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Introduction

ENTER’S k-w shear-stress transport (SST) turbulence

model' has become fairly popularin the aerodynamics com-
munity. This is mostly because it predicts adverse pressure gradient
boundarylayers more accurately than the k—e models and because it
does not share the harmful freestream w sensitivity of Wilcox’s k-w
model.2 According to Wilcox, the k-w models can also be used for
simulating rough-wall flows by adjusting the wall boundary con-
dition for w. However, it is observed that this technique does not
work with the k-w SST model. The aim of this study is to extend
the SST model for the rough-wall flows. The resulting new version
of the model is tested by computing the boundary layers over flat
plates with differentroughnesses and the flow past a roughened air-
foil using a Navier-Stokes solver called FINFLO.? A more detailed
description of this study is found in Ref. 4.

Surface-Roughness Modeling

Flows overroughsurfacescanbe simulatedusing k-w-type turbu-
lence models by setting a suitable surface value for w as a boundary
condition? When an ideally smooth, solid surface is approached,
w — 00 as 2v/(B*d?), where d is the distance to the nearest wall
pointand 8* = 0.075. On a rough surface w has a finite value of

Wy = (u?/v)SR €8]

where subscript w refers to a wall value, u, is the friction velocity
/(tw/p), and S is a nondimensional function defined as

[ so/kry for kF <25 o
o/t for

kt =25
Here, k' = u.k, /v is the nondimensional sand-grain height.

New SST-Model Version for Rough-Wall Flows

The computations of roughened flat-plate boundary layers with
the SST model showed that the model is not suitable for simulating
flows over fully rough surfacesin its original form. The logarithmic-
law shift A B presentedinFig. 1 clearlydiffersfromthe experimental
data in the fully rough regime.
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In the SST model, the absolute value of the principal turbulent
shearstressis notallowed to exceeda; pk inside theboundarylayers.
This is achieved by defining the eddy viscosity as'

a,pk
= — 3
B = ax(a,w; 120Fy) @

where a; = 0.31 and || = /(2Q;;Q;;), with €;; being the vortic-

ity tensor
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The term F, is a switching function that disables the SST limitation
outsidethe boundarylayers. This is because the SST limitationis not
validin free shear flows. The SST limitationis based on Bradshaw’s
assumption of the magnitude of the shear stressin boundarylayers.!
It is not valid in the near-wall region where the viscous effects be-
come important. In the case of a hydraulically smooth or transition-
ally rough surface, the STT limitation causes no problems because
it remains passive near the wall. Near a fully rough surface, how-
ever, it becomes active. This is the reason the SST model clearly
underestimates the effects of the surface roughness.

The activation of the SST limitation in the near-wall region must
be prevented. This can be done by multiplying |Q2|F, in the de-
nominator of Eq. (3) by a new switching function F3. The function
F; must equal zero in the near-wall region and unity elsewhere.
A suitable form for this function, arrived at by discussions and by
computer optimization, is given by

F5 =1 — tanh[(150v/wd*)*] 5)
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Fig. 1 Log-law shift A B according to experiments (E) and computa-

tions (C). The straight line represents AB = 2.4390n(u,k,/v) — 3.65,
which approximately matches Eq. (6).
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Computational Results

Boundary layers over uniformly roughened flat plates have been
computed using the original and the modified SST models with the
five differentroughnessesgivenin Table 1. The Reynolds number of
the plate Re, rangesfrom0to5 x 10°. The flowfieldis determinedby
utilizinga Navier-Stokes flow solver, FINFLO.3 The grid consistsof
160 x 96 control volumes in the streamwise and normal directions,
respectively. The truncationerror is shown in Ref. 4 to be negligibly
small.

The effect of the surface roughnessis to shift the logarithmic ve-
locity profile downwards by the amountof AB = f(k}"). In Fig. 1,
the computed log-law shift AB is presented together with experi-
mental data. The term A B obtained with the modified SST model
is well within the scatter of the reference data, whereas the original
SST model fails completely in the fully rough regime. The agree-
ment of the computed velocity profiles with Nikuradse’s universal
velocity profile (see Ref. 2)

ut = (1/k) b(d/k,) + 8.5 6)

in the log-layeris shown in Fig. 2. The agreement s fairly good. In
Fig. 3 the computed skin-friction coefficient curves are compared
with the semiempirical formula of Mills and Hang,> which is valid
in the fully rough regime:

¢; = [3.476 4 0.707 bu(x /k,)] 724 o

The modified SST model gives results that are in rather close agree-
ment with Eq. (7).

Another test flow for the modified SST model is the flow past a
roughened NACA 65,A215 airfoil. This is clearly a more demand-
ing test than the flat-plate boundary layer due to the presence of
streamline curvature, pressure gradients, and possible separation.
Two different sand-roughness heights are analyzed. The results of
this test are reported in Ref. 4. The predicted reduction in the maxi-
mum lift coefficient agrees fairly well with the experimental data,®
whereas the absolute values of ¢; h.x are somewhat overestimated.

Table1 Computed flat-plate cases

Case ky/L k" regime Note
1 1x107* 21-35 Transitional
2 2.5 x 1074 57-100 Vague
3 5x107* 120-240 Fully rough
4 10 x 107* 260-560 Fully rough
5 15 x 10~* 410-950 Fully rough
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Fig. 2 Computed velocity profiles u™ as a function of d/k; compared
with Nikuradse’s profile equation (6) (see Ref. 2).
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Fig.3 Computed skin-friction coefficients for fully rough plates com-
pared with Eq. (7).

This may be partially explained by the experimental uncertain-
ties.

Conclusions

This Note proposes a modification to the k- SST turbulence
model. Through the modification, the range of applicability of the
model is extended to flows involving rough surfaces. The surface
roughness is simulated by adjusting the surface value of w.

The new version of the model has been tested for rough flat-
plate flows and flows past a roughened airfoil. The computed re-
sults for the flat-plate boundary layer are in good agreement with
the experimental data. The method produces fairly well the effect
of roughnesson the lift and drag of the NACA 65,A215 airfoil sec-
tion, although the absolute values of lift are apparently too high.
More numerical testing is required to establish the reliability of the
method.
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