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Abstract—A new k—& mode! which includes damping effect on vertical turbulent transport due to thermal
stratification is proposed. The proposed model was tested by application to two kinds of two-dimensional
thermally stratified flow fields. One is a high-Reynolds-number open channel flow, and the other is a low-
Reynolds-number flowfield within an enclosure. The new model also includes low-Reynolds-number
treatment which is effective not only in the vicinity of the wall, but also apart from the wall. With the aid
of this new low-Reynolds-number treatment, the proposed k—¢ model becomes applicable to a flowfield
which includes both turbulent area and pseudo-laminar area caused by thermal stratification. The agree-
ment between the results given from the new k—¢ model and the experimental results was rather good.
Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

Stable stratification is often observed in many kinds
of flow. The flowfield within an enclosed space, e.g.
room airflow with air-conditioning, is often thermally
stratified. One typical example is the flowfield in a
glass-covered atrium with large ceiling height. Sun-
shine penetrates its glazed roof and often leaves the
flowfield thermally stratified and roughly laminar.
This stable stratification suppresses the vertical flux
of heat and momentum, i.e. the turbulence flux of
momentum and heat in the vertical direction, (—u,us,
— W, —u3, —u30), and also decreases the turbulence
intensity (k) of the flowfield.

The standard k~¢ model [1] has been widely used
and has yielded reasonable solutions not only in iso-
thermal, but also in non-isothermal flowfields.
However, the k—¢ model does not always lead to accu-
rate and stable results in the simulation of a stably
stratified flowfield, because the k- model was
developed on the basis of isotropic EVM (eddy vis-
cosity model) and EDM (eddy diffusivity model).

Since this model is very simple and popular, it would
be very useful and practical if modifications to the
standard k— EVM could overcome the existing
difficulties in analyzing thermally stratified flow fields.

It has been clarified that more elaborate turbulence
models such as DSM (differential stress model) and
ASM (algebraic stress model) can predict non-iso-
thermal flowfield accurately even when non-isotropic
effect is very large [2]. These models solve Reynolds
stress transport equations and heat flux transport
equations directly without using the isotropic EVM
and EDM. However, the number of equations to be
solved is increased and much CPU time is needed in
the DSM or ASM. In this study, the application of
these more elaborate models was not tried. The pur-
pose of this study is to propose a simple model which
is based on the EVM, yet remedies the shortcomings
of the EVM and which also can estimate the properties
of a flowfield with stable stratification easily and
accurately.

In a stably stratified flow, the transport of tur-
bulence in the vertical direction is suppressed greatly
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NOMENCLATURE
C,, C,. C, turbulence model constants Rt turbulent Reynolds number (k%/(ve))
Civi, Covas Cavas Ciars Caons Cyes  turbulence U, mean velocity in i-direction
model constants of damping (i = 1, 2: horizontal direction, i = 3:
functions vertical direction)
C,, Cy, Cpy, Cya, Cos  model constants of ASM u; fluctuating velocity in i-direction
D,  diffusion term of uu u, Kolmogorov velocity scale ((ve)'’)
Dy diffusion term of u,0 — Ul Reynolds stress
fav damping function for uu; due to —uf) turbulent heat flux
buoyancy - ¥ length from wall surface
Jwo damping function for 6 due to y* non-dimensional length from wall
buoyancy surface (u* - y/v)
fu model function due to low-Reynolds- u* friction velocity.
number effect of eddy viscosity
S, model functlop due to l(?w-Reynolds- Greek symbols
number effect in ¢ equation . .
G buoyancy production term of k B coefficient of volume expansion
k (—g fub) 3 Kronecker delta
G bu (‘:" ‘ anic roduction of it £ dissipation rate of turbulence energy
K ( gyﬂ@y pg Bud) o ¢,  dissipation term of uu;
—g:pull—gpu/ o . . . "_‘
G,  buoyancy production of u,0 Ei dfss¥pat¥0n term of y%@
(—g ﬂbj) &) dissipation term of 6°/2
8 gravlity acceleration in / direction n Kolmogorov length scale (v**/¢™)
' (& = —9.8) C) mean temperature
r tu; l‘;l lent'energy 0 temperatue fluctuation
{ turbulent length scale (k*?/e) :‘ i(iir(lieyr:;iiccoilits}éosit
P, shear production term of uy; p density y
— (waz (0U0x,) + gty (U}, : e
P, ;m(;‘l’::‘tifnljt’é rx)oiﬁul{);lié /m ;; )r); ture 6., 6, model constants in turbulent diffusion
01} ) A nlhat) 1 f . l
gradient (—uu, (60 /0x,)) G tirr-[tl:lsllgntk Ifr:rl:c)l(:lenumber
: N 3 4
Pu) - production term of 9 by velocity ¢,  pressure-strain correlation term

gradient (—u,0 (0U,/x,))
P, shear production term of k
(—uu;* 0U,/0x)

Py production term of 2
(—2u,0(00/0x,))
R ratio of time scale of temperature

fluctuation and that of velocity
fluctuation ((6%/2¢,)/(k/¢))

((0/p) ((Ou;{0x) + (Ou/0x))))
¢  pressure-temperature gradient
correlation term ((p/p) (00/0x,)).

Subscripts
iJ 1, 2 and 3 denote x-, y- and z-
directions, respectively.

in spite of the large mean velocity gradient in the
vertical direction. This damping effect by buoyancy in
the gravitational direction, i.e. the vertical damping
effect, plays an important role in the flow charac-
teristics. It is well-known that the standard k— model
cannot express this effect well. Therefore, a new k—e¢
model which includes the damping effect on the ver-
tical turbulence transport due to the thermal strati-
fication is proposed.

In a stably stratified flow, the flow sometimes
becomes pseudo-laminar in which the turbulence
intensity is negligibly small because of the damping
effect by buoyancy. Hereby a low-Reynolds-number
effect is to be considered in the new k—¢ model.

When the flow becomes laminar, such as in an area
in the vicinity of the wall, the standard k—¢ model

which uses the so-called wall functions does not work
well. The wall functions bridge the turbulent region
and the wall surface. In order to predict the lami-
narization correctly in the vicinity of the wall, many
types of low-Reynolds-number k—¢ models have been
proposed since Jones and Launder [3].

In most of the previous studies, these low-Reynolds-
number k— models have been used successfully to
predict a flow with the laminar region near the wall.
However, in predicting laminar flow away from the
wall caused by stable stratification, these existing low-
Reynolds-number k— models do not work well since
they only use the non-dimensionalized distance from
the wall for the near wall treatment. Thus, they should
be modified.

In this paper, a new low-Reynolds-number model
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is proposed in addition to new model functions of
buoyancy damping. With the aid of this low-Rey-
nolds-number treatment, this new k—e model is appli-
cable to a pseudo-laminar flowfield, even outside the
vicinity of the wall.

2. DEVELOPMENT OF k- EVM FOR INCLUDING
DAMPING EFFECT DUE TO STABLE
STRATIFICATION

There have been many studies on developing tur-
bulence models to predict stable stratification [4-7].

However, from the viewpoint of practical appli-
cation, these models are not simple enough, and their
application to complex flows, e.g. flows in rooms, is
not easy.

The design concept of the new model is intended
to be simple, thus two model functions fgy, fgy are
introduced into the EVM and the EDM to reflect the
buoyancy damping [cf. equations (1), (2) and note].
With this small modification, we have succeeded in
introducing the mechanism of the vertical damping
effect by buoyancy into the EVM and EDM, and the
decrease of the vertical flux of heat and momentum
(=3, —u, —ui, —us0) is well reproduced in
stratified flow fields.

_ k(U éU,
—Ul; = CﬂfufBV?(gx_j + ax'l)—%kau (1)

— 1 kK’ 00
~u = - Cufufoos 5o @

Overbar () denotes the ensemble-mean value. C,
is the model constant (C, = 0.09. This value is rather
empirically tuned so that the correspondences between
the predictions and observed characteristics should
be satisfactory for various forced convection flows.
However, with this value the standard model has been
widely used and has yielded a reasonable solution for
forced and even natural convection flow. Therefore,
this standard value is adopted, and this leads to mini-
mum modification on the standard model for develop-
ing a new model.)

/.. is the model function to account for the near-wall
and the low-Reynolds-number effect. When the flow
becomes turbulent (with high-Reynolds-number),
fi=1

Each subscript B, V and 0 in fgy and f3; means
buoyancy, velocity and temperature, respectively.

2.1. Model function fyy for damping 0u;

The stably stratified shear flow is roughly two-
dimensional. Here coordinate x, indicates streamwise,
X, spanwise and x, vertically upwards, respectively. In
a stably stratified fiow, the following can be assumed ;
) |Us] < |Uyl, (2) U, and © vary greatly in the ver-
tical direction, but little in the horizontal direction,
and (3) 0©/dx; has a large positive value. In this stably
stratified flow, shear stresses —u,u; and —uyu; (and
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—u,0) have the most important roles in determining
the flow features. Therefore, when the model is
designed, it is intended that shear stresses —u,u; and
—U,U; are very accurately predicted. Thus, as shown
in equations (3)—(8), damping function f3y modifies
only these shear stresses, —uu; and —uus, in the
application to the three-dimensional flow field.

—E{:Zv,g—g—:—-gk ?3)
—E=2v,%%—§k o))
—E:Zv(%f—:—f—ék 5)
—Uu, = v(%-k%%) 6)
S (Gt 5@
— Uy =V foy (g + Z—Z_f) ®

Here eddy viscosity v, is defined as follows :
v, = C ke

For considering the low-Reynolds-number effect,
the model function f, is multiplied to eddy viscosity
[cf. equation (53)].

Jfev is derived by approximating the Reynolds stress
transport equation (9).

Duu;
—D_t}= g+ Gyt ®y+Dy—ey. &)

For modeling the pressure-strain term @, the
Rotta’s model for the slow term and the IPM
(isotropitization of production model) for the rapid
term are adopted, respectively. Then, equation (10) is
given as

[
(I)ij = —C, %G‘—i"—j—%kaij)_CZ(Pij_%Pkéij)

—C12(Gy—3Gidy). (10)

In equation (10), model constants are given fol-
lowing Launder [9] :
C, =18,C,=06.

In equation (9), dissipative motion is assumed to
be isotropic.

(1)

By neglecting the convection and diffusion terms
and also assuming local equilibrium (¢ = P+ G,) in
equation (9), the so-called WET model by Launder
[8] is derived [equation (12)].

2
&; = 5€0;.
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k
— U, = —c: {(P,—3Pud,) +(G;—2G,6,)}

-2k, (12)
Equation (12) is re-expressed as follows :
k(- 34U, ___&U, , T
—uu; = C g(ujuk o + Uil o, S Uty v 5,,)
+C ~(g.pu,0+g,pub —; 8 Bui05,)
—2kd,;. (13)

Here C' =(1—C,)/C, = 0.22. Shear stress (—u,u;)
is represented by equation (14).

C ou, 5U1+ ou,
—U Uy = U Uy — o, + Uy Uy o, 0x1
. 07+ oU, T U,
ul ax, uluza x, 143 (.,

k [
+C’;g3ﬁu,9. (14)

Considering the flow property with stably stratified
flow in an enclosure,
¢ ¢ 0
T~
dx;  0x, @x,

can be assumed. Also

—_— 6Uz
U oo )

can be assumed to be negligibly small here. Thus equa-
tion (14) is simply expressed as equation (15).

k (3U,
“ 6x

— U Uy C (15)
Normal stress in the vertical direction 3 in equation
(15) is given as equation (16).

(7U;

k U,
—d=C <2u,u3 =+ 2kl 2
I

0x,

U,
+2;§W3 +3P, >+ C g3ﬂu30—~k (16)

Equation (16) is approximated by assuming the
stably stratified flow condition

oU, oU,  aU,
<0x, =0, ox, ~0, ox; ~0
2k ko
—Efng’EPk+§C’Eg3ﬁu3 -2k (7

On the other hand, shear stress —u;u; is expressed
as follows when applying the EVM [equation (7)]:
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ou, oU
—uuy = V:fsv<0 L4 ﬁx3> szsv

From equation (15) and (18), equation (19) is
derived.

- (13

19)

Then the model function fgy is defined as follows
with the aid of equation (17):

(e85 (50)

P,
Csz

(20)

G,
= CBVI + CBV3 B (21)

The model constants are originally given by the
ASM by Launder [9] as follows: Cyy, = 2C/3C, =
1.63, Cay, =2C?%3C, =036, Cpy; =4C?*3C,=
0.72. However, the value of Cyy, is modified to 1.36
by optimization, as shown in Section 2.3.

This model function fzy damps —uu;, — u,u; where
the flow is stable (G, < 0). In an unstable region,
equation (21) indicates that fz, becomes more than 1.
However, in this study fgv is set to be 1 in unstable
and neutral regions.

2.2. Model function fg, for damping u;0
Jso 1s the model function designed to damp the ver-
tical turbulent heat flux (—u,6).

— v, 0©®

)

— v . 0O
~us0 = E;fno x5 (24)

Joo 1s derived by approximating the turbulent heat
flux transport equation (25).

Duf

D T oy T Pioy +Gig+Pip+Dig—e5. (25)

For modeling the pressure-temperature gradient
correlation term (@), IPM is used as follows:

D, = u uf— Cip2 Py iH(2) 103G (26)

101 k

By neglecting the convection and diffusion terms in
equation (25), equation (27) is derived with equation
(26). This is also the so-called WET model [8]. The
model constants are given as Cy, = C,, = Cyy = 0.25.
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—u
k 00
{Cmu U ox, + Cozuke o, + Co:8:0 } 27
k Y 0) —_av; o)
Col w7+ Cezukg Cezgxﬂ uke—"
O0x; 0xy Ox;
(28)

_55 in equation (27) is given by approximating the
6*-equation as follows:

D&
—l_)T-PH-'-DB_ZEG (29)
Here local equilibrium is assumed.
0 = Py—2¢. 30)

Furthermore, by defining R as a ratio of the time
scale of temperature fluctuation to time scale of vel-
ocity fluctuation [equation (31)], P, and ¢, are given
as follows:

= (0% /20)/(K/e) @3
= (0°/2R)/(K/¢) (32)
Py = 2¢, = (07/R)/(K/e). (33)
Thus equation (34) is given:
= —Rl;-Pg —2R- ukﬂs—(i = kﬁg—i
(34

Here, the flow is assumed to be local equilibrium
and R is assumed as 0.5 [10].
From equation (28), equation (35) is derived.

i kC 6®+ 6®+ 00
U0 = a1 "1“36‘ “2“36 x5 u36x3

———5U
i )
@ .00

+u296 X, +u3gax3)}.

(3%

—6U3

v,
+C92<_Pa M 206 x

k k)
—Cosg3B- (ma

By assuming

0 0 d

x; 0%, ox,

considering the flow condition of a stably stratified
flow, equation (35) is approximated as equation (36).
— k i) 6‘6
—u3f E{C"‘;‘;a Coagaﬁ usf } (36)
From equations (17), (24) and (36), the model func-
tion fg, is derived.
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_ lf — i) k——- 00 v, 0@
Joo = [s {C01u3 x5 C93g3ﬂ Us aX3}:I/[U_g 5){‘3}
(37
P, G,
= Cpo1 — Cnez +C593 (38)

The model constants are originally given from the
ASM [9] as follows. Cgy = 2Cy04/3C, = 1.67,
Coar = 2C5C'09/3C, = 0.37, Cygs = 05(Co1C'/3+ Co3)/
C,=3.2. However, the values of Cpy and Cggp
are modified by optimization, as shown in Section
2.3; Cggy = 1.37, Cygs = 1.6.

This model function f3, damps where the flow is
stable (G, <0). In unstable or neutral conditions
(G 2 0), fao is set to be 1 in this study.

2.3. Setting of model constants
When there is no buoyancy force, the model func-
tions are expressed simply

P,
f BV = CBVI - Csz ?k (39)

P
f B9 — Cor — CBez ”85 (40)

Cavi, Crvys Chai, Cag are defined so as to satisfy
fav = fas = 1, when the local equilibrium, P, = ¢, can
be assumed. Thus

CBV] =1 +CBV2 (41)

Cgor = 1+ Cpen- 42)

Cgy; and Cyg are modified to 1.36 and 1.37 using
equations (41) and (42). In the u equation [equation
(27)], 6* works to transport heat against the strati-
fication when the flow is stably stratified, because 6°
is always positive. Thus, this leads to the reduction of
the downward heat transport of w;6. It sometimes
leads the calculation to diverge. It is reported that the
WET model with the condition of local equilibrium of
& [equation (28)] did not always lead to a stationary
solution when it was applied to a stably stratified flow
[11]. In the stably stratified region, the local equi-
librium assumption usually over-estimates 6. In this
case, |us0| becomes smaller, as stated above, thus fy,
works to over damp. To overcome this difficulty, we
set the value of Cgg; to be smaller than the value given
by the ASM.

2.4. Behavior of damping functions fyy and fg,

2.4.1. Behavior of damping functions by Py/¢ (when
there is little effect from buoyancy). Hossain and Rodi
reported on the relationship between P,/e and the
turbulence model constant C, based on experimental
results [12]. Viollet derived the next relation by ASM
approximation {13]:
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C (Pc/€) /0.09
5 =t
.‘ i i ;
) ‘. —A— Rodi model
: . @ Viollet model
i -O-- C. 'f BY
YA Cofe [T

v, e A

2
1
0
0 05 1 L5 2 25
P,/€
Fig. 1. Change of C"“# by P,/e.
Py
Ci—-14+C,—

Cu(Pefe) = 3(1—C3) (43)

e
-
(61+%)

Here, (7) is added to C , to differentiate it from the
constant C,(=0.09). In the case of the new model
proposed here, C~‘,‘(P,(/s) corresponds to C, fgy or
Cuf Be- -

Figure 1 shows the change of C, by P,/ for various
models. Here G, is assumed to be negligible. In the
region where P,/¢ is more than 1, i.e. in the region
with high turbulence generation by mean shear, all
models agree well with each other. However, in the
weak shear region, P./e <1, the proposed models
show the most moderate change among them. The
model including fgy and f3y shows smaller values of
Q than the values given by the models of Rodi or
Viollet.

2.4.2. Behavior of damping functions by G,/e. Ushi-
jima et al. investigated the relationship between the
turbulence quantities and the bulk Richardson num-
ber R, [cf. equation (58)] in a two-dimensional ther-
mally stratified open channel flow, and proposed a
model for revising the EVM expression optimized by
their experimental results [6]

k*(aU, oU,
—wuy = C, for— (ax; + 0x:> (44)
— K 60
0= 2 (45)
1—1.5R
fre = ! (46)

1+1.5R,
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5. (PK/E) /0.09
1.4 - : 7
1. 2+ .fm(UShlJlla)
A fi (Ushijima)
M @) Co*for
0. 8-- A cn 'fDO
0.6 e
0. 4 k7
SO
0.2
]
-0.2
-2 -1.5 -1 -0.5 0 0.5
Gg/f
Fig. 2. Change of Ci, by G,/e.
1—1.5R, 1—1.5R
fre = ! / 47)

1+1.5R, 1+2.6R,

Here, R,: flux Richardson number, —G\/P;. In
equations (46) and (47), R, is replaced by R,
(R, = R//a,; in this case, o, is assumed to be constant,
0g = 1)

If the local equilibrium, P, + G, = ¢, is assumed and
Jre fre become simple, as shown below.

1+1 5GPy - e=G,+1.5G, 140.5G, /e
R 115G /P,  ¢—G,—1.5G, 1-2.5G,/e
(48)
. (140.5G, /¢e)*
Sre=s - (49)

"(1-2.5G,/e) - (1—=3.6G,[e)

The expression of fgzy, fgy proposed here also
becomes simple when P, + G, = ¢ is assumed.

. e—G G
Jov = Covi = Cova ™ + Cava =
= 1.0+1.os% (50)
G
Soo = 1.0+1.97?*. )

These model functions show similar changes by G, /e
as shown in Fig. 2. Compared with the model of
Ushijima et al. [6], the proposed model has the fol-
lowing advantages :

(1) The model proposed by Ushijima ez al. {6] is
not easily applied when the main flow is not defined,
since it uses the bulk Richardson number [equation
(58)]. However, the proposed model is designed to be
applied to any three-dimensional flowfields.
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(2) Ushijima et al. [6] derived their model empiri-
cally based on experimental data. However, the pro-
posed model is based on transport equations of uu,
and u8.

3. DEVELOPMENT OF A NEW LOW-REYNOLDS
NUMBER k- MODEL WHICH IS APPLICABLE
TO A LAMINAR REGION AWAY FROM THE

WALL

When the flow is highly stably stratified, the tur-
bulence intensity decreases and thereby, the flow
becomes pseudo-laminar. This phenomenon is
observed not only in the vicinity of the wall, but also
in areas away from the wall.

Since Jones and Launder proposed the low-Rey-
nolds-number k—& model, various types of the model
have been proposed [14]. However, almost all pre-
vious models are optimized to handle the so-called
low-Reynolds-number effect due to wall echo, which
is the inviscid characteristics of fluid motion. The tur-
bulence velocity fluctuation and the flux in the normal
direction to the wall decreases because of the wall
reflection effect of the fluctuating pressure. They do
not consider the low-Reynolds-number effect away
from the wall to be caused by thermal stratification,
etc. A new low-Reynolds-number k—-¢ model which is
applicable in both regions is needed for the application
to room air flows. Thus a new low-Reynolds-number
k~¢ model is proposed here.

Recently, Abe et al. proposed a new low-Reynolds-
number k-¢ model [15], which is applicable to a flow-
field including separation and reattachment. In their
model, the parameters of the model function f, are
defined by y* (=uy/v = y/n, here u, =(v/e)**; Kol-
mogorov velocity scale, and n = (v}/¢)'*; Kolmogorov
length scale). This model succeeds in simulating a
separated flowfield with a backward facing step.

The Abe-Nagano model is shown as follows [15] :

o5
[l o

3.1. Modification of model function £,

A new model function f,, based on the Abe-Nagano
model, is given as follows. In the new model, model
function is determined by not only y*, but also
Ri(=K*(ve) = Iin, 1 = k¥*[e).

* R3/4
e e S0 M i G
(4) (B
TSN
©
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Terms (A4), (B), (C) in equation (53) have the fol-
lowing roles:

(4) Van Driest type damping function of v, from
the buffer to log-law region by y*. Near-wall damping
function.

(B) Non-near-wall damping function of v, by Rz.
Term (B) reflects the phenomenon of laminarization
in the area away from the wall. In the near-wall region,
term (B) works the same way as term (4).

(C) Term for satisfying the limiting behavior of
wall turbulence.

The model function £, is required to reproduce the
near-wall limiting behavior f, oc y~'. The new model
function here satisfies this limiting behavior.

3.2. Model function £, in e-equation
/> is given as in the Abe-Nagano model [15)

(- s3]

(59
4. ASSESSMENT OF THE NEW LOW-
REYNOLDS-NUMBER k- MODEL IN THERMAL
CAVITY FLOW

4.1. Specification of thermal cavity flow used (Fig. 3)

To examine the performance of the proposed low-
Reynolds-number k— model, it is applied to a flow
in which the laminarization phenomenon is observed
away from the wall. Figure 3 shows a schematic view
of the thermal cavity flow [16]. The flow is driven
by the temperature difference between the hot wall
(68.0°C) and the cold wall (22.2°C). It is laminarized
not only in the vicinity of the wall, but also away from
the wall.

4.2. Boundary conditions at the wall surface (Fig. 3)
No slip boundary condition is used.

4.3. Basic equations and model functions

Dk ¢ v\ 0k
(k—eq)i)—t = é;j{(v—i— ;;) 6—x,}+P"+G"——6

De_ 0 [, x)0
(e~eq Dt ox,\\' T 5. Bx,

+ HCafi P+ Cof Ge—Cafs)  (56)

(5%)

kZ
v = C,f,‘?. (57
S, and f; are given as defined in equations (53) and
54). 1=10.C,=C3=15,C, =19, C,=0.09,
o, =14,0,=14.
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—L=05m—|

098/ 0z,=0

Insulated wall

Relanﬁnarlliziatfo;\

Hot wall
0,=68.0°C

Cold wall
0,=22.2°C

Insulated wall

06/0z,=0

Fig. 3. Thermal cavity used.

The results given by the proposed model are com-
pared with the results by the Launder—Sharma model
[17] and the Abe-Nagano model [15].

In this calculation, the model functions fgy, fas for
the thermal damping are not included, because a large
circulation is produced along the walls and the buoy-
ancy damping is not so strong.

4.4. Grids and schemes for calculation

The computational domain is discretized into
(50+2){(x;) x (100+ 2)(x;). The staggered grid system
is used. The convection terms of momentum equations
were approximated by means of the QUICK scheme,
and those for scalar equations were approximated by
means of the upwind scheme. The SIMPLE algorithm
is used for pressure relaxation.

4.5. Results and discussion

Figures 46 show the results of the mean velocity
profile, temperature profile and & profile, respectively.

The Abe-Nagano model [15] reproduces the vel-
ocity profile well ; however, it does not reproduce the
profile of k accurately enough at the area away from
the wall (Fig. 6, at X, = 0.1 or 0.4). On the other
hand, the Launder—Sharma model can reproduce the
k profile well ; however, it cannot reproduce the vel-
ocity profile with high accuracy. The present model
shows the best agreement. Therefore, it may be con-
cluded that the low-Reynolds-number treatment
defined here can reproduce the low-Reynolds-number

effect, both for near wall region and away from the
wall.

In the experiment, it is reported that there was some
heat loss due to insufficient thermal insulation. Thus,
the temperature profile from the experiment was lower
than the results given from the computations.

Improved low-Re-number model
(without buoyancy demping)

Abe-Kagano model
Launder-Sharma mode|

-0. 14+
-0. 2+
-0,
‘0. ‘ T T T T 3
0 01 02 03 04 05
X (m)

Fig. 4. Profile of U, (horizontal center line, X;=0.5H).
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2 i |
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0.2

0.3 0.4 0.5
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Fig. 6. Profile of k (horizontal center line, X; = 0.5 H).

5. ASSESSMENT OF IMPROVED k-: EVM WITH
STABLY. STRATIFED SHEAR FLOW WITHIN A
TWO-DIMENSIONAL CHANNEL

5.1. Specification of the stably stratified channel flow
used

Figure 7 shows a schematic view of the stably strati-
fied open channel flow. The experiment was conducted
by Ushijima ez al. [6].

5.2. Boundary conditions

(1) Inflow boundary. The measured results were
used for the inlet boundary conditions of mean
velocity, mean temperature, turbulence energy k and
dissipation rate ¢. The mean velocity of warm water
(U,) is0.072 m s and the mean temperature of warm
water (@,) is 29.2°C. The mean velocity of cold water
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U is 0.118 m s™' and the mean temperature of cold
water (@,) is 14.5°C. In this case, the bulk Richardson
number R, is given as follows:

R= —g,p@, ~ O[T, ~T)? = 46. (8)

(2) Outlet boundary. Free slip.

(3) Surface boundary of the open water channel. The
fluctuation of the water surface is very small, so the
surface of the open channel flow is assumed to be fixed
and the free slip boundary condition is adopted.

(4) Wall boundary of the channel botiom. The wall
function of the generalized log-law is used.

5.3. Basic equations and model functions

Equations (55)—(57) are used. uu;, u 6 are modeled
by equations (3)—(8) and (22)-(24). Thus, the
improved k— model including f3y [equation (21)] and
e [equation (38)] is used here (cf. note). To avoid
negative diffusion, fgv, fgs = 0.1 is imposed. The flow
field is very turbulent, so the low-Reynolds-number
effect is negligible in this case.

f;l =fl =f2 = 10, Cel = Ce3 = 15’ C52 = 19,

C,=009, o,=14, o .=14.

The results given by the proposed model are com-
pared with the results given by the standard k—¢ model,
which does not include f3y and fg,.

5.4. Grids and schemes for calculation

The computational domain is discretized into
(75+2)(x;) x (28+2)(x;) (cf. Fig. 7). The domain is
discretized equally in each direction. The convective
terms are approximated by means of the QUICK
scheme. The other numerical methods are identical
with those used in the case of thermal cavity flow.

5.5. Results and discussion

Figure 8 shows the results of the mean velocity
vectors, and Fig. 9 shows the results of temperature
distribution. Figure 9(a) illustrates the results given
by the proposed model which includes the damping
function fay and fge.

Figure 9(b) shows the results given by the standard
k—& model.

The hot water in the upper region and the cold
water in the lower region are mixed gradually. The
thickness of the mixing layer given by the improved
model is smaller than that given by the standard k—e
model.

Figure 10 shows the profile of mean streamwise
velocity (U,) at 1.0 m downstream from the inlet.
Figure 11 shows the profile of mean temperature at
the same position.

The results given by the proposed medel are clearly
better than the ones given by the standard k—¢ model.
The standard k—¢ model does not reproduce well the
damping effect on vertical heat and momentum trans-
ports by the stable stratification. However, the pro-
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Hot water _ —
6, U 0.18m
Separator h =0.28m
Cold water < 0.10m
- U. .
e.
.

Fig. 7. Stably stratified open channel.

(b) Standard k-¢ without fs and fs

0. ln/s

Fig. 8. Velocity distribution, (a) improved k—& EVM with fgy and fg,, (b) standard k-¢ without fgy and fg,.

(b) Standard k—¢ without fa and fa

Fig. 9. Temperature distribution, (a) improved k—¢ with fgy and fze, (b) standard k—¢ without fzy and fg,.
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posed model can predict this effect well. When fy and
fas are incorporated into the EVM of wu; and 18, the
thickness of the mixing layer becomes smaller and the
results become more accurate.

Since there exists slight, but clear, differences
between the results of the experiment and the simu-
lation, there should be some room for improvement
of this proposed model. However, the model has
achieved considerable improvement and it would
require many additional terms which are included in
DSM to obtain more accurate results.

6. APPLICATION OF THE IMPROVED k-t EVM
TO STABLY STRATIFIED AND LOW-
REYNOLDS-NUMBER FLOW FIELD IN AN
ENCLOSURE WITH SUPPLY AND EXHAUST

6.1. Specification of room model used

Figure 12 shows a schematic view of the two-dimen-
sional room model with supply and exhaust [18]. The
ceiling is heated, thus the flowfield is stably stratified.
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6.2. Boundary condition (Fig. 12)

(1) Supply boundary condition. The inflow boun-
dary conditions for mean velocity, mean temperature
and turbulence energy k;, of the supply jet are given
by the experimental data. The ¢, is given as follows :

&n = C,k2? /(0.5 1,).

(2) Exhaust boundary condition. The exhaust mean
velocity is given by the experimental data. Other quan-
tities are given by the free slip condition.

(3) Wall boundary condition. The velocity and k,,
are given based on the non-slip condition. The wall
temperature is given by the experimental data. The
Ewan 1S given as follows:

Ewan = 2v(0k'?[0y)*.

6.3. Basic equations and model functions

Equations (55)—(57) are used. In this case study,
the effects of both the buoyancy damping (fgv,fas)
and the laminarization (f,) are included in the k-
model (cf. note).

uu;, uf are modeled by equations (3)—(8) and (22)—
(24). £, and f; are defined as equations (53) and (54).
/1 = 1.0. To avoid negative diffusion, fgy, fzs = 0.1 is
imposed.

Cel = Cs3 = 159

C.=19, C, =009,

O'k=1.4, O'5=1.4.
6.4. Grids and schemes for calculation

The computational domain is discretized into
(100 +2)(x;) x (100+ 2)(x;). The numerical method is
the same one as used in the previous calculations.

6.5. Results and discussion

The results given from the improved k—¢ EVM with
/. [equation (53)] and fav, fe [equations (21) and (38)]
and the results given from the low-Reynolds-number
k—-¢ model without fgy, fge are compared.

Figure 13(a) shows the result of the mean velocity
vectors given by the improved model with fgy, fge, and
Fig. 13(b) shows those given by the low-Reynolds-
number k—¢ model without fgy, fgs. Figure 14 shows
the temperature distribution given by the improved
model with fgy, fae, and Fig. 15 shows the distribution
of damping function fgy.

In the results of the low-Reynolds-number model
without fgv, fse [Fig. 13(b)], the flow along the dia-
gonal line from the right bottom corner to the left top
corner is not straight. This flow pattern is not correct
compared with the results of the experiment. In the
improved model with damping function f,, fay and fg,,
the flow along the diagonal line is revised and shows
a straight line. Flow visualization by the experiment
shows the straight flow along the diagonal line, and
the improved model reproduces the experiment accu-
rately. Laurence and Craft are trying to simulate this
flow using the differential stress model. Their result is
similar to the result given by the improved model.
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Fig. 12. Two-dimensional enclosed space with supply and exhaust (non-isothermal flow field).
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Fig. 16. Comparison of U, profile (vertical center line;
X, =0.52).

In the low-Reynolds-number k—¢ model without fgy,
fae, the position of the center of the primary vortex is
located at the upper part of the cavity ; however, in
the improved model with damping functions f, fay
and fg,, the position of the center stays in the lower
part of the cavity. fgy and fpe work well and thus, the
flow at the left bottom corner becomes laminar. In the
right top corner, a second vortex is observed.

Near the flow, the main stream moves from left to
right ; however there is a small reverse flow which goes
from right to left just near the flow. Thus, a small
bump is observed near the left corner on the floor.

Figure 16 shows the profile of U, at X|, = 0.52 m line
(vertical center section). Figure 17 shows the profile of
U, at X; = 0.52 m line (horizontal center section). As
far as the —U—l profile is concerned, the results of both
the improved low-Reynolds-number model without
buoyancy damping and the improved model with f,,
Jfsv and fg, do not follow the experiment accurately.
However, the proposed model with f,, fgv and fz
predict the U, profile much better than does the model
without fgv, fze.

0.6 v‘ X Low-Re-number k—e
without buoyancy damping
0.1 1 @ Experiment

0. 2

0
15 20 25 30 35
149
Fig. 18. Comparison of ) profile (vertical center line;
X, =0.52).
35
e

(C) O Improved k—e with f., for, fme
3071 x Low-Re-number k-e

without buoyancy damping

2c1-| @ Experiment

T

204
15 :
0 02 04 06 08 104
X 1(.)
Fig. 19. Comparison of ) profile (horizontal center line;

X, = 0.52).

Figure 18 shows the profile of @ at X, = 0.52 m line
(vertical center section). Figure 19 shows the profile
of @ at X; = 0.52 m line (horizontal center section).
Computations both with and without buoyancy
damping predict the temperature profiles well.

O Improved k—e with f., fav, fo

0.15 X Low-Re-number k-¢
0.1 oi})uxx WIthOl.lt buoyancy damping
U, ¥ o @ Experiment
(‘0/.50)4 X
-0.1
-0, 2
-0.3

0 6.2 0.4 0.6 0.8 104

Xl(ﬂ)

Fig. 17. Comparison of U, profile (horizontal center line; X; = 0.52).
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As mentioned before, the model introduced in this
study can reproduce the buoyancy damping mech-
anism in the quite simple way. Though there are some
discrepancies between the experiment and the simu-
lation, these are not so large, and the model will be
useful for practical use.

7. CONCLUDING REMARKS

The improved low-Reynolds-number k—¢ EVM
which includes the damping effect of vertical transport
of heat and momentum is proposed. The model func-
tions proposed are expressed by f,, fpv and fg,, respec-
tively.

The new low-Reynolds-number treatment f, pro-
posed here can deal with laminarization of both near-
wall and non-near-wall (away from the wall).

With this non-near-wall and near-wall type low-
Reynolds-number treatment (f,), and with the damp-
ing function of the vertical heat and momentum trans-
port ( fgy and f3,), three types of flow fields with stable
stratification and laminarization are analyzed. The
results given by the proposed k~¢ EVM (with damping
functions f,, fev and fy,) are remarkable improvements
over the results given from the standard k—¢ model.

Note. 1t is possible to develop the damping func-
tions fay, fg. for the turbulent diffusion term of 4 and
¢ equations following the derivation of fay, fge-
However, they are not considered here since the effects
by fix. fs. are small in the flowfields which are analyzed
in this paper.
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