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Abstract

A transport model for the turbulent heat flux is proposed in consideration with the effect of the mean
temperature gradient. A rapid term to express the interaction between the mean temperature and velocity gradients
is introduced. The linearity in the exact turbulent heat flux equation is retained in the modelled one, too. The effects
of Prandtl number and the turbulent Reynolds number are also taken into account. The comparison is made with
existing DNS and experimental data of homogeneous turbulence with and without the mean shear rate and the
stable stratification. It indicates that the proposed model agrees well with the DNS and experimental data

tested. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The direct numerical simulation (DNS) of turbulence
is now widely performed for various types of turbulent
flows. Although the DNS of turbulent heat transfer
has become widespreading, its applicability is limited
to the turbulences with a low Reynolds number and
simple geometry. Thus, the modelling of the turbulent
heat flux is still of primary importance for the practical
calculation of the turbulent heat flux. One of the dis-
tinguished features of the DNS is to provide the turbu-
lent modelling with detailed necessary information for
each term of the transport equations. Formerly, the
proposed turbulence models were tested against the ex-
perimental measurements; on the other hand, it is at
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present more usual to examine the performance of the
models in comparison with the DNS data.

The exact transport equation for the turbulent heat
flux can be derived as

DUl o Pt Got Tot Vot bt du—sa (D)
where
Pig=—tu§% — w057 production
Gy = —ﬁgiez buoyancy production
Tip=— d@ turbulent diffusion
Vig= 5% h (VO B“’ + ocul molecular diffusion
V= —I% gfi" pressure diffusion
b= %I@ pressure temperature-gradi-

ent correlation
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Nomenclature

by anisotropic tensor, = W/; —
(1/3)0

Cy model constant in the eddy diffusivity
model

Cu model constant in the slow term

Cio, a, C{y, a model constants in the slow term
Cip, b, C}y, b model constants in the slow term

Cy model constant in the rapid term

Cyg model constant in the buoyancy term

g gravitational acceleration

gi gravity vector, =(0, 0, —g)

k kinetic energy, = wu;/2 = ¢*/2

p fluctuating pressure

Pr Prandtl number, = v/o

Pry turbulent Prandtl number, = v,/

Ri Richardson number

Ri, gradient Richardson number, =
pgSo/S*

Re, turbulent Reynolds number, = k?/ve

S mean velocity gradient

S mean temperature gradient

St nondimensional time, = S - ¢

t time

U; mean velocity

u; fluctuating velocity

il Reynolds stress

u,0 turbulent heat flux

o thermal diffusivity

o thermal eddy diffusivity coefficient

o ~ ol model constants in the rapid term

p volumetric expansion coefficient

b1~ Ps model constants in the rapid term

& dissipation of the kinetic energy, =

& dissipation of the temperature var-
iance, = 0,0,

i dissipation of the turbulent heat flux

2] mean temperature

0 fluctuating temperature

v molecular viscosity coefficient

Ve eddy viscosity coefficient

i =y — &

p density

oz pressure temperature-gradient corre-
lation

117 third invaliant, = bijbjkbk,‘

G =(v+ o) Ju ol

By, oy dissipation

In these terms, the production and the buoyancy pro-
duction terms can be calculated exactly from the
mean profiles, U; and @, and the second-order corre-
lations, w;u; and u;0. Rest of the terms requires mod-
elling. Among them, the turbulent, molecular and
pressure diffusion terms are, if integrated over a given
domain, reduced to the difference of their values at
the boundary. Accordingly, the productions, the
pressure temperature-gradient correlation (PTG)
and the dissipation are the terms which determine the
net balance of the turbulent heat flux within the
region.

In case of the heterogeneous turbulence such as
wall turbulence, none of the terms in Eq. (1) can be
neglected. In case of the homogeneous one, on the
other hand, only the productions, PTG and the dissi-
pation contribute the balance equation of the turbu-
lent heat flux. In the present study, the homogeneous
turbulence with the mean-shear and buoyant pro-
ductions is adopted to concentrate the attention to
these important terms.

The standard procedure to obtain a formal ex-
pression for the pressure is to use the Poisson
equation and the Green’s theorem

p 92 - du \ (U
== — 2 .3
P 4 J{ 8xk3x,(ukul i) + <8xk 0x;

90 }’dV

R (2)

r

+ Bek Bt

where the prime ' denotes the position at r. The
last term in Eq. (2) represents the effect of buoy-
ancy.

With use of the above expression, the PTG term can
be obtained as follows.

100
¢19 ) ax;
IJ 20 \ [ 2@ue)\ dv
by = 4n ox; 0x;0x r
Pio1
1 (aU; J 30\ (du\'dV
+ 2n\ 0x 0x; 0x; r
bin2
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P, 'W%
4 4n ‘ dx; <3xj) L, ©)
bins

where ¢ 1, ¢y o and ¢, 5 are called as slow, rapid
and buoyancy terms, respectively.

Gibson—-Launder [1] (GL) proposed the so-called
“basic model” for the PTG term:

87

$i,1 = —Cw%u,ﬁ )
—aU;

big, 2 = Coot075— ®)
j

by, 3 = CaoPgil”. (6)

Afterwards, this basic model was extended into several
directions. Common procedure is to introduce the ani-
sotropy tensor of Reynolds stress b;:
uiu; 1

L ©)

q_2 3 i

by =

Craft and Launder [2] (CL) expanded the coefficient in
Egs. (4)—(6) in terms of by; the one in the slow term
Cio, up to the second order of b; and the other in Cy
up to the third order. Shih and Shabbir [3] (SS) intro-
duced a concept of the realisability but their expression
was quite complicated. Rogers et al. [4] made DNS of
the turbulent heat flux and investigated the effect of
molecular Prandtl number and the turbulent Reynolds
number. Shikazono and Kasagi [5] (SK) abandoned
the approach to split the PTG into the slow and rapid
terms and obtained a new expression for the PTG; it
gave good results but was not tensorially correct.

Jones and Musonge [6] (JM) retained a simpler
structure but introduced the mean temperature gradi-
ent into the PTG term. Although the mean tempera-
ture gradient does not appear in Eq. (3) explicitly, they
considered that it might affect the PTG implicitly
through the coupling between the energy and momen-
tum equations. Thus, they introduced a new term pro-
portional to the mean temperature gradient into the
PTG. This approach was adopted by CL, too.

In the Reynolds stress equation, the pressure—strain
term acts to compensate the production term, i.e., the
production term is not totally effective but only its cer-
tain percentage contributes as the production. In the
turbulent heat flux equation, the PTG term plays the
same role. However, it contains only the mean shear
term; thus the mean temperature part in the pro-
duction term (Eq. (1)) cannot be compensated. This is
a reason why the mean temperature gradient should be
included in the PTG even though it does not appear in

Eq. (3). Thus, in the present study also, the mean tem-
perature gradient is included in the PTG term.

Another aspect of the present study is to retain the
linear structure of the transport equation of the turbu-
lent heat flux in the modelled equation, too. That is,
each term in Eq. (1), except the buoyancy production
term, contains only one scalar quantity. That is, the
turbulent heat flux equation is linear with respect to
the temperature. The buoyancy term is ignored tenta-
tively in the discussion here. If two temperature fields
0, and 0, exist, each heat flux satisfies Eq. (1) indepen-
dently; that is,

D

Sfl =Eq.(1) with0=0,and @ = @, ®)
Dud

1;:2 =Eq.(1) with0=0,and @ = .. ©)

If these two temperature fields are overlapped, the
resultant heat flux

u03 = uby + u0, (10

must be obtained by the linear summation of Egs. (8)
and (9):

Du03 Du01 Du92

D~ Dr D (an
This implies that the modelled transport equation
should also satisfy the above linear summation rule.
This is the linearity principle proposed by Pope [7].
Although this is an evidently fundamental principle, it
has been ignored in most of the scalar transport
models proposed hitherto. That is, the so-called time
constant ratio R = 67¢/(2key), which conflicts with this
principle, is often included in the scalar transport
model, because it allows introduction of additional
terms and brings more freedom in the modelling.
Thus, the linearity principle has been often preferred
to be abandoned in many scalar transport models.

The another principle to be considered in the model-
ling of the turbulent heat flux is the realisability. Since
the turbulent heat flux is a kind of the cross corre-
lation, it must satisfy the following inequality:

(Wfs@.ez, (12)

where no summation rule is applied to (i). Some
researchers have placed more emphasis on the realis-
ability principle. To satisfy the above relation, the
transport equation for ;0 must contain some
information on 6°. This conflicts with the linearity
principle. Thus, to the author’s knowledge, no model
has been proposed to satisfy both the linearity and
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realisability. The inequality of Eq. (12) is certainly an
obvious mathematical prerequisite; however, it is not
easily violated if each turbulent quantities are properly
predicted. Thus, in the present study, the linearity prin-
ciple is adopted. The objective of the present work is
to propose a turbulent heat flux model which includes
the mean temperature gradient effect in the rapid term
of PTG and moreover satisfies the linearity principle.
The proposed model is examined in reference to the
DNS data of the homogeneous turbulence which
includes all the budget terms of the turbulent heat flux
transport equation except the diffusive terms.

2. Modelling of the PTG term

In the homogeneous turbulence, all the diffusion
terms (T, Vig and ;) are zero; thus, the productions
(Pjp and Gy), the pressure temperature-gradient corre-
lation (¢;, PTG) and the dissipation (gjp) terms are
considered in this study. Among them, the production
terms can be calculated if the other second moment
quantities, i.e., Wu,,ﬁ and 0% are given. Thus, the
PTG and dissipation are the terms to be modelled in
the present work.

The dissipation takes place in the small scale, where
the turbulence is isotropic. On the other hand, the ex-
pression of the dissipation is not symmetric for the
inversion of the space coordinate. Thus, the dissipation
of the turbulent heat flux is essentially small. Accord-
ingly, the dissipation is often included in the PTG and
is modelled together as follows:

Tig = (ﬁm — &if. (13)

This approach is adopted in this study, too.

Firstly, the rapid term is discussed. The rapid term
is expressed with introduction of a third-order tensor
Xijk:

2y,

bi, 2 = Xi/km (14)

with

8(‘) 0) /aV
i = 2nJ<ax,»> (8?) rE (15)

where the prime ' again denotes the position r and (0)
indicates r = 0. In case of the homogeneous turbu-
lence, the tensor X can be further rearranged as

1 32—y —aV
Xjp = — | ———0u;—.
ik 27'5J8r,-8r,- Uk r

(16)

With inspection of Egs. (15) and (16), the following
three restrictions are found to be imposed upon X:

1. the continuity condition of Eq. (15)

Xk =0 a7
2. the symmetry condition of Eq. (16)

X = Xji (18)

3. the application of the Green’s theorem to Eq. (16)
with i =

Xiik = 2@ (19)
i one assumes here that Xj; is expanded in terms of
u;0 as
Xijk = 01850 + 02044,0 + 03 14;0 (20)

then the application of Egs. (17)—(19) brings a well-
known result of

o] = 0.8 Oy = 03 = —0.2. (21)

This is the so-called basic model. It is known, however,
that this basic model does not always give good
results. Common approach (CL, SS) is to add higher
order terms of the anisotropy tensor bj;. Preliminary
test, however, indicated that the contribution of the
higher order terms was small. In the present work,
instead, the X is further expanded in terms of the
mean-temperature gradient:

X = (dlég/m + 02010 + 0300 + oabijug 0

+ asbiui0 + “ébk/m>

BYe) 00 (22)

00
(ﬁl Ua + p,0 zk + ﬁx‘sk/& v

90 90 910\ —q>
+ Bab ) 2;

Uy + Bsb ey + Bebrim— Ix
or equivalently
Xijke = (offéf,-ﬂ + o500 + 0@5/@/'@)

1
+ <a4u,u,uk0 + ocsu,uku,O + ot ):2

— 23
00 o (23)
ﬁ ”8 +.32 zk +ﬂbk18”
30 30 30\ ¢
+ (/))41/1114/3 + ﬁSM U — 8 + [f(,uku,am>?
where
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af = o1 —(1/3)os o =0 — (1/3)0is

oy = a3 — (1/3)ag

By =B — /3B B3
ﬁ; = ﬂz - (1/3)ﬂ6'

= pr— (1/3)Ps

The relations among these coefficients can be obtained
from the conditions (17)—(19) for Xj. Firstly, from the
symmetric condition of Eq. (18), it turns out that

9(3 = O(i;, o5 = g (24)

B> =PB3, Bs=DPs (25)
Secondly, from the continuity,

Xick = o0 0100 + o3 (34140 + Op4,0)

-

+ a0 + oos (@0 + w0 |

.5 00 20 90
{/3 g +[32< Ly k"’(skkaxi)

b8}

ey

(26)

q
e

1) R IC) 30\ ¢4
+{ﬁ4”“k5;;'%ﬂ5(l g T axi>}::

=0

or equivalently
* * - Uil —
Xige = (9(1 + 4052 + OCS)M,‘H + (064 + 065)T2uk6
q

zq PRRY)
& 0X;

+ (By + 455 + Bs)q @7

Thirdly, from the normalisation

X = o010 + o (0140 + S1iu;0)

-+ oz 0 + os (w7cui0 + w0 }

.5 00 90 90
{ﬁ i +ﬁ2( 3x1+5k18_x1>

© —|—[f iy a@—i-uuA@ ?
5 l]\a klaxi

Ff (28)

d
{ﬁ4“ UimT— 3y

= 2uk9,

which can be rearranged as

(30 + 205 + o — 20 + 205
q

_2 29)
2‘1 96 2 E (
e dx; + ﬁ5 R

+(3B7 + 283 + Ba)a
=0.
If the quantities

— Uilg—F3
u;0, fzuke, q
q

(30)

should be independent of each other, the following
conditions must be imposed:

of +4o; +as =0 o4 +os =0
Bi+4B5+pfs=0 Py+ps=0
3of + 205 +o4 =2 205 =0
3B +28;+ B =0 285 =0.

@31

It is interesting to note that Eq. (31) reduces to Egs.
(20) and (21). (This was pointed out by one of
reviewers.)

The quantities in Eq. (30) are, however, not indepen-
dent each other. Firstly, a simple eddy diffusivity
assumption is often a good approximation. This means
the following relation must hold approximately:

— 00 v 00 C,l k> 90
—u;0 = oy —— —
0X; Prt dx; Pr e 9x;
C, —q 00
= 32
4Prtq e 0x; ¢2)

Another simple basic representation can be obtained
from the balance between the production and slow
terms of the PTG:

00 &E—
0= —I/ll'ujaxj + (— CwEu,ﬁ). (33)
Thus,
— 1 ¢ _8@
—u;0 = 3o e u,u_,a—xj. (34)

Eqgs. (32) and (33) are quite common assumptions in
simple turbulent models. If these two equations are
admitted, it means that the following relation is
assumed implicitly.

— 1 uu, 2q 0

vy 2Pr wu;
YN P E)x‘,

CoCy

w0 (35)

One of the reviewers pointed out that the above re-
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lation must hold for the present formulation to be
valid. The first impression of Eq. (35) is rather unfami-
liar. However, an implication of Eq. (35) is that the
turbulent heat flux ;0 affects 1;0 through the velocity
fluctuation correlation 7. In other words, if %z = 0,
then W should cause no effect upon u;0. This is thus a
quite reasonable assumption.

Considering Eqgs. (32), (34) and (35) with C, = 0.09,
Pr,=0.6 (for free turbulence) and Cjp = 3.0, one
obtains

of + 4o+ 0.225(0 + os) + o5
(36)
—26.7(B; +4B5 + Ps) —6(Bs+ Ps) =0

3o} + 205 + o4 + 0.4505
(37)
— 26.7(3ﬁ’f +285 + ﬁ4) — 1285 = 2.

Finally, the eight unknown coefficients are determined
empirically referring to the various experiments and
DNSs with the above correlations (36) and (37) in con-
sideration:

wr =06,  of=-0.1
04 = 1.0, o5 = 0.45
Br=0.02,  f5=-0.005 (38)

By =—0.01, p5=0.02

The coefficient of the buoyancy term can be_deter-

mined from the normalisation condition Y; = —6° as

Yi = —3Cy0* = —6” (39)
1

C39 = g (40)

The slow term is modelled by expanding it in terms of
bj. For the simplicity, only the zeroth- and first-order
terms are retained. The second-order term was also

T T T T T T T T T T T
3k DNS(lida & Kasagi,1993) |
—«— : Pr=0.20
— W :Pr=0.71
— - —=— :Pr=1.50 B
5
o 2 —K -
o
+
— - .
b
)
o 1F ]
1 1 1 1 1 | 1 | 1 |
0 1 2 3 4 5 6

Time

Fig. 1. Coefficient in slow term (effect of Prandtl number).

examined, but its contribution was sufficiently small.
The mean gradient term has been also tried to be
included, however, its effect is not consistent in the
cases tested in this study. Thus, it is not included in
the slow term. Thus, the expression of the slow term
becomes

&

-l il @

o, 1 = —Cio.
Effect of molecular Prandtl Pr was investigated by lida
and Kasagi [8] through DNS of the homogeneous tur-
bulence. Their results indicated a non-negligible effect
of Pr on Cjg ,. This is because the dissipation ¢; is
included in Cjy , and it becomes more significant with
decrease of Pr. It is thus found that inclusion of a fac-
tor (1 + C/Pr) collapses the data as seen in Fig. 1.

Since the decaying turbulence becomes weaker with
the elapse of time, the effect of turbulent Reynolds
number must be also considered. The examination of
DNS data by Ihira and Kawamura [9] indicated that
Cip, o can be well correlated by introduction of the tur-
bulent Reynolds number (see Fig. 2). Thus, the coef-
ficient Cyg, , is given as

0.05 Re;
Cipa= 3.6(1.0 + W) [1.0 - 0.74exp< - W)]' (42)

The second coeflicient Cl’(,‘a is assumed to be
Cly .= —2.0.

Finally, the model equation in the present study
becomes

& J—

mig,1 = —Cio, - biju;0 (43)

k l(')‘a%

—3U; AU

Lines : DNS(Ihira & Kawamura,1996) 1
4+ —— :Model Function(lhira & Kawamura,1996) .
[ C19=3.8-2.8exp(-Rey/100) ]

| 1 | 1 Il 1 | |

I I L1
100 150
Re,

Fig. 2. Coefficient in slow term (effect of turbulent Reynolds
number).
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— — —\113U;
+[a4Tu/uk0 + s (u,-uku,-() + Mku/u,-()) ]: ')
g g J q2 axk

LU 00\ 80
+<ﬁ1 oX +h 8x,->q & 0Xy

) 30 00\ aU;
T e T ) o (44
+{ﬁ4u u"i)xk +ﬁ5(u i ax; +uku"8x,->} & IXg (44)

o, 3 = —Cao( — g)0” (45)

with the coefficients given by Eqs. (38), (40) and (42).
The above coefficient has been tested for a moderate
range of the Prandtl number as 0.2 < Pr < 1.5. Exten-
sion to a wider range is left for the further investi-
gation.

3. Results

The model derived above is compared with exper-
iment and DNS data. Results given by existing models
are also presented for the comparison. Since the pre-
sent work aims to examine the scalar transport model,
the other turbulence quantities such as the Reynolds
stresses and the dissipations, are obtained from exper-
iment or simulation; only the turbulent heat flux u;0 is
calculated. The temperature variance 6% is also calcu-
lated in case of the buoyant flow.

Since the homogeneous turbulence is assumed, no

T T T T T T T
| Symbols: DNS(Ihira & Kawamura) 7]
o : Present -
0.2+ : Case P (Pr=0.4)
- ( _d_ © Aix2_=—1.0 -
- u=vi<w? -
0.1-
Q —
N
S L
O =
0.1
1 | I |
0—— , 5
Time

Fig. 3. Variation of turbulent heat flux in an anisotropic tur-
bulence (DNS by Ihira and Kawamura [10]: Cases P and Q).

diffusion terms appear in the governing equation of
the temperature variance.
It can be expressed as

90° Y]

— = 2ul— — 46
o1 Wx, T (46)
where the dissipation rate ¢ is again adopted from
DNS.

3.1. Anisotropic turbulence without shear and buoyancy

Thira and Kawamura [10] performed DNS for var-
ious combinations of anisotropy III, direction of the
mean temperature gradient and the Prandtl number.
Tested cases are as follows

=0 I <0

d®/dx, =—-1 Pr=04 CaseP CaseR
Pr=0.71 CaseQ CaseS

d®/dx3; =—-1 Pr=04 CaseT CaseU

(47)

Results of comparison are shown in Figs. 3-5. The
present model generally gives good predictions. This is
mainly because it includes the Prandtl and turbulent
Reynolds numbers in the coefficient Cjy ,. Among the
other models, GL and JM predict a faster decay. Abe,
Kondoh and Nagano [11] (AKN) gives a good agree-
ment in Case U but not in other cases, where it does
not satisfy the initial condition. This is because AKN
is not a differential equation but an algebraic equation
model; thus, the initial condition cannot be specified.

0.5 T T T T T
Symbols: DNS(IThira & Kawamura)
B : Present
0.4 .

Case R (Pr=0.4) -
( d@_/_dx2_=—1.0

w’=viw?

Fig. 4. Variation of turbulent heat flux in an anisotropic tur-
bulence (DNS by Ihira and Kawamura [10]: Cases R and S).
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0.8

T T T T T T T
Symbols: DNS(lhira & Kawamura)
: Present — — —
Case T (u?=v’<w?)
d6 /dxz=-1.0
Pr=0.4

0.6

e
o
T

Time

Fig. 5. Variation of turbulent heat flux in an anisotropic tur-
bulence (DNS by Ihira and Kawamura [10]: Cases T and U).

SK predicts well for Pr=0.71, but it gives a slower
decay in the other cases. Next comparison is made
with DNS by lida and Kasagi [12]. Four cases are
examined

II>0 III<0
d®/dx, = —1 Casel Case3 (48)
d®/dx; =—1 Case2 Case4d

The Prandtl number is 0.7 in all cases. The comparison

T T T T T T T
| Symbols: DNS(lida & Kasagi,1993) o
: Present Pr=0.7
o1sp gk (rer
| CL u=v<w _
e M ° Case 1(d©/dxp=-1.0) |
Lo S a Case 2 (d6 /dx;=-1.0)
0.1+
Q —
=
0.05
1 L 1 1 1 1 1 |
&) 10

Time

Fig. 6. Variation of turbulent heat flux in an anisotropic tur-
bulence (DNS by Iida and Kasagi [12]: Cases 1 and 2).

is shown in Figs. 6 and 7. SK and the present model
gives a good agreement for all cases. Shimada and
Nagano [13] (SN) predicts a slower decay while the
other models decay too rapidly.

3.2. Sheared turbulence without buoyancy

Rogers et al. [4] performed DNS for the homo-
geneous turbulence with mean shear in the direction of
x, while the mean temperature gradient exists in three
different directions, x; (Case 1), x, (Case 2), and x3
(Case 3). Results of comparison are shown in Fig. 8.
The present model agrees well with their DNS with an
only exception of u in Case 1. SK gives generally
good results; but, as mentioned earlier, it is based ten-
sorially inconsistent expression; so it adopts a different
coefficient for u0 and v0. Agreements in other models
are generally not so good.

A well-known experiment of this type was made by
Tavoularis and Corrsin [14] (TC). The shear and the
temperature gradient were imposed in the same direc-
tion. Fig. 9 shows the comparison with the model pre-
dictions. Most of the models tested give good results.
The agreement is better in the heat flux in the direction
of mean temperature gradient, while it is slightly worse
in the streamwise direction. Similar experiment was
made by Maekawa and Kobayashi [15]. The directions
of shear and the temperature gradients are same as the
former experiment (TC) but their sign is inversed.
Comparison with the prediction is given in Fig. 10.
The present model gives a good agreement with the ex-
periment. The above comparisons for the sheared tur-

T T T T T T
Symbols: DNS(lida & Kasagi,1993)
- : Present _

GL ( Pr=0.7
0.1F L S
R ° Case 3(40/dn=-1.0)
_____ :SS i

4 Case 4 (d0/dx;=-1.0)

Time

Fig. 7. Variation of turbulent heat flux in an anisotropic tur-
bulence (DNS by lida and Kasagi [12]: Cases 3 and 4).
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T T T T T T T 7T T T T T T T T 11

| Symbols : DNS(Rogers et all.,1986) dU,/dx,=28.284
: Present

: Pr=0.7 i

Case 1 (d©/dx,=2.5) |

- — A

Fig. 8. Variation of turbulent heat flux in a sheared turbu-
lence (DNS by Rogers et al. [4]).

bulence indicates that the prediction by this model as
well as by the other ones agrees better with the exper-
iment than with the DNS data. In the DNS, the shear
is imposed suddenly; thus the turbulence spectrum
develops with the elapse of time. This situation is diffi-
cult to be predicted by this kind of turbulence model,
because it deals with only the quantities integrated
with respect to the spectrum.

1943
[x107] 5 T T T T T T T T
Symbols: DNS(Gerz & Schumann,1991) 4@ /4x,=1.0
L : Present 3=
:GL Pr=1.0
SK
3F CL(7 6,1+ ;6 2)+(-0.333)Gig .
1r 4
1+ _
[x1071)
R
I
o _ i
[(x107] e
1 —

Fig. 11. Variation of turbulent heat flux in a stably stratified
turbulence (DNS by Gerz and Schumann [16]).

3.3. Stratified turbulence without mean shear

Gerz and Schumann [16] performed DNS of the sta-
bly stratified turbulence without mean shear. The posi-
tive temperature gradient is imposed in the direction of
x3 with the gravity vector (0, 0, —g). The results are
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Fig. 9. Variation of turbulent heat flux in a sheared turbu-
lence (experiment by Tavoularis and Corrsin [14]).
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Fig. 10. Variation of turbulent heat flux in a sheared turbu-

lence (experiment by Maekawa and Kobayashi [15]).
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shown in Fig. 11, the vertical heat flux becomes oscil-
latory with increase of the Richardson number

0p/0x3

= U o @9

This tendency is well predicted by almost all the
models tested. The heat flux becomes negative in some
period; this is the counter gradient heat flux (CGHF).
This is also well reproduced by the model predictions.

3.4. Stratified turbulence with mean shear

Gerz et al. made DNS [17] and LES [18] of the
stratified and sheared turbulence. Comparison is made
in Fig. 12. In this figure, the gradient Richardson num-
ber is defined as

3@/3)(3

Ri, = ﬁg(a U]/BX3)2. (50)
In case of a low Riy (Riy =0.13), it is interesting to
note that the heat flux stays in a quasi-stationary level.
This indicates that the decay rate of turbulence is
balanced with the production by the mean shear. This
behaviour is well predicted by the present model. GL

also agrees well the DNS. The CGHF occurs in case
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Fig. 12. Variation of turbulent heat flux in a stably stratified
sheared turbulence (DNS by Gerz et al. [17] and LES by Kal-
tenbach et al. [18]).

of the high Ri,; and it is well captured by the models
tested.

4. Conclusion

A new model for turbulent heat flux transport was
developed with the effect of the mean temperature gra-
dient directly taken into account. The derivation of the
rapid term was reexamined including the mean tem-
perature gradient explicitly. The linearity in the exact
transport equation for the turbulent heat flux was
retained in the modelled equation. The proposed
model was tested in comparison with the DNSs and
experiments of homogenous turbulence with and with-
out the mean shear rate and the stable stratification.
The new model gave good agreement with the DNS
and experimental data.
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