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Low Reynolds Number k- Modeling with Improved ¢ Equation

Kyoung Song*, Geun Jong Yoo** and Kang Rae Cho*
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A series of t-& model modification has been carried out using DNS data to include near wall
effects. Though these methods aided by DNS data open new ways of turbulence modeling, the
k-e turbulence models still have shorticomings in predicting turbulent flows for various
Reynolds numbers and various geometric conditions. Therefore a new f-g models with im-
proved dissipation rate of turbulent kinetic energy equation and the damping function for eddy
viscosity model is proposed. The new dissipation rate equation is based on the energy spectrum

and magnitude analysis. The damping function for eddy viscosity is also based on the dissipa-

tion rate length scale distribution near the wall and the DNS data. The new f-g model is
applied to fully developed turbulent flows in channels and pipes with a various Reynolds
numbers. Predictions show that the proposed model represents properly the turbulence prop-

erties in all turbulent regions over a wide range of Reynolds numbers.
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Magnitude Analysis. Length Scale, Reynolds Number Effect, Damping Function

Nomenclature

Co
D/m DE

. Model constants
: Molecular ditfusion terms of f and ¢

equations. respectively

fus foo fe . Damping functions

Fre
k

P

P
Pe
P €3
Pey
Re,

Re;

Re,

: Damping function for Re; effect

: Turbulent kinetic energy (k" =k/22)
> Production term of £ equation

: Mixed production term of ¢ equation
: Production term by mean velocity

gradient in g equation

. Gradient production term of ¢ equa-

tion

. Turbulent production term of g equa-

tion

: Turbulent Reynolds number {=%?/

ve)

. Reynolds number based on mean flow

velocity (= [J§/v)

. Reynolds number based on wall fric-

* Department of Mechanical Engineering. Yonsei Uni-
versity. Seoul, Korea.

** Department of Mechanical Design and Manufacturing
Engineering. Changwon National University, Chan-
gwon, Kyungnam. Korea.

Ve

I I

Ok> Os

¢,i’ qb,u'

tion velocity (=1.3/v)

. Mean strain rate(=dl//dv)
- Turbulent diffusion terms of £ and &

equation. respectively

. Streamwise mean velocity ({/*={//

ur)

. Fluctuating velocity component
: Turbulent shear stress(gg2¢;" = watt;/

u?)

T Wall friction velocity (= 7,/ 0)

. Nomarlized wall distance (=gy,v/v)

. Destruction term of g equation

. Ratio of mean field time scale to tur-

bulent field time scale(=5/{(g/ 1) "%

. Dissipation rate of £
: Psuedo dissipation rate of [ (=g—2y

( \"7;‘}) %

: Turbulent viscosity
: Additional

destruction term of g

equation

: Pressure diffusion terms of f and ¢

equation, respectively

: Turbulent Prandt! number
. First and second partial derivative

with respect to x;



852 Kyoung Song, Geun Jong Yoo and Kang Rae Cho

¢ : Time average of ¢
1. Introduction

Turbulent flows are common in engineering.
Therefore. various ways of the prediction for
turbulent flow have been suggested, and turbu-
lence modeling is a well known approach.
Despite its shortcomings. turbulence modeling is
widely applied to practical flows since its imple-
mentation is simpler than methods such as Direct
Numerical Simulation (DNS). With this advan-
tage, the main effort in turbulence modeling is
focused on the accuracy improvement. Among
many different types of turbulence models, the
— ¢ model may be the most commonly used one.
The standard £ — & model is easy to use, but it is
inadequate for complex flows due to its use of the
wall function. kF—e
models (denoted by LRN hereafter) have been
developed to eliminate the wall function from the
standard 4 — g model. Jones and Launder{1972)
initiated the LRN model development and Patel
et al. (1985) studied performance of some LRN
models. Hanjalic and Launder(1976) suggested a
low Reynolds number turbulence model with an
improved dissipation rate of turbulent kineric
energy equation model. Myong(1988) and
Nagano and Tagawa(1990) also extended the
LRN models. and their predictions show good
agreement with the results of wrbulent pipe flows
of Laufer(1954). However, physical modeling of
turbulent flows still contains inaccuracy to some
degree.

DNS analyzes turbulent flows without physical
modeling, and is widely accepted as a proper

Low Reynolds number

approach to obtain the detailed and accurate
information of turbulent flow field. Turbulent
channel flows of Mansour er al. (1988) and
Kuroda er al. (1990) and turbulent flut plate
boundary layer of Spalart(1988) are the examples
of detailed DNS DNS
requires huge computing capacity even for the
stmple turbulent Therefore, the DNS
results are more effectively utilized for validation
of physical modeling rather than for flow field
analysis itself. Rodi and Mansour (1993), Nagano

analyses. However,

flows.

and Shimada{i993), and Shin and Choi(1996)
have proposed LRN models which are based on
DNS data. Rodi and Mansour(1993) modified
the equation of dissipation rate of turbulent
kinetic energy and determined the damping func-
tion for turbulent viscosity by curve fiiting DNS
data. Nagano and Shimada (1993) impraoved Rodi
and Mansour(1993)°s work further by including
turbulent diffusion and pressure diffusion models
in the dissipation rate equation. Shin and Chot
{1996) modeled each term in the dissipation rate
equation separately. These models generally show
the good agreement with the DNS results for Re
. =395(Mansour et af., 1988) on which their
models were based. However, they show poor
prediction ability for Re,=130(Kuroda et af.,
1990). The models fail to reflect Reynolds num-
ber effects because the proposed models are based
on curve fitting of DNS data at a particular
Reynolds number without consideration of the
near-wall behavior of wurbulent properties.

In this study, 2 new LRN model is proposed
utilizing DNS data. The proposed mode! includes
an improved dissipation rate equation and an
improved damping function for the turbulent
viscosity. These are based on the distribution of
turbulent properties near the wall without any
fitted function. The proposed model also includes
a method to account for the Reynolds number
effect. This model is then applied to the fully
developed channel and pipe flows of various
Reynolds numbers. Prediction results are then
compared with DNS data, and they show excel-
lent agreement.

2. Turbulence Model

2.1 Governing equations

For incompressible, stationary turbulent flows,
governing equations for mass. momentum and
turbulent quantities can be written conveniently
in Cartesian tensor notation as follows.

Uii=0 [€))]

%}Qﬁ '_‘;;P,H” UC’-",,'J"‘ (ltil-[_i) J (2)

The momentum Eg. (2), is not closed due to
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; terms and these terms are modeled with
Boussinesq approximation and turbulent viscos-
ity. The turbulent viscosity is given by Eq. (3).
and the exact equation of the turbulent kinetic
energy and its dissipation rate are given by Egs.

4)-(3).

Vt:Cpf;zkz/E (3)
!l:p, + T+ T+ Di—e¢ (4)
Dt N

De

"’7: sl+R2+P€3+Pz4+Te+Hs+Ds—F (5)

The definition and the role of indivisual terms
on the right-hand side of Eq. (5) are given in
Rodi and Mansour(1993). To solve this equation,
physical modeling is required for many unknown
terms. Similar to the usual LRN models, Nagano
and Shimada (1993) recently modeled the produc-
tion terms, Py, P, Pes, Pes, and destruction term,
I, of dissipation equation altogether. They also
modeled the turbulent diffusion term, 7%, and the
pressure diffusion term, [7,, which were ignored
in the previous LRN models, However, their
model lacks the ability to account for individual
production term effects and includes a rather
empirical and complex damping function.

The new model for Eq. (5) retains the basic
modeling of P, and " similar to the previous
LRN models because they are mainly dominant
in the turbulent region and have little effect in the
low Reynolds number region. The terms of P,
and [ are given as follows.

Poy= cﬂ%& (6

F';Cszfz% (7

In Egs. (6)-(7), the model constants ., and
Ce., are 1.45 and 1.90, respectively, as in the
previous LRN models. The damping function, f,
is to be given in section 2.2.3. However, Eqgs. (6)
-{7) are assumed for isotropic turbulent flows. {n
an anisotropic flow near the wall, their predic-
tions show discrepancy with the DNS data as
Rodi and Mansour (1993) pointed out. Therefore,
Eq. (6)~(7) may require an additional destruc-
tion term, £, to account for anisotropic produc-
tion effect near the wall. The final form of dissipa-
tion rate equation becomes

%“‘: Czl k%‘“ C5J2%+E+Psx

+P52+P53+ Y}+1]:+De (8)
2.2 Modeling of ¢ equation

2.2.1 Modeling of P,., P,

Applying the order of magnitude analysis of
Tennekes and Lumley (1972}, the ratio of produc-
tion terms can be written as

sl+ £2 > I
Pag B o iy e 4

Using Eq. (6). P+ P., can be modeled as

P“+sz=Celf}eCﬁ;ﬁ%Pk (10)

where (5 1s model constant, f; is a new damping

function representing /Rel? and § is the ratio of

the mean field time scale S to the turbulent field

ume scale (g/y) V% For a fully developed flow, 3
becomes

g S _ldUiay]

(e/ )7 (efn)'?

The model constant ; can be determined by

considering asymptotic behaviors of 3, k, &, and

(D

P. near the wall. According to Chapman and
Kuhn(1986), these terms can be expanded as
functions of non~dimensional distance from the

wall, y*, as
U+:L’r,'/l[r:y++"‘ (123)
B =klut=auy ™+ byt 4+ (12b)
et=g/utv=2a,+4byt+- (12¢)

w0 = ut S Ui auwy P byt (12d)

where g, b aue 80d by, are constants.
P, is defined as

S T+ .
Pi= zﬁ: =uv” §%+ F ey (13)

Substituting Egs. (12) and (13) back into Eq.
{10) vields the following limiting behavior of P}
+ P% near the wall.

Pi+ Pa=CoffeCaawy* +0(y™) (14
Meanwhile, the exact P54 P35 can be written as a
function of fluctuating velocities, using Taylor

series expansion, as Mansour et al. (1988) sug-
gested.
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Pi+ Ph=4auy” +4Cy "™+ 0(y™%)  (15)
Though Egs. (14) and (15) represent two differ-
ent forms of PR+ P4, coefficients of the corre-
sponding terms should be identical to each other.
A comparison of coefficients of the largest terms
gives

CaCadfo=2 (16)

Here, f; represents 1/Rel? which becomes zero
away from the wall and can be approximated as

fr=exp[ = (Re./ Cp)?] (7)

The value of Cp of Eq. (17) is determined to

be 120 from the condition that 7, must be zero

beyond the logarithmic layer and the use of the

Re, value from DNS data at Re,=393{Mansour

et al., 1988). Also. 8 at the wall can be evaluated
from Egs. (11} and (12d) to be

p=ldlUdy | 1 (18)

+172

& v2ax Jeu

Thus, 2 at the wall depends on the wall dissipa-
tion rate, ¢5,=2¢,, which can be obtained from
DNS data. Mansour et a/. (1988) reported that
&4 18 about 0.22081 for Re, =395. Now, the model
constant Czof Eq. (16) can be found by substitut-
ing Ca. fs and g values into Eq. (16). The
resalting value of Cj is about 0.65. The final form
is

Pet Pa=065 - Caf5-Piexp ~ (Re,/120)7] (19)

22.2 Modeling of a additional destruction
term in dissipation rate equation

Rodi(1971) derived the g equation for
isotropic  flows. The ¢ equation, however,
requires modification for the near-wall flow since
this flow 1s anisotropic. As suggested in Eq. (8).
the additional destruction term, £, is introduced
in this study. For anisotropic turbulent flow, the
spectral energy equation (Hinze, 1959) is

%E(m H+v{x t)%g—:F(x, =2 E (e ) (20)

turbulent production dissipation rate

by the mean motion
Here, £ is the energy spectrum, F is the transfer
spectrum, ¢ Is the wavenumber and y is defined as
foltow,

/\ Bonorstion by  mewn motion
{ / F Incrawsement of tiasipation rats

dire io generation by & mesn moton

Yy

K

Fig. 1 Specrrum E and spectral energy balance at a
near-wall region,

r=2me| 2B~ n ] 1 2y

where £, is a spectrum tensor of turbulence
kinetic energy and g, is the component of
wavenumber vector. The budget of Eq. (20} is
shown in Fig. 1.

In Fig. 1, the hatched regions represent addi-
tional production and dissipation rate by the
mean motion due to anisotropy. According to
Hinze (1959) this additional production energy is
directly delivered to the small scale turbulence
flow by the mean motion, instead of transfer
spectrum, when the vorticity of the mean motion
is comparable with that of the turbulence flow.
So. the transfer spectrum F remains unchanged
for both isotropic and anisotropic flows. The
additional turbulence production must increase
the dissipation rate as shown in Fig. |.

With the definition of e=2y [ @Edk. Eq.
i}
(20) can be integrated from xz=0 t0 g=co to
vield the ¢ equation for anisotropic flow.

L2y ["eFds—av | “ebde- 24 [ e 22

z destruciion additional ¢ production
Eq. (22) is rearranged as

'~ ®1 o e
%}*zlu'/g I{'F[!A‘-Z’//;z (2u'E— " Fyde

I
-2y ﬁ»/ l’m/fﬂl/{ (23)

I
The first term of Eg. (23} is modelled by Rodi
{{971) as
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Aj“?ﬁm CafP~C (24)

e A
Unlike Rodi{1971)"s ¢ equation, additional terms
due to anisotropic flow are appeared in Eq. (23)

near the wall. " is the additional production of

. Since the contribution of (¢’ to the g equation
is the same as that of P, and P.,, Eq. (19) can be
used as the modeling form of this term. Mean-
while, )
tional to G’ near the wall and this term is
modelied as {ollows.

is an additional destruction propor-

From the correlation of spectral energy, 7 1s
found to be

Gr=-2-] f

0w or dl
=2 Vo ot dy (23)

where the integration of the second term of » in

4y ‘:g/ mfc‘(ELg) avtlk

Eq. (21) is zero from the spectrum relation
{Hinze, 1959).

Since the [’ term, named by
proportional to the (" term, £ is assumed to be

Y

& hereafter, is
the form multiplying Eq. (25) by a model con-
stant C..

E=—Cay gxl,’gf?%% (26)

Now, & is expressed as product of dissipation
rate tensor and mean velocity gradient. Since no
dissipation rate tensor can be found in the t—¢&
model, & is rewritten by using the pseudo dissipa-
tion rate, &, which becomes zero at the wall. And
the absoiute value of mean velocity gradient, 40/
dy is taken so that & is always negative.
dU | 27
dy
To determine, (., a numerical simulation is
performed by changing the values of (. for the
best fit against the DNS data. The optimum value
of C, is found to be 0.35.

In addition to the model constant, a damping
function is further introduced to ensure that the
additional ¢ destruction disappears in the logar-
ithmic layer. The additional g destruction distri-
bution should follow the additional £ production
distribution 10 maintain energy balance. There-
fore, the new damping function can be set to be

== CeEl55
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equivalent to f; of Eq. (17). Including the model
constant and the damping function, the final form
of £ model can be written as

Lo -(55)]

In Fig. 2, the distributions of P~ from the
present model and Rodi(1971)’s model are shown
with P+ P.,. The present model predicts the
DNS data trend at y* < 10 while the Rodi (1971)"
s model doesn’t. Especially. the sum of P+ P,
+ Peg+ Pey— I of present model agrees with the
DNS data. From this result. it is seen that the
modelling of near-wall terms, P, + P,, and £ are
successfully perfomed.

£=-035¢

2.2.3 Modeling of other terms

The gradient production, P, has a near wall
distribution different from those of the other
production terms. This indicates that P, requires
a separate modeling approach. Rodi and Man-
sour{1993y. Nagano and Shimada(1993). and



856 Kyoung Song, Geun Jong Yoo and Kang Rae Cho

Shin and Choi(1996) proposed their own P
models. Rodi and Mansour (1993)s mode! shows
correct trends for the z distribution. However, it
overpredicts the maximum and minimum values
of dissipation rate. Other models are generally too
complex to use. Therefore, the P, of Rodi and
Mansour (1993) is employed after multiplying 0.8
to adjust for its overprediction.

The damping function £, for ¢ destruction in
Eq. (7) 1s adopted from the work of Nagano and
Tagawa(1990).

fo={1~03exp{~ (Re,/6.5)°1 ][I —exp(~v*/6)]* (29)

Since the turbulent diffusion, 7, and the pres-
sure diffusion. [7,, are not negligible near the
wall, these terms should also be included in the ¢
equation as well. The turbulent diffusion model
of Nagano and Shimada(1993) shows good per-
formance: however, it decreases slowly near the
wall. The model of Nagano and Shimada(1993)
is used in this study after modifying the exponent
of g, from 0.75 to 1.0 as shown in Eq. (45a). The
pressure diffusion model is also adopted from
Nagano and Shimada(1993) as it has shown a
good agreement with DNS data.

2.3 Eddy viscosity damping function

The damping function, f;, of Eq. (3) is known
to be important to ensure correct near wall behav-
ior of mean velocity and turbulent viscosity.
Myong(1988) and Nagano and Tagawa(1990)
modeled the £, function on physical basis. How-
ever, their prediction has some discrepancy when
compared to the channal flows DNS data. Since
the f. functions of the LRN models have similar
problems, a new f, function is proposed to cor-
rect for this shortcoming, From dimensional anal-
ysis, the turbulent viscosity can be written as

Y= CeddyVTLdfd (30)

where £, is the damping function and Cayy, 15 a
model constant. [, represents the length scale of
dissipation rate which becomes [, in the high
Reynolds number region and [, in the low
Reynolds number region. In general, the length
scale of dissipation rate in the high Reynolds
number region can be approximated as

Lan= th/fa"?'/lé {31)
Meanwhile, [, has been proposed in various
forms. The length scale. /uk/e of Myong(1988)
and the Kolmogorov length scale p=(y3/g)'" of
Nagano and Tagawa(1990) are good examples of
La- Considering its small vatue very near the
wall(y*<2~3), » may be used as [, in this
region. Away from the wall(y*22~3), Jvk/z
could represent [, reasonably. [, is, therefore,
proposed to include these trends by combining 7
and yk/e with hyperbolic tangent function.

Y 1

Lo= CdIV’ T R (ReVT Ly (32
Now, the length scale, [, can be obtained from
Lo and Lgr Myong(1988) suggests [, as a
summation of L, and L, However, the simple
summation of Eq. (31) and (32) does not ensure
the correct length scale transition for different
flow regions. Therefore, a fourth order interpola-
tion is applied to have the final form of length
scale, [ 4

L= (La’+ Lo ) (33)
And this equation is arranged with respect to
th(:’—/isw/é“)-

14
R G ! ¢ )
A lrer ey ) 1)) e
Tt is verified from DNS data that [, of Eq. (33a)
becomes to L., as Re, proportial to y* becomes
large. Utilizing Egs. (33a). (30) and (3), /.
function can be obtained.

Ld::

fy:K RS:'E tanh (R!i“./C‘d,) )"H]% < fe (34)

The damping function, £, can be found by
considering the distribution of turbulent prop-
erties near the wall. From Egq. (12), following
relationships can be obtained at the wall.

ur o e . s <
vl =y, frecyt etxgr (33)

dU/dy
From Egs. (35) and (3), the near wall behavior
of f. is found to be proportional to I/y*. Since
the term in the square bracket of Eq. (34) follows
1/y* distribution, £, function must be propor-
tional to y*? to satisfy the limiting behavior of £,.
Now, £, can be
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fa=1=exp[— (3"/Cr)?] (36)
where C, s the model constant. Cj, could be set
to 41 to satisfy the condition that £, must be one
beyond the logarithmic layer.

C, and (4 can be determined from the
asymptotic analysis of turbulent properties. From
Eqg. (3), (12) and Boussinesq approximation for
usu;, the near wall behavior of £, can be found.

€+};I7+ zak * dApr i 3
e UU = Qx 4. (37

i Ck2dU™ [ dy* Cutti ¥y o G0
On the other hand, the near wall behavior of £,
can also be obtained directly from Eq. (34)
together with Eq. (36) and the limiting behavior
of Re,.

374

G Cy 3y .‘._Cx‘Cut/_-?._) !
fo=TRegn T w7

From Egs. (37) and (38). the model constant,
C, + Cy is obtained as follows.

. 3/4
2

G Cdt':—““‘—‘r—’(l&;aiw C}d(%‘) (39)

Inserting DNS data at Re =395 into Eq. (39),
Ci + Ca 1s found to be 35. However, the values of
the wall dissipation, g3, and ¢,, vary with Re,,
C, and Cg, can be further refined after including
the effect of Reynolds number.

2.4 The Reynolds number effect

Recently developed LRN models can accurate-
ly predict high Reynolds number flows. However,
their predictions are poor for low Reynolds num-
ber flows. The current model takes into account
this Reynolds number effect.

Cy » Cua of £, is obtained from DNS data and
shows Reynolds number dependence in Fig. 3.
C: + Cu can be curve-fitted as follows.

Ci+ Cy=40- fRe (40
Jfre=1—0.5exp(—Re;/10%) (40a)

Since Eq. (40) is the form of multipling C, and
Ca together, C, and C,;, must be divided. C, is
experientially determined as 4.0 from the fact that
a constant similar to C, of the present model has
a value between 3.5 and 4.0 in Myong (1988) and
Nagano and Tagawa(1990). Thus,

Ci=4.0, Cy=10- Jre 4n

45
CrCa | spatart (1968, Reg=1410
40 B
35 1 Mansour of al (1988)
\ Re¢=395
10 4 . 40[1-0.5 axp(-Re5/10")]
*\_Mansour et al (1888), Ra,=180
25 Kuroda st &/, {1980), Re,=150
« DNS data
20 4——r " .
10 10°
Re $

Fig. 3 (, - Cu distribution with respect to Re,.

Table 1 Constant variation with Re;

Re, G | Ca | Co | Co
13750 35 10 120 100
Fo[‘Ri“ of 4.0 IOfRe [401‘}& IZOfRe

The damping functions of Eqgs. (17) and (28)
should depend on Re, and the mean flow
Reynolds number Re; for the following reasons.
According to the DNS data, limiting behavior of
Re, near the wall depends on gj which varies
with Re; e} decreases as Reg decreases and Re,
eventually also decreases. In other words, Re,
should be decreased as Re; decreases, and, conse-
quently, the damping effects of Egs. (17) and
{28) should increase. Therefore, the model con-
stants of these damping functions should be cor-
rected by Eq. (40a) to include the Re; effect. The
values of the current model constants for the
damping functions are determined from the DNS
data for Re,=395. Incorporating the Re, effects
on the damping function, the revised model con-
stants are shown in Table 1.

25 Final form of proposed LRN mode!

Substituting each modeled term into the gov-
tinal form of newly
proposed low Reynolds number f— ¢ model are

erning equations, the

presented belows.

Turbulent kinetic energy equation
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Dissipation rate equation

DE« Ve | ' p € ‘52
ﬁ?—[<y+»‘m>c'{;,y+ Cclpk I Cs:fz K
dU
035 & dv 1s

+0.5 - [U‘%}’wk (1 "fwk} k}}
W5

08 [Wr( U’w)2+O.006y“§*/f,yb’.yU.w} (43)

£, function

) i R
el (e ) 1] [i-eol (3] ]
(44)

Here, the other damping functions and model
constants are also given by

1.2 -

O = T3 5exp[ = (Re,/ Cra) ) (43a)
=135, (45b)
Co=145+ (1+0.63483) (45¢)
B=\dU/dyl/ (e/v)"* {45d)

s=exp|— (Re;/C)?] (17)
fre=1—0.5exp(—Re,;/10%) (40a)
Sue=exp[ ~ (y*/9)7] (46)

and the model constants C, Cry. Cy are shown
in Table 1.

3. Numerical Method

The governing equations for fully developed
turbulent flow are discretized by finite volume
method (FVM), and the discretized equations are
solved by TDMA. The symmetric boundary con-
dition 1s used at the centerline and no-slip, no
-penetration conditions with £=0 and g,=y
(#k/dy*®) » are applied at the wall. Since g, is
given in the form of a second spatial derivative, it

Yoo and Kang Rae Cho

often induces the numerical instability, As a rem-

edy, Chapman and Kuhn (1986)’s relationship is

applied (Eq. (47)).
. 4V/f1

Ew 7 &1

»

(47)

where the subscript | denotes the first grid point
from the wall. To assure the numerical accuracy,
we set the first grid point at ¢ =0.1, and a non
-untform grid is generated with an increasing
ratio of 1.01. Grid independence test is performed
against different number of grid points and the
grid independence is achieved for a total grid
number above 65.

4. Results and Discussion

4.1 Evaluation of the modified model

The performance of the new LRN model is
compared with the corresponding DNS data and
the model of Nagano and Tagawa(1990). As
shown in Table 2. test cases are selected by com-
bining new and existing models. The "Present’
case refers to using Egs. (43) and (44) for the
dissipation rate equation and the damping func-
tion. Case A uses the new damping function, Eq.
(44) and the dissipation rate equation of Nagano
and Tagawa(1990). Case B is setup with the
damping function of Nagano and Tagawa(1990)
and the newly proposed dissipation rate equation.
Thus, the new dissipation rate and damping func-
tion models can be evaluated individually. The
effects of model constant correction are assessed

~ via Case C and Case D which include different

sets of model constants as shown in Table 2. Fig.
4(a) presents the near wall behavior of ¢*. Pres-
ent case and Case B produce better predictions
than the Case A. Thus the new dissipation rate

Table 2 List of test case

Case fu & eguation C Ca Cr Crs
Present Eq. (44) Eq. (43 4.0 10 fre 140 fg, 120 fre
Case A Eq. (44) NT's model 4.0 10 fre 140 fze 120 fao
Case B NT’s model Eq. (43) 4.0 10 fre 140 fge 120 e
Case C Eq. (44) Eq. (43) 35 10 120 100
Case D Eq. (44) Eq. (43) 4.0 10/ 120 100
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Fig. § Verification of Reynolds effect correction
(@ : Kuroda er af., 1990).

equation model can describe near wall behavior
of g*. Present case results closely follow the DNS
data for g* while Case B’s results show deviations

from the DNS data. The effect of damping func-
tion model is displayed more clearly in Fig. 4(b).
Fig. 5 shows the predictions for Re_ =150. Com-
parisons of {J* and g% clearly show that the
Present case results are in excellent agreement
with the DNS data (Kuroda et al., 1990). Thus,
one can infer that the proposed model properly
reflects the Reynolds number effect.

4.2 Turbulent channel flow

Performance of the current model is verified
against fully developed turbulent channvel flows of
different Reynolds numbers. For comparison,
prediction results from the models of Nagano and
Tagawa(1990), Nagano and Shimada(1993) and
Shin and Choi (1996) are also presented in Fig.
6. Acceptable agreement between predictions and
the corresponding DNS data (Mansour er al.,
1988) is found for mean velocity, {J*, and turbu-
lent kinetic energy, 4*. Present case, however,
shows the best agreement, and the same trend can
be seen for the dissipation rate, ¢, as explained
in previous section. The budget of t* equation
also shows excellent agreement with DNS data
{Mansour et al., 1988).

In Fig. 7, the predictions for different Reynolds
number are presented. Similar to the case of Re,
=395, the current model can predict the DNS
data(Kuroda et a/., 1990) except that slightly
overpredicted k¥ is observed near center region.
Therefore, the current model successfully
accounts for the Reynolds number effect(Fig. 8).

4.3 Turbulent pipe flow

The model is applied to a fully developed
turbulent pipe flow. Fig. 9 shows predictions
from different modeis and the experimental data
of Schildknecht er al. (1979) for Re,=500.

General agreement is observed for {J* and £*
except near center line of pipe. Predictions for e
shows a similar agreement between predictions
from the current model and the Nagano and
Shimada (1993) model with the trend in channel
flows. The visible discrepancy between the model
predictions and the experimental data is well
known and is thought to be due to measurement
errors. A similar comparison against Laufer
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Fig. 6 Comparison of prediction results in a channel
flow for Re,=395(@ : Mansour er al.,
1988).
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Fig. 7 Comparison of prediction results in a channe!
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Mean velocity distributions in channel flows
with various Reynolds number. (i : Johan-
son and Alfredson(1982). @ : Mansour et
al. (1988), (O : Kuroda et al.(1990).

Fig. 8
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Fig. 9 Comparsion of prediction results in a pipe
flow for Re,=S300(J : Schildknecht et al..
1979).

(1954)’s experimental data is shown in Fig. 10

Fig. 11 also presents comparison results of {J*
prediction at different Reynolds numbers. The
good agreement between predictions and data
confirms that the current model can correctly
predict turbulent flows at various Reynolds num-
bers.

4.4 Turbulent flat-plate flow

The model is also applied to turbulent flat
-plate flow cases. The predictions are compared
with the DNS data of Spalart(i1988) and the
experimental data of Nagano et al. (1991) (Fig.

25
u* 20+
15
10

- Bp. |
1 10 100 1000
v+

(a) Mean velocities

1 10 10 1000
y+
{b} Turbulent kinetic energies

Fig. 10 Comparison of prediction results in a pipe
flow for Re, = {052 (W ; Laufer. 1954).

A

Tu'=25Iny* 80

R | Prosart | Oate

10 %08 i @
1053 j~---- L]
1 1498 [—-m| o
5 254 |- O
o : - - S
1 10 100 v 1000

Fig. 11 Mean velocity disiributions in pipe flows
with various Reynolds number. (@ | Schild-
knecht et al. (1979), WK : Laufer(1934), 0,
[ : Hishida er af. (1976)).

12,
Again, the present {/* model can predict more
accurately than any other model. £* predicted by
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Re ¢ =1052 { Re g =40000)

0 0 400 500 w 1000 1200
{b) Turbulent kinetic energies

Fig. 12 Mean velocity and turbulent kinetic energy

distributions  in  flat plate flows (Il :

Nagano ef a/.(1991). @ : Spalart (1988)).

the current model also agrees well with the DNS
data, but shows a slight discrepancy with the
experimental data. From this comparison, the
current model is shown to be capable of predict-
ing boundary layer flow.

5. Conclusions

A new k—g model has been developed based
on physical consideration of the near wall behav-
ior of turbulence quantities. [n the new k—¢
model, the dissipation rate equation and the
damping function are improved. The present
model has been verified against the DNS and
experimental data for internal and external flows
for a wide range of Reynolds numbers. The
present model can accurately predict the turbu-
lence field including mean velocity, kinetic energy
and its dissipation rate. Particularly, the proposed
model with the improved ¢ equation clearly
shows its ability to reproduce the & distribution
which has its maximum value at the wall and then

decreases away from the wall. Also, the Reynolds
number effect is adequately reflected in the
proposed model 10 yield excellent predictions for
flows at different Reynolds numbers.
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