region. This

suggests that the blocking effects due to the stable

stratification affect the transport of turbulent heat flux.

Hence, stable stratification works as the virtual adia-

batic wall for the turbulent heat flux. It should also be

noted that in the same region, the production of vþhþ

increases markedly because of the steeper mean tem-

perature gradient there (e.g., Fig. 5). However, the

production of vþhþ is almost balanced by the buoyancy

dissipation term. The residual of vþhþ is transported

into the near-wall region through the pressure diffusion.

This is in contrast to the vþ2 budget, where the pressure

diffusion transports the turbulence energy into the cen-

tral region of the channel.

As discussed in Fig. 8, the streamwise vortices asso-

ciated with the low pressure are concentrated in both

vertically and horizontally elongated regions between

IGW and the wall. These vortices must contribute to the

pressure-associated interaction between the near-wall

region and the channel center.

Finally, the transport mechanism of the variance of

the temperature fluctuation hþ2=2 is studied. The budget

equation of the temperature variance hþ2=2 is given as

0 ¼ �vþhþ dHþ

dyþ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Production

� o

oyþ
vþ

hþ2

2|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Turbulent diffusion

þ 1

Pr
o2

oyþ2

hþ2

2|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Molecular diffusion

� 1

Pr
ohþ

oxþi

ohþ

oxþi|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Dissipation

:

ð4Þ

The results are shown in Fig. 17. A significant increase in

both production and dissipation is found over the entire

region of the channel. The increase in the mean tem-

perature gradient results in the increase in the produc-

tion, which still balances with the dissipation. It is also

found that the turbulent-diffusion term transfers the

temperature fluctuation from the central region of the

channel, i.e., the peak location of the production of

hþ2=2, to the logarithmic region. On the other hand, the

molecular diffusion is balanced with the turbulent dif-

fusion.

4. Conclusions

A series of DNSs is performed for a fully developed

horizontal turbulent channel flow under stable density

stratification. By investigating the basic turbulence sta-

tistics, their budget and the instantaneous turbulent

structure, the following conclusions are obtained.

Both Nusselt number and skin-friction coefficient

decrease as stable stratification is imposed, and this re-

sult is in good agreement with the experimental results.

The correlations between the velocity and temperature

fluctuations are also suppressed. Under stable density

stratification, the linear sublayer and the buffer region

increase and the logarithmic region is less developed.

This results in the significant decrease in both the Nus-

selt number and the skin-friction coefficient.

In the core region of a channel where Rig > 0:25,
turbulence is significantly suppressed and IGW become

the dominant flow structures. Thus, the turbulent heat

flux decreases markedly resulting in a steep mean

temperature gradient. Qualitative similarity is found

between the near-wall and channel central regions in

the transport mechanism of the turbulent heat flux.

Namely, stable stratification works as the virtual adi-

abatic wall for the turbulent heat flux in the central

region of a channel. On the other hand, near the wall

where Rig < 0:25, shear turbulence still dominates. The

turbulent kinetic energy is transferred to the channel

center through the pressure diffusion, while the turbu-

lent heat flux is transferred from the channel center to

the near-wall region due to the pressure diffusion. In-

stantaneous turbulent structure shows that the

streamwise vortices associated with the low pressure are

concentrated in both vertically and horizontally elon-

Fig. 17. Budget of hþ2=2 (Case N and S2).Fig. 16. Budget of vþhþ (Case N and S2).
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gated regions between the IGW and the wall. These

vortices must contribute to the pressure-associated in-

teraction between the near-wall region and the channel

center. It is also found that in this low-Reynolds-

number flow, the gradient Richardson number and the

critical Richardson number are still useful parameters

to determine the flow structure under stable density

stratification.

In the stably stratified flow, turbulence at low wave

numbers is attenuated while it is maintained at high

wave numbers. Thus, strong density stratification has

the same effects as decreasing the computational region.

When stratification becomes stronger, the flow on one

wall becomes laminar as in the minimal flow unit, al-

though it remains turbulent on the other wall.
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