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Abstract

Curved three dimensional boundary layers are regarded using Second moment clo-
sures. Different models have been tested on one internal and one external flow
case. The results are more accurate using a Reynolds stress model compared to
an eddy viscosity model, e.g. the k-e-model. Even so, the k-e-model predicts the
pressure distribution, on the prolate spheroid test-case, more accurate than any of
the Reynolds stress models tested.

Furthermore it is shown that it is worth while to use a realizable pressure strain
model that need no wall reflection terms in terms of both accuracy and stability. It
is a fact that a CFD-code of any generality usage have to use this type of model to
succeed with a Reynolds stress model.

1. Introduction

Computational fluid dynamics, CFD, have not yet been fully accepted as the engi-
neering tool in aerodynamic design processes. CFD is not regarded as trustworthy
enough for this purpose. Thus aerodynamic design processes still heavily depend
upon experiments. However industrial and commercial CFD softwares are being
used more and more, but many of these have only simple turbulence models avail-
able such as models based on the eddy viscosity assumption. Thus the eddy viscosity
models are often used in industry even though they are known to erroneously mimic
the behaviour of the turbulence in complex flow situations such as curved flows
including separation. However many results obtained using eddy viscosity models,
EVMs, are surprisingly accurate, see Ramnefors et al. [3].

Second-moment closures have been used as an alternate and more physical ap-
proach to the problem. Computer have now become fast enough to allow these
Reynolds stress models, RSMs, to be used in full three dimensional simulations.
RSMs are however not used very frequently for engineering purposes because of
problems with how to cope with walls in a general manner and lack of numerical
robustness which is not built in naturally into the model in the same fashion as what
is done in EVMs.

RSMs are, just as EVMs, usually designed for simple two dimensional test cases.
Industrial needs are numerically robust codes including turbulence models that are
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capable of describing the proper turbulent structures in very advanced three di-
mensional flow situations. Even if a RSM is used this is not a priori known to be
true, see Schwarz & Bradshaw [13]. Expectations are however that RSMs should be
more accurate than EVMs in complex three dimensional flows because of its exact
approach for the source terms that physically maintains the turbulence.

In this work, several RSMs are tested on two test-cases. One test-case is the flow
through a bent rectangular channel and comparisons are made towards experiments
by Kim & Patel [7]. The other test-case is the flow over a prolate 6 to 1 spheroid
at a 10 degrees angle of attack. Comparisons are made towards several experiments
by Ahn [2], Chesnakas & Simpson [4] and Kreplin & Stager [8]. Both test-cases are
three dimensional and quite complex in character why they are delicate tasks for
any turbulence model.

The commercial flow solver CFX4 [1] is used. In order to be able to implement
new turbulence models we have access to relevant parts of the source code.

2. Turbulence models

The model equation for the Reynolds stresses @;w; in an incompressible flow using
the generalized gradient diffusion hypothesis GGDH [5] for the turbulent diffusion
becomes,

Duit; = — |wu % + T % %-(P"'—‘“%-i CUU Eauiuj +V@u7;uj (1)
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Most models differ mainly in the modeling of the pressure strain interaction term
®i;. A model exists already in CFX4 and it 1s the return to isotropy term by Rotta
[12] combined with the Isotropization of Production term by Naot et al[11](IP).

2 .
¢ij = crea;; + ¢ (Pi' - §Pk5ij> (2)
where a;; = w;u;/k — 2/36;; is the anisotropy tensor. This model has no wall

correction terms and mimics the stress distribution erroneously if a wall is present.

The wall reflection model of Gibson and Launder [6], (GL), has been added to
the IP-model in this work and is used in a form that takes only the closest wall into
account. In addition to these models a nonlinear cubic proposal by Launder and Li
[9] (LLI) has been tested. One of the benefits gained from the latter model is the
fact that it seem to work fairly well without wall reflection terms.

The dissipation term is modeled using the assumption that the small scales are
locally isotropic, €;; = 2/3¢0;;.

Wall-functions are used at the wall boundaries and the stresses are handled ac-
cording to the proposal of Lien and Leschziner [10] extended to three dimensions.
Dissipation rate is set as, ¢ = Uf/(/i?]wa”), at the node adjacent to the wall. Fur-
thermore the stresses are set in a local stream aligned coordinate system with unit
base vectors { = (teyty,t.) and 1 = (ng,ny,n,). 1 is the unit wall normal vector
and 1 is the unit wall tangential vector that is aligned with the flow. The third
component in this orthogonal set of base vectors is taken as the cross-product of
{ and 7 . The stresses in this locally symmetric flow are set as (uw) = 1.098k,
(v0)" = 0.247k and (@v)’ = —0.255k where k = U2/, /¢,. Note that due to sym-

metry, (vw) = (wu) = 0. U, is computed from the log law. A simple coordinate
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transformation will then render the following stresses at the node adjacent to the

wall,
wt = L*(w) + n,*(v0) + 24 n, (wo)
(ww)' fy2ﬂz -2 (W)' by ny L, ny + (W)' tz2ny2
rT— u)’ + ny (UU) + 21y n, (uv)
+( ) .2 0" — 2 (ww)' L, n, b, n, + (Ww)' 1, n,”
ww = (W) +n, (vv) + 21, n, (uv)
-2

2
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vw = U, b, (un) + L, ny (W) + n, ¢, (w0)' + n, n, (v0)’
—{—(ww)' t, ng by, ny — (W)' L, nery — (ww)/ t2n, Ny
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The transformations mentioned above was performed using the symbolical mathe-
matical software Maple V. The Fortran source code was produced by Maple V and
then incorporated into CFX4. The LLI pressure strain model was coded using a
similar technique.

3. Developing flow in curved rectangular duct

The computational domain is shown in figure 1. Inlet profiles are set according to
experiments by Kim and Patel [7]. No separation is present but the turbulence is
affected by the bend and thus the structure of the secondary motion will change.
Experiments are available at several planes along the bend. Comparisons are made
with experiments at a plane 45° into the bend which is halfway through the bend.

The mesh contained 194560 cells see figure 1 and was tested for grid indepen-
dence using a somewhat finer mesh and no difference was discovered.

4. Prolate ellipsoid at incidence

The flow around a 6 to 1 prolate spheroid at incidence has been considered and
it is one of the best test-cases available where a three dimensional separation oc-
curs at a curved boundary. The flow pattern is very complex and it is a delicate
task for turbulence models trying to mimic the turbulent structures that is present.
It is experimentally documented by several authors and present computations are
compared to experiments by Chesnakas and Simpson [4], Ahn [2] and Kreplin &
Stager [8]. The computational domain and mesh are shown in figure 5 and the
Reynolds number based on the free-stream velocity and the length of the model is
Rer, = 4.2-10°. The mesh is a 3-block o-type mesh embedded in two blocks upstream
and downstream respectively. The number of cells is 326 000. Grid independence
has been checked using a somewhat finer mesh and no major difference could be
detected.
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5. Results

This study contains two test-cases that are very different in character. In the duct
flow no separation is present but the secondary motion is affected by the bend and
thus the turbulent structure as well. All models do capture the development fairly
well, see figures 2 and 3. Tt is interesting to see the difference between the GL- and
the LLI-model since no wall-topography terms is involved in the LLI-model. Still it
does capture the development of the flow. The ability of the RSMs to capture the
turbulent structures are also remarkable, see figure 4. The LLI-model is best overall
and the k-e-model is the least accurate model.

In the flow over a 6 to 1 prolate spheroid a three dimensional separation is
present and the flow structures are very complex. Friction stream traces are shown
in figure 6. Comparisons are made to experiments by Kreplin & Stager [8] where
the Reynolds number is larger, that is Re;, = 7.7-10°. All models separates too late
in comparison with experiments except for the LLI-model. Pressure distributions
at walls are available from Ahns [2] experiments and comparisons with simulations
are shown in figure 7.

Velocity profiles compared by the experiments of Chesnakas & Simpson are
shown in figure 8 and are extracted at z/L = 0.7622 in the radial direction of an
angle 8 = 1259 from the wind-ward center radius. In the experiments separation
at this z location occurs at approximately, Bsep = 123°. For the U velocity, the
cubic LLI-model matches experiments best at least in shape. The k-e-model also
give fairly accurate results for U. For the vertical and spanwise velocity components
all models fails in predicting the proper level. However the shape is more or less
correct for all models.

6. Concluding remarks

The standard model in CFX4, that is the IP-model, is very hazardous to use in any
wall bounded flow which is shown in figure 8. The GL wall reflections do improve
the IP-model however the model behaves somewhat less stable than the IP-model.
Best overall is the realizable cubic LLI-model which still proves to be inaccurate in
the difficult prolate spheroid case, see figure 8. The LLI-model underpredicts the
Reynolds stresses, see figure 4, however gradients of stresses are fairly correct using
this model and thus the momentum equations are not affected very much from this
fact.
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Figures

Figure 1: Domain and grid of the bent rectangular duct.
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Figure 2: Secondary velocity field at 459 of the bend.
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Figure 4: Shear stress, uv, iso contours at 459 of the bend.
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Figure 5: Domain and grid of the 6 to 1 prolate spheroid. The angle of altack is 10
degrees.
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Figure 6: Friction streamtraces on the surface of the body.
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Figure 7: Pressure coefficient at the wall along the symmetry plane on the suction
stde.
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Figure 8: Velocity at x/L=0.7622 as a function of radial distance from the wall, 1.
The profile is taken al an angle 3 = 125° from the cenler wind-ward side radius.
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