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Abstract

Rotating flows have been encountered in many engineering-relevant applications such as a flow in turbomachinery. Recently, rotating
channel flows with arbitrary rotating axes have been investigated by direct numerical simulation (DNS). Although numerical studies of
spanwise rotating channel flow have been reported, there are few reports on streamwise and wall-normal rotating channel flows. In the
present study, first, we conducted DNS of various rotational channel flows in order to understand phenomena of rotating wall-bounded
flows and to make databases for turbulence modelling. It is found from the DNS results that cases of streamwise rotating channel flow
which have a mean spanwise velocity caused by rotation involve the counter gradient turbulent diffusion. Thus, since it is well-known
that the conventional eddy diffusivity turbulence model (EDM) cannot predict this case, we have to consider the reconstruction of a non-
linear eddy viscosity turbulence model (NLEDM) based on a cubic model. Consequently, we evaluated existing nonlinear eddy viscosity
turbulence models based on our DNS of streamwise and wall-normal rotating channel flows. Using the results of evaluation, we have
improved the modeled expression for Reynolds stress, in which a new cubic-type nonlinear eddy viscosity model has been proposed. The

proposed nonlinear two-equation turbulence model can accurately predict rotating channel flows with arbitrary rotating axes.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Rotating flows have been encountered in many engi-
neering-relevant applications such as a flow in turboma-
chinery. Recently, a turbulence model has been improved
for analysis of a turbulent flow with rotation. In particular,
in order to conduct more precise analysis of a rotating tur-
bulent flow, a nonlinear two-equation model is required
(Nagano and Hattori, 2002), in which rotating channel
flows with spanwise rotations are predicted accurately.
On the other hand, rotating channel flows with arbitrary
rotating axes have been investigated by direct numerical
simulation (DNS). Although DNS studies on spanwise
rotating channel flow have been reported (Nagano and
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Hattori, 2002; Kristoffersen and Andersson, 1993; Lambal-
lais et al., 1996), there are few reports dealing with stream-
wise and wall-normal rotating channel flows (e.g., Oberlack
et al., 1999; Wu and Kasagi, 2004).

In the present study, in order to obtain fundamental sta-
tistics on rotating channel flows with arbitrary rotating
axes, DNS has been conducted using the spectral method.
At the same time, we have made a DNS database for the
evaluation of turbulence models. DNSs provide detailed
turbulence quantities which are difficult to obtain from
measurements, and also provide the budget of the turbu-
lent transport equations. In particular, turbulent diffusion
and dissipation terms in the turbulent transport equation
can be obtained from DNSs, which are essential to con-
struct a turbulence model. Based on the present DNS of
streamwise and wall-normal rotating channel flows, exist-
ing nonlinear two-equation turbulence models have been
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Nomenclature

by anisotropy tensor, =, /2k — 6;;/3

k turbulence energy, =uu;/2

n local coordinate normal to wall surface

n* nondimensional distance between point and

nearest point on whole surface, =u,n/v
P, p mean and fluctuating static pressure

Rey, Reynolds number based on bulk velocity,
:2Ub5/v

Re, Reynolds number based on friction velocity,
=u. /v

Ro Rotation number based on bulk velocity and

angular velocity, =2Q6/U,,
Ro, Rotation number based on friction velocity,

=2Q6/u,

R, turbulent Reynolds number, =k*/ve

Sy strain-tensor, = (0U;/0x; + 0U,/dx;)/2

t time

U, V, W mean velocity in x-, y- and z-directions, respec-
tively

u, v, w turbulent fluctuation in x-, y- and z-directions,
respectively

Uy bulk velocity
U; mean velocity in x,-direction
u; turbulent fluctuation in x,-direction

U, friction velocity, = \/tw/p

u, Kolmogorov velocity scale, = (V8)1/4

X; Cartesian coordinate in i-direction

x, y, z Cartesian coordinate in streamwise, wall-normal
and spanwise directions, respectively

yt nondimensional distance from wall surface,
= uy/v

Wi absolute vorticity tensor, = Q; — €;uQ, =
(0Ui/0x; — 0U;/0xi) /2 = €ijmQm

Greek symbols

0 half-width of channel

0j Kronecker delta

& dissipation rate of turbulence energy,
= v(0u;/0x,) (u;/0x,)

Eijic Eddington’s epsilon

v, Vi kinematic and eddy viscosities

0 density

Q; vorticity tensor, = (3U,;/0x; — 0U;/dx;) /2
Ty wall shear stress

() ensemble- or time-averaged value
O)" normalization by inner variables (i, ., V)
D/Dt¢  substantial derivative, = 8/0r + U;0/0x;

evaluated. Using the results of evaluation, we improve the
modeled expression for Reynolds stress by proposing a new
nonlinear two-equation model for rotating channel flows
with arbitrary rotating axes.

2. Governing equations in rotational coordinate system

We consider a fully-developed turbulent channel flow
with rotation at a constant angular velocity as shown in
Fig. 1. The governing equations for an incompressible
rotating channel flow in reference frame rotational coordi-
nates can be described in the following dimensionless
forms:

Ou’

P |
o (1)
Du; oply 1 duf
i €l ! — € R ok + 2
D+ Ox; +Ref Ox; Ox; Cikeli0uty 2)
rot 47é

Vv
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f”fp@ Qs

Fig. 1. Rotating channel flow and coordinate system.

where the rotation number Ro. is defined as 2Q,6/u,. The
centrifugal force can be included in the effective pressure
pii(= pf — Ro*?/8), if fluid properties are constant, where
pt is the normalized static pressure, Ro = (Ro_/Ro_,«)l/ % is the
absolute rotation number, and r. is the dimensionless dis-
tance from the rotating axis (Wu and Kasagi, 2004). The
spectral method is used for the DNS (see Nagano and Hat-
tori, 2003). The computational conditions are listed in
Table 1. The boundary conditions are nonslip conditions
for the walls as well as periodic conditions in the stream-
wise and spanwise directions.
The Reynolds-averaged equations for the turbulence

model can be written as follows:

aU,'
o =0 (3)
DU,  10Pygy 0 ( oU;

D~ pom T Ty

— u,-u},—) — ZE,HQkUg (4)

Table 1
Methods for direct numerical simulation

Grid Regular grid

Crank—Nicolson method
Adams—Bashforth method

Time advancement Viscosity term

Other terms
Spatial scheme Spectral method
64 x 65 x 64

476 X 20 X 21d

Grid points (x; X x5 X x3)

Computational volume
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2 .
ujll; = §k5u — 2CyvS,;; + High order terms (5)
k2
Ry (6)

where the quadratic modeled expression for Reynolds
stress applying the rotational turbulent flow in Eq. (5)
was proposed by Nagano and Hattori (2002) as follows:

4C)
 fx Jr

(SuWij — WuSi) — <SikSkj —

2

u; = 3 2vtSU +—

2
kRo

?]Smnsmn)] + Qw
(7)

where g, = v/k is the characteristic time-scale, Cp, is the
model constant, and f3 is the model function. The last term
of the right-hand side is introduced to reproduce the wall-
limiting behaviour and the anisotropy of Reynolds normal
stress components (Hattori and Nagano, 2004) given as

follows:
4C ;i
O, = —2ktp |(SaWiy — WaSi) — | SuSty — LSS
Ir 3
(8)

where 1z is the characteristic time-scale for reproducing
the wall-limiting behaviour and the anisotropy of Reynolds
normal stress components.

The transport equations of turbulence quantities, i.e.,
turbulence energy, k, and dissipation rate of k, ¢, which
compose the eddy diffusivities, can be given as follows:

Dk o’k

— = T, +1II, + P, — ¢ 9
D¢ V@)cj@x_,-+ et et Be—e )
D¢ % e

— = T, + I, +~(CyP; — Cofie) + E+R (10
Dy v@xf@x/+ + +k( 1Pe »f:e) +E+R (10)

where T, and T, are turbulent diffusion terms, I1, and I,
are pressure diffusion terms, and Py (= —uu;U,;) is pro-
duction term. E is an extra term, and R is a rotation-influ-
enced additional term (Nagano and Hattori, 2002).

3. Discussion of DNS results in view of turbulence modelling

In order to determine improvements in the expression of
rotating, wall-bounded turbulent shear flows, DNSs of
fully developed channel flows with streamwise, wall-normal
and spanwise rotation are carried out using the spectral
method (Nagano and Hattori, 2003) for the 15 cases indi-
cated in Table 2. DNS results of cases for STR1-STRS
and WNRI-WNRS are shown in Figs. 2 and 3, respec-
tively (Case 3 is not shown here). In these cases, the span-
wise mean velocity appears to be caused by a rotational
effect, which increases with the increase in rotation number
in both cases. In particular, with increase in the spanwise
mean velocity of Case 2, a streamwise mean velocity
decreases due to the exchange momentum between the

Table 2
Computational conditions
Re, 150
Case 1: Streamwise rotation

STR1 STR2 STR3 STR4 STRS
Ro,, 1.0 2.5 7.5 10.0 15.0
Case 2: Wall-normal rotation

WNRI1 WNR2 WNR3 WNR4 WNRS5
Ro,» 0.01 0.02 0.05 0.1 0.3
Case 3: Spanwise rotation

SPR1 SPR2 SPR3 SPR4 SPR5
Ros 0.0 0.75 1.5 3.0 5.0

streamwise and spanwise velocity as in the following equa-
tions obtained by Eq. (4):

1oP o ([ oU —
0=+ (vor—mw) —20W 11
p Ox 6y<v©y uv) D
o[ ow _
-—— 2Q 12
0= 8y<v6y vw>+ U (12)

Therefore, in order to predict the flow of Case 2 exactly,
the spanwise mean velocity should be reproduced by a tur-
bulence model. Note that the wall-normal rotating DNS
(Case 2) of Wu and Kasagi (2004) was carried out on con-
stant streamwise mean velocity condition, but the present
DNS does not maintain the constant velocity. Thus, the
Reynolds shear stress, uv, tends to decrease remarkably
with the increase in rotational number as shown in Fig. 3(b).

On the other hand, it is found from DNS results that
cases of streamwise rotating channel flow (Case 1) involve
the counter gradient turbulent diffusion in the spanwise
direction shown in Fig. 2. In view of turbulence modelling,
this fact clearly demonstrates that the linear EDM and the
quadratic NLEDM cannot be applied to calculate the case
of a streamwise rotating channel flow. Thus, the following
modeled Eq. (13) employed in the linear EDM and the qua-
dratic NLEDM can not clearly express a counter gradient
turbulent diffusion

ow

o (13)

W = W
where the Reynolds shear stresses of a quadratic NLEDM
are expressed identical to a linear model. Also, it is noted
that the rotational term does not appear in the momentum
equation of a fully-developed streamwise rotating channel
flow indicated as Eq. (16), in which the rotational effect is
included implicitly in the Reynolds shear stress in the same
manner as the spanwise rotational flow (Nagano and Hat-
tori, 2002). Therefore, a cubic NLEDM or Reynolds stress
equation model (RSM) should be used for the calculation
of streamwise rotating channel flows as follows:

1P o ( dU
=t (v —w 14
0 p6x+6y<v8y uv) (19
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Fig. 2. DNS results of streamwise rotating flows (Case 1): (a) streamwise mean velocities, (b) Reynolds shear stresses, uv, (c) spanwise mean velocities,

(d) Reynolds shear stresses, ow and (e) turbulence energy.

10P ov? _

0=——————+20W 15
poy oy (15)
o ([ oW

-9 W 1

0 5 (v o vw) (16)

3.1. Evaluations of existing turbulence models in rotating
wall-bounded flows

Fig. 4 shows the assessment result using the present
DNS of two-equation models with NLEDM in the case
of streamwise rotating channel flow. The evaluated models
are a cubic model by Craft et al. (1996) (hereinafter
referred to as NLCLS) and a quadratic model by Nagano
and Hattori (2002) (NLHN). Obviously, the quadratic
model cannot reproduce this flow as mentioned in the pre-
vious section. The cubic model indicates overprediction of
mean streamwise velocity, U, and underpredicts the
Reynolds shear stress, 7w, in the case of a higher rotating
number. The wall-limiting behaviour of Reynolds stress
components is shown in Fig. 4(f). Although the NLHN

model is modelled to satisfy the wall-limiting behaviour
of the Reynolds stress component in the wall-normal direc-
tion in spanwise rotational flow, it can be seen that the
model does not reproduce the wall-limiting behaviour.

Evaluations of wall-normal rotating flows predicted by
the NLCLS and the NLHN models are indicated in
Fig. 5. In this case, it can be seen that the NLHN accu-
rately reproduces turbulent quantities. Thus, one may con-
sider that streamwise rotating flows can be predicted using
a quadratic nonlinear model. However, the wall-limiting
behaviour of the Reynolds stress component in the wall-
normal direction is not predicted in the vicinity of the wall
shown in Fig. 5(f).

3.2. Reconstruction of NLEDM

From these results, we propose a cubic NLEDM in a
two-equation turbulence model which can adequately
predict rotational channel flows with arbitrary rotating
axes, in which a modelling of wall-limiting behaviour of
Reynolds stress components is also considered.
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Fig. 3. DNS results of wall-normal rotating flows (Case 2): (a) streamwise mean velocities, (b) Reynolds shear stresses, uv, (c) spanwise mean velocities, (d)

Reynolds shear stresses, 7w and (e) turbulence energy.

The transport equation of Reynolds stress with the Cori-
olis term is given as follows:

Diuu;
D¢

where D;; is a molecular diffusion term, 7} is a turbulent
and pressure diffusion term, P; = —wu;(0U,/dx;)—
u;(0U,/dx;) is a production term, C;; = —2Q,,(€,uutlx+
enmiill;li) is @ Coriolis term, @;; is a pressure-strain correla-
tion term and ¢; is a dissipation term, respectively.
Introducing the Reynolds stress anisotropy tensor
b, = wu;/2k — 0;;/3 and neglecting the diffusive effect, the
following relation is derived with Eqgs. (9) and (17):

Db, _ 1 bi; + /3
Dt 2k k

In the local equilibrium state, since the relation Dbl_«//Dt =0
holds, Eq. (18) yields the following relation:

=Dy +Ty+P;+Cy+ Py —sy (17)

(Py+Cy+ & — &) — (Pc—e¢) (18)

0;)
(P +Cii+ @y —g;) = 2<b,~j + j) (P —¢) (19)

3

Using the form g; :gaéij +p &; of the dissipation term
(Gatski and Speziale, 1993) for Eq. (19), we can obtain

2

2
(Pk — E)bij = — ng,-j — k(biijk + bijik - gbmnsmnéij>

— k[b,‘k(ij + 26mk/Qm) + bjk(Wik + 26mkiQm)]
1

+ 511

: (20)

where I1;; = ®; —p ¢;, and the modeled I1; is employed as
the following general linear model:

Hij = _Clsbij + CszU

2
+ Csk (biijk + bpSi — 3bmn5mn5ij>

+ Cak(by Wy + bW y) (21)

where C1—Cs are model constants.
Substituting Eq. (21) into (20) and introducing nondi-
mensional quantities, we can obtain the following relation:

* k * QK * k 2 * * * * * *
bij = _Sij - (biijk + bijik - gbkéskléiJ) + by ij + bjk W

(22)
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Fig. 4. Evaluations of predicted streamwise rotating flows (Case 1): (a) streamwise mean velocities, (b) Reynolds shear stresses, u7, (c) spanwise mean
velocities, (d) Reynolds shear stresses, 7w, (e) turbulence energy and (f) wall-limiting behaviour of Reynolds stress components.

where In order to derive an explicit form of b* from Eq. (24), the
integrity basis, b* = 3., 0%WT® first proposed by Pope

* * Cy—4 A

S =138t(2=C3)Sy, Wi =381(2—Cy) [Qi/ + (ﬁ) GmﬁQm} (1975), is used with the following seven basis tensors:
* C3-2 P G -1

bij: (#%)by, 12%7 g= (%C1 B 1) T _s, T® =W*ZS*+S*W*27§{S*W*2}I

(23) T(Z) _ S*W* _ W*S*, T(7) — W*S*W*Z _ W*ZS*W*
Eq. (23) can be written in the matrix form as TV =87 —1{S"}, T®=8"W'S?-S°W'S’

2 T(4) — \V"2 _%{W*Z}L T(9) — W*ZS*Z + S*ZW*Z _ %{S*Zwﬁ}l
b* = -S" - (b S*+S'" - §{b S }I> +b"W" — Wb TO —W'S? - §7W*, T — W's?W?2 _ WS W

(24) (25)
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Fig. 5. Evaluations of predicted wall-normal rotating flows (Case 2): (a) streamwise mean velocities, (b) Reynolds shear stresses, uv, (c) spanwise mean
velocities, (d) Reynolds shear stresses, ow, (e) turbulence energy and (f) wall-limiting behaviour of Reynolds stress components.

Substituting Eq. (25) into b* = 3,0 TY gives
b = 0VS* + 0¥ (SW* — W'S")
+ Q(3) (S*Z _ %{S*Z}I)

+ Q(4) (W*Z . %{W*Z}I)

+ Q(S) (W*S*Z _ S*ZW*)

2
+ O (W'S"W™2 — WS*W)
+ Q(S)(S*W*S*Z _ S*ZW*S*)
+ Q(9) (W*ZS*2 + S*ZW*Z _ % {S*ZW*Z}I>

+ Q(IO) (W*S*ZW*Z _ W*2S*2W*)

(26)
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Table 3
Model constants and functions of transport equations for k and ¢
Ca Co Cis Coa Cs G C. Ca Go M fo
1.45 1.9 0.02 0.5 0.015 1.4 1.4 ~0.045 6.0 1497,(8) 1+5£,(8)
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Fig. 6. Distributions of predicted streamwise rotating flows (Case 1): (a) streamwise mean velocities, (b) Reynolds shear stresses, uv, (c) spanwise mean
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velocities, (d) Reynolds shear stresses, 7w, (e) turbulent intensities and (f) wall-limiting behaviour of Reynolds stress components.



846 H. Hattori et al. | Int. J. Heat and Fluid Flow 27 (2006) 838-851

On the other hand, substituting the integrity basis and the
theoretical expressions (Pope, 1975), TWS* + S T%—
HTYS M =3 H,,T" and TYW" — W'TY =3 1, TV
where H and J are the scalar functions, into Eq. (24), gives
the following equation for T*:

3O = — 37 5,10
-y o [(Z y )ﬂ/Tu)) _ <Z JwTu))
A A

A

(27)

Eq. (27) can be written as Q% = A;AIBA, where
Ayi = 75;,/ — H).y + sz, and B/l = 511. By using Cayleyf
Hamilton identities, the matrices H, and J,, can be deter-
mined. Thus, we can obtain Q'Y using Mathematica as
follows:

- —=NLCLS(1996)

- Present model

0 1

(a) u/é

(c)

0" = —5(6 = 3, =21, = 201, +30n,)/D Q' = =9/
0% = —(3+3n, — 61, + 213+ 6n,) /D 0" =9/D
Q(3) =(6—3n, —12n, — 213 — 6n4) /D Q<8) =9/D
0 = =3(3n, + 215 +61,)/D 0" = 18D
Q(s) _ —9/D Q<10> -0
(28)
where
7 15 2
D=3 =54 =5 = 8+ 30—y + 3
= 21915 + 214 + 2405 + 20y, — 61y (29)

with iy = {S™}, iy = {W*™}, 3 = {S™}, na = {S"W**} and
ns = {S*ZW*Z}.

In order to obtain reasonable forms for Q-0 we
assume Si3= Wj3=0. Thus, 53 and 54 become 0 and
ns = $nn,. Therefore, the following reasonable forms for
0M—0® can be derived:

0 '-‘-‘!.‘:::::::::2:::E'-ft-----'.é----'--—-— PR
0
E
S0
0 == o=z
09 e ;
A g ===NLCLS(1996)
-1 " © DN,S — Present model
0 1 2
(b) y/é

===NLCLS(1996)

Present model

0 1 2
(d) y/é

Fig. 7. Distributions of predicted wall-normal rotating flows (Case 2): (a) streamwise mean velocities, (b) Reynolds shear stresses, uv, (c) spanwise mean

velocities and (d) Reynolds shear stresses, 7w.
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oM =—__3
3=2n—6m;
Q(Z) - _ 3
3=2m—6m,
Q(3) _ 6
321, —61m,

G e L/ |
Q T (3=2n1—6m)(2—n1—1mp) ?
S .  -18
07 = (3=2n1—=6m2) (2= —12)

6 — __ 18
0" = (3=2n;—6mp) (2= —n2)

Consequently, we can obtain the cubic NLEDM as
follows:

* 3 * * * * Ok
by = — 32 + 60 {Sij + (Sikaj - WikSkj)
1 6
— (858, —=55,85,0 ) + ————
( ik kj 3" mnnm ./) +2_7]2+€2

* * l * * * QUK * k QU *
{”Iz <Wik ij 3 W, an> + (WikSkeSej — 84Sk Wej)

2
w(mamis e simiw, =S5, )| |

(31)
where 1 = (Sl’._‘iS;})%, (= (W:.}W:j)%, and b, S;; and W}, are
nondimensional quantities, respectively, redefined as fol-
lows (Abe et al., 1997):

b:; = CDbi/7 S* = CDTR,,Sij;

y

Wl*j = 2CD‘CRU Wl:]‘ (32)

Since the proposed model in Eq. (31) can be written as the
following equation for the Reynolds shear stress, 7w (or
b»3), in streamwise rotating flow, in which Sy, (=S5),
Wiz (==Wa1), S23 (=S32) and W3 (=—Wi3s) exist, the Rey-
nolds shear stress, ow, can be reproduced by the present
model

53 0060 {st + P [(W2151,5%

S Si) 4 (W iaSsy 1 Wiy WS,
S W + Sy W;)]} (33)

In Eq. (31), the functions 3/(3 —2n—2+6(* and
6/(2 — n* + ¢) may be taken to be a negative value or 0

Ro,=0.1

Symbols : DNS
Lines : Present model
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847

with the increase in #. Thus, in order to avoid taking a neg-
ative value or 0, we modeled these functions taking into
account the rotational effect as follows:

3
3= 22 + 607
1
TR ]
6
~ ’ (35)

() (st ) i)

where

e 36
122 =(Cptr, ) [Qu €Wy — Q)] (37)

The model function, /2, in Eq. (37) is introduced to avoid
an inappropriate value of (W**/4 — $*?) with the increase
in a rotational number. Since f;? = 0 is consistently kept
in nonrotational flows, inadequate Reynolds stresses
predicted by the proposed model are not given in nonrota-
tional flows.

5 R S S S
| Predictions < : Laminar solution |
P\ B Ro,.=0.10 O : DNS
=== Ro,=0.15

Fig. 8. Relation of between U and W in wall-normal rotating channel
flow.
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Fig. 9. Distributions of predicted wall-normal rotating flows (Case 2): (a) turbulent intensities and (b) wall-limiting behaviour of Reynolds stress

components.
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Finally, in order to construct a precise model for rota-
tional flow, a cubic term introduced in an NLCLS model
(Craft et al., 1996) is added in the proposed model. Conse-
quently, the final form of the present cubic NLEDM is
given as follows:

2
Tuj = gkéij — C]VtSij + CZk(TIZQU + TIZQW)(SI'I‘ ij — WikSkj)

1
+ C3k(T12€0 + szgw) <SikSkj - gsmnsmnéij>

+ cakts, (Wik Wi — % W n Wmnéfj>

+ cskty, (W iSkeSe; — SuSwW )

+ cekty, (Wl»k WSe; + SuW W — %S[m W i Wnééij)
+ crktd, (SiSkeSke — SyWiiWie) (38)

where v, = Cufukz/s and C,=0.12, and the model func-
tions and constants are given as follows:

1 = _2/fR17
¢, = —4Cp/fr1,
c3 =4Cp/ fr1,

cs = —8C}S?/(frifr2)

cs = 4C} fra/ (frifra),

cs = 2C5/ (fr fr2),

¢; =10C;C}, Cp=0.8

far =1+ (Cptro)’[(22/3)W°
+(2/3)(W? =8~ £2) 1]

fro =1+ (Cptao)?[(3/2) W7
+(1/2)(W? = S — 1) 3]

fra = 12[1 — exp(f5;'/26)]

fu=11=ABN1T + (40/RY")
exp|—(Rin/35)"*]}

f3 =14 Cy(Cprp,)*(W? = 87 = f2),

2 =Q,26 Wy —Q,), C,=50

w

Fig. 10. Coordinate system and arbitrary rotating axis in rotating channel
flow.

The characteristic time-scale 1z, is introduced in an
NLHN model (Nagano and Hattori, 2002) for an anisot-
ropy and wall-limiting behaviour of turbulent intensity
defined as

1 fu/Cp 3Cuf\
N6 S (1_ 8 )“ 40

s

Jsw = ) +?—fsgw (41)
2
2 2
1 = @—\/WT fulh) 42)

where C,; = 0.4, Cpp = 2.0 x 10, f,1 = exp[—(Ry,,/45)*] and
Jo=1—exp (—\/Rt / Cvz). The wall reflection function is

defined by fi (&) = exp[—(Run/E)?], and the corrected Rey-
nolds number for the rotating flow is given as Ry, =
(Ctmn*Rll/“)/(Ctlel/4 +n*) with C,,=13x 10? (Nagano
and Hattori, 2002). Moreover, it is found from the evalua-
tion shown in Figs. 4(f) and 5(f) that the wall-limiting
behaviour of Reynolds stress component is not satisfied
for the tested rotating flows. Thus, the model function in
Eq. (42) of characteristic time-scale 7, is slightly modified
as follows:

*2 *2
1 = \/g—\/Wwamz #3)

where §* = ElmnSanZa W= €tmn VanQé-
For the modeled transport equations of k£ and ¢ as indi-
cated in Egs. (9) and (10), the turbulent diffusion and the

pressure diffusion terms are modeled as follows (Nagano
and Hattori, 2002):

-------
aT=telS IS S SasSs S e

s

Ro,=2.5, Ro=2.5

O DNS
Present model

Fig. 11. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case STSP: streamwise mean velocities.
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I, = max {—O.SVaaxj []; azifjfw(l)} ,0} (46)
1= Cag- {1 - RGN 00} (@)

The extra term in the e-equation is adopted as the identical
to the NLHN model (Nagano and Hattori, 2002)

kU, T, k S 0U, 0°U;

E = Cav—Tl ——— v—
BV e Qo Ox Oox; Oy e Ox; Ox; Ox;0Ox;

(48)

Finally, a rotation-influenced addition term, R, in the
g-equation (10) is generalized as follows:

R = CofokeieWi;d 2y (49)

where d, is the unit vector in the spanwise direction. Model
constants and functions in the k- and e-equations are indi-
cated in Table 3.

3.3. Evaluation of proposed model

The evaluations for the newly improved NLEDM are
shown in Figs. 6-16. In order to calculate the present
model, the numerical technique used is a finite-volume
method (Hattori and Nagano, 1995).

First, the predictions of fully-developed streamwise
rotating channel flows calculated by the present model
are shown in Fig. 6. The results with the NLCLS model
(Craft et al., 1996) are also included in the figure for com-
parison. It can be seen in Figs. 6(a)-(d) that the present
model gives accurate predictions of both mean velocities

Ro,=7.5, Ro=2.5
00000 1

" Ro,=2.5, Ro=2.5
O DNS |
-1.5 ‘ , — Present model

0 1 2
y/é

Fig. 12. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case STSP: spanwise mean velocities.

and Reynolds shear stresses in all cases, and the test case
of the highest rotational number is adequately reproduced
by the present model. Also, the Reynolds normal stresses
are indicated in Figs. 6(e) and (f). Now, the present model
adequately reproduces redistribution of Reynolds normal
stresses, and can predict wall-limiting behaviour exactly.
These are because the modified characteristic time-scale
tg, given as Eq. (40) is introduced in the proposed
NLEDM.

Next, cases of wall-normal rotating channel flows are
shown in Figs. 7-9. In this case, the streamwise mean veloc-
ity decreases with the increasing rotation number due to
the exchange momentum between the streamwise and
spanwise velocity as indicated in Figs. 7(a) and (c). Thus,
the spanwise velocity increases at the lower rotation num-
bers, but the spanwise velocity reaches maximum value at

Ro,~0.04, Ro~11

y/é

Fig. 13. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case WNSP1: streamwise mean velocities.

Fig. 14. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case WNSP1: spanwise mean velocities.
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Ro,~0.01

O DNS
Present model

& 1
0 1 2
y/é

Fig. 15. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case WNSP2: streamwise mean velocities.

Fig. 16. Distributions of mean velocities in an arbitrary axis rotating
channel flow: Case WNSP2: spanwise mean velocities.

a critical rotation number. Then, the spanwise velocity
decreases because the streamwise velocity becomes almost
zero at higher rotation numbers. In comparison with
DNS results, the present model gives better predictions
than the predictions of the CLS model. In particular, Rey-
nolds shear stresses, ow, are predicted very well as shown in
Fig. 7(d). Fig. 8 shows relation of between streamwise and
spanwise velocities in this case, in which the laminar solu-
tions are included for comparison. Obviously, the flow
tends to laminarization with the increasing rotation num-
ber, and the present model can predict properly this ten-
dency. Also, the adequate predictions of anisotropy of
turbulent intensities are reproduced by the present cubic
NLEDM as shown in Fig. 9(a). As the above mentioned,
the present model can predict similar to the NLHN model
as shown in Fig. 5, but the wall-limiting behaviour is satis-
fied exactly as indicated in Fig. 9(b). Therefore, it is obvi-
ous that the present cubic NLEDM gives higher
performance for the predictions of rotating channel flows
while maintaining the performance of the basis model,
e.g., NLHN model.

Finally, in order to confirm the performance of the pres-
ent model, cases of rotating channel flow with combined
rotational axes are calculated as shown in Fig. 10, in which
DNS databases of these cases are provided by Wu and
Kasagi (2004). The rotation numbers of Case STSP are
given as Ro..=2.5-15 and Ro,.=2.5, those of Case

WNSP1 as Ro;,=0.04 and Ro..=2.5-11 and those of
Case WNSP2 as Ro., = 0.01-0.04 and Ro.. = 2.5, respec-
tively. The predicted mean velocities are shown in Figs.
11-16 with DNS data (Wu and Kasagi, 2004). It can be
seen that the proposed model gives accurate predictions
of all cases, since the proper modelling for rotating flows
with arbitrary rotating axes is introduced in the present
two-equation model with the cubic NLEDM.

4. Conclusions

We have carried out DNSs of various rotation-number
channel flows with arbitrary rotating axes in order to
obtain fundamental statistics on these flows. It is found
from DNS results that cases of streamwise rotating channel
flow involve a counter gradient turbulent diffusion regard-
ing spanwise turbulent quantities, so that the linear EDM
and the quadratic NLEDM cannot be applied to calculate
the case of streamwise rotating channel flow. Using the
present DNS data, both the cubic and the quadratic
NLEDMs are then evaluated. It is found that the existing
models cannot accurately predict turbulent quantities in a
streamwise rotating channel flow. Therefore, using the
assessment results, we propose a new cubic NLEDM for
Reynolds stress modelling in a two-equation turbulence
model which can satisfactorily predict rotational channel
flows with arbitrary rotating axes. The proposed model
can also reproduce anisotropy of turbulent intensity near
the wall, and thereby satisfies the wall-limiting behaviour
of turbulent quantities in the cases under study.
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