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Abstract

k-¢ model for three-dimensional boundary layers
" modified to inchide anisotropy and one modified for
rotating flows are described. Based on thesé models, the
predictions of a4 space-marching code show good agreement

with the flow data for a rotiting cylinder and a rotating
channel.

Nomenclature
C,,C, = constants in the algebraic stress model
(C; =15, C,=0.6)

D = semiwidth of the two-dimensional channel

k =turbulent kinetic energy

Py = production of u;u;

P =production of k

Ry =rotational parameter =2QD/U, .0

T =parameter in the anisotropic eddy viscosity
model ‘

U,U, U, =velocity components [U, is the principal
velocity component, U, normal (x,) to the
wall, U; in the tranverse (x,) direction ]

U, = U, velocity at the edge of the boundary
layer o

Uy Us,U; = fluctuating components of velocity in x,, x;,
X, directions ‘

X15X35X3 = coordinates: x; is the main flow direction, x,
the normal to the wall, and x; the cross-flow
_direction ‘
€ =rdte of turbulent kinetic energy dissipation
P =density
Q.09, =angular velocity

Contents
Modifications for Anisotropy

Il most three-dimensional boundary layers, 3U,/3X, and
3Uy/dx, are the only important mean velocity gradients.
Hence, the Reynolds shear stresses can be expressed in the
following manner:

_ K au,
= pU Uy =C] - 1
Pty = Cpizp—— 2%, 1

R au,
—pusuy =C; - 2
pustiy = Cuzo— o, (2
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When C,;, # C,5,, the modél is anisotropic. In many studies,
the isofropic assumption is used with C,), = C,;, =0.90.

Starting from Rotta’s T model! the following expressions
are derived for C,j, and C,;, (see Ref. 2 for details)

U3 + TU? U U, 8U,/8x
C =o.o9[——'—-—’—+ 1-T)—2123 .~ 3 2]
uiz v T "X UZ TaU,/ax, ®

UUu, 98U,/ 8x
C =0.09[1—T‘ 13 112
k=00 =D 0% =30, 7am,

Ui+ T
@
Ui+ U3

The parameter T is given by

tan(y, —v,) :
= any, ?v ©)
tan(7g—711) ’
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Fig. 1 Comparison between predictions and experiment for the axial
velocity profiles.
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Fig. 2 Comparison between predictions and experiment for stress
Uiy
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Yo Vs> and 7y, are angles made by the resultant velocity, shear
stress, and mean rate of strain vector with the principal direc-
tion x, respectively. Note that 7T=1 implies isotropic eddy
viscosity.

In the present study, T is assigned an initial value at the in-
itial plane and is then calculated from the local values of v,
Y:» and v, as the flow evolves downstream. At each stream-
wise marching step, after the solution of the mean and tur-
bulent quantities is completed, T is calculated at éach point in
the boundary layer. This value of T is used in the solution of
the next streamwise step. The calculations showed that the
variation of T across the boundary layer was not substantial.
Therefore, at each streamwise step, an averaged value of T is
used for all points in the boundary layer.

The anisotropic k-¢ model was tested for the flow over
Lohmann’s? rotating cylinder. The mean flow equations and
the k and e equations were solved with a space-marching
algorithm described in Ref. 4.

T was assigned a value different from 1 at the location
where the surfaced started rotating. Beyond that location, it
was calculated by the algorithm. The evolution of T for four
different initial values of 7" (0.9, 0.75, 0.5, 0.25) indicated that
after an initial adjustment region, T is found to be identical
for all initial T values.

Figures 1 and 2 show the comparison between the ex-
perimental data and the predictions from the isotropic and
anisotropic k-e¢ model at three locations x,/L =3, 8 and 16.
x;/L=0 is the location where the rotation starts and L the
characteristic length taken to equal to 0.0254 m. It can be seen
that the predictions for U, and i;#, have been improved by
the use of the anisotropic eddy viscosity model.

Modifications for Rotation

Galmes and Lakshminarayana® developed an algebraic
stress model for rotating curved flows. In a Cartesian coor-
dinate system, for equilibriuin flows (P=pe), their model
reduces to .

u;; _ 2 . Ry[1-(Cy/2)] + [P; —(2/3)6,P1(1-Cy)
k 3 Y C\P )
where

Ry = =20, (el + €10y, )

and ¢, is the alternating tensor. For a two-dimensional chan-
nel flow rotating about an axis perpendicular to it, Eq. (6)
yields (see Ref. 2).

Q k* aU,
~—tu,={0.09+ )-—— 7
“ithy ( S TIAZ N M
The above expression implies that
C,=0.09+0 ﬂ (8)
X2

The modified k-e model was tested the flow in a rotating
duct investigated experimentally by Johnston et al.® The flow
was two-dimensional at the midspan.

The comparison between the predicted and the measured
axial velocity is shown in Fig. 3. Even though the agreement
with the data is not very good, it can be seen that the modified
k-e model correctly predicts qualitatively the asymmetry about
the duct centerline (x,/2D =0.5).
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Fig. 3 Comparison between predictions and experiment for the

streamwise velocity for Ry =0.085.

Conclusions

Modifications to the k- model to account for the nonalign-
ment of the shear stress vector with the mean strain vector and
for the effcts of rotation have been proposed and tested. The
modified 7 model gave encouraging results for the flow over a
rotating cylinder, but it needs further testing in more complex
three-dimensional boundary layers. The study showed that the
rotation effects can be accounted through the modified coeffi-
cient C,. The present study has illustrated how the k-e model
can be extended, with the help of the algebraic stress equa-
tions, to account for complex phenomena.
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