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boundary layers developing ahead of the flame. The flame prop-
agates into this self-induced boundary layer, the boundary-layer
material burns, and this burned material turns from the wall and is
directed into the center of the channel. The subsequent effects of
this jetting are both qualitatively and quantitatively different for the
two different boundary conditions.

In the case of adiabatic walls, two mechanisms conspire to accel-
erate the flame to high velocitiesin the laboratory frame of reference.
The first mechanism is that the channel is effectively narrowed by
the growth of the boundary layer. The second mechanismis the way
in which the boundary-layermaterial burns: It is jetted into the main
body of the reacted material, where it is forced to turn and act as a
piston that accelerates the flame. The growth of the boundary layer
is found to be self-similar, which agrees with prediction of Stokes’s
first problem.

Note that the high speed of the flame is measured relative the
the laboratory coordinate system. The laminar flame speed is not
160 m/s! Rough estimates of the laminar flame speed show that it
has not increased very much (if at all) during the process described.
The speed of the flame in the laboratorysystemis whathas increased,
as well as the outflow velocity and the effective thrustsuch a system
would impart.

The flow with isothermal walls is more complex. The energy loss
at the walls induces backward flow behind the flame. The boundary-
layer material still turns and jets into the channel as it burns, but now
it can turn in two directions, both upstream and downstream. The
resultis that the flame accelerates less than it does in the adiabatic-
wall case, and at times, it even decelerates. This creates an adverse
pressure gradient in the boundary layer. Effects that tend to accel-
erate the flame, such as the effective channel narrowing due to the
creation of the boundary layer, are countered by the reverse flow
behind the flame. The net result is that the flame oscillates as it
moves down the channel. Because of the heat loss at the walls, a
quench distance can be defined. The computed quench distance is
consistent with a simplified theoretical analysis.
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I. Introduction

HE simulation of industrialaerodynamicflows is mostly based

on algebraic, one- or two-equation eddy-viscosity models. For
highly computing-time-consumptive applications, such as the ex-
amination of unsteady flow phenomena around three-dimensional
configurations, the one-equation modeling framework is a viable
compromise balancing computational effort and predictive accu-
racy. The Note outlines an effort to extent the predictive realms
of the popular Spalart- Allmaras (SA) one-equation model' toward
nonequilibrium conditions, by means of sensitizing the production
term to nonequilibriumeffects. The adopted modifications are vali-
dated for a range of engineering turbulence-modelingapplications.

II. Eddy-Viscosity Transport Model

The proposed strain-adaptive linear Spalart- Allmaras (SALSA)
model complies in most parts with the original SA model. The
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present model is based on the eddy-viscosity principle for weakly
compressible media with negligible density fluctuations, namely,
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where U;, u;u;, and k = %u[u[ denote the mean velocity, kinematic
Reynolds stresses, and turbulence energy, respectively. The eddy-
viscosity principle (1) is supplemented by a transport equation for

the undamped turbulent (eddy) viscosity v, defined in Eq. (2):
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The employed damping functions and coefficients read as follows:
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Here, /, is the wall-normal distance determinedin a customary man-
ner. The definition of the effective velocity gradient S is given by

S=s[O/vf)+ sl = @

The choice of the near-wall parameter r follows a route outlined by
Edwards and Chandra? and is motivated by the more robustbehavior
experienced for complex industrial applications. The adopted near-
wall model slightly alters the predicted skin friction in equilibrium
flows. For a flat-plate boundary layer at Re, = 10*, the predicted
shape factor H,, increases by 1.8%, and the skin friction decreases
by the same amount when compared to the SA model.

The specific closure of the productionterm P;, is outlined in the
next section.

III. Production-Term Modification

Among the various recent publications on one-equation models,
Menter’s’ rigorous derivation of a generic one-equation model cast
in terms of a transportequation for the eddy viscosity v, is, perhaps,
the most instructive. Based on the application of local-equilibrium
assumptions to a two-equation, for example, k-&, model, Menter’s
approach provides a keen insight into the one-equation modeling
framework, in particular the related coefficients. The procedure re-
veals that the four most influential productionand destruction terms
of the two-equation approach collapse into a single production-type
term in the one-equation framework, namely,

Py, = 5,8 (Coy — Coy)(c, S*k/e) ~ T,8Cy, 5)

The coefficient Cy; is thus crucial to the model’s predictive per-
formance. As indicated by Eq. (5), C}, is a function of the strain
rate and model coefficients. Substituting the employed coeffi-
cients of the background k-¢ turbulence model by C,; =1.45 and
C.;=1.9 and additionally employing ¢, S*k/e = 4/(c,), one ob-
tains Cp; = 4/(c,)(Cey — Cy) =0.135, which is close to the orig-
inal SA model (Cp; =0.1355). Both expressions, (C., — C,;) and
the anisotropy parameterc,,, are a functionof strainand rotationrate
invariants.In general, they both tend to decrease with an increase of
strain, which motivates the following modification of the standard
coefficient Cp,:
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Becauseof the lack of an individuallength scale, the approachrelies
on some heuristics based on the comparison of a mixing length
related eddy viscosity with the value obtained from the solution
of the transport equation. The modification /I" primarily causes a
reduction of production for excessive strains via «;. Additionally,
undesirable wall damping is suppressed by the inclusion of «,. The
limitation of T is necessary because of the proportionality of v, and
ay, that is, a decreasing v, causes a decreasing «;. Because it is
closely related to the destruction parameter W, the modification of
C,; represents a cross term between production and destruction.

IV. Selected Validational Test Cases and Discussion

The just-mentioned SALSA modification has been validated
against a sequence of fundamental building-block flows, for ex-
ample, channel flows, plane mixing layers, or backward-facingstep
flows, which are beyond the scope of this Note. Apart from the
just-mentioned skin-friction deviations, no significant differences
between the SA model and the present suggestion can be observed
inequilibriumboundarylayers. The investigationof free-shearflows
reveals a reduction of 10% of the spreading rate when compared to
the SA model. In severe nonequilibrium flows, however, the ad-
justments show improved results that will be illustrated by three
exemplary test cases. The predictive accuracy of Edwards’s variant
[SA(E)] was generally very close to the SA model for all of the
investigated cases.

The first example focuses on a generic wing-body configuration
ata =12 deg, Re =2.7 x 10%, Ma =0.2, which emerged from an
industrial design process.* The block-structuredcomputational grid
consists of roughly 2.2 million nodes in 48 blocks with Y in the
range of 0.3 < Y+ <5 for the points closest to the walls. Figure 1
illustrates the geometry and the pressure distribution. Because the
wing is highly optimized for transonic cruise conditions, the flow
separatesat the leadingedge in large areas on the outer wing because
of the high angle of attack chosen here. Both one-equation models
cannot capture the structure of the flow at separation; nonetheless,
Fig. 1 reveals that the results for the SALSA model come close to
explicit algebraic stress models.

The second example refers to the results obtained for the sim-
ulation of the two-dimensional flow around an ONERA A airfoil
at Re=2x 10°, M =0.15, and an angle of attack « =13.3 deg
(Ref. 5). The simulation is performed on a C-type, block-structured
grid consisting of 281 x 78 volumes with fixed transition at 12 and
30% chord length on the upper and lower sides, respectively, of
the profile. The test case features a laminar (pretransitional) separa-
tion in conjunctionwith a pressure induced trailing-edge separation
downstream of X /C ~0.825 of the suction side. Results depicted
by Fig. 2 reveal that the flow reversal is underestimated with any
model. The suggested SALSA model is closest to the experiments,
due to a better representation of the near-wall distribution of the
shear stress u’v’. In comparison to the SA approach, the present
model returns approximately 10% smaller skin-frictionvaluesalong
the equilibrium part of the suction side of the airfoil. Downstream
of X/C =0.7, the predicted displacement thickness of the SALSA
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Fig. 1 Flow around generic wing-body configuration: streamlines and pressure coefficient in three selected wing sections 7 =X/L.
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Fig. 2 Flow around ONERA A airfoil (Re =2 x 10%, M =0.15, o = 13.3 deg): velocity and shear-stress profiles on the suction side.
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Fig. 3 Transonic flow around RAE-2822 airfoil [case 9 (left), Re =6.5 X 10° and M =0.73; case 10 (left) Re =6.2 x 10%, M =0.75, and oc =2.79 deg]:

distribution of pressure coefficient.

model exceeds the SA value by 90%, which is still more than 10%
smaller than experimental data.

Finally, the predicted pressure distributions around a RAE-2822
airfoil® exhibiting weak (case 9) and strong (case 10) shock-
boundary-layerinteraction are presented in Fig. 3. All models rea-
sonably capture the experimentalresults for less-challengingcase 9.
For case 10 the considerablepredictive differences occur. However,
neithermodel is able to renderthe correct pressure level on the upper
surface in the recovery regime aft of the shock.

V. Conclusions

The present strain-adaptive linear Spalart- Allmaras model pro-
vides improved results for nonequilibrium flows while grossly re-
taining the performance of the Edwards Spalart-Allmaras model in
simple boundary-layer and free-shear flows. Although the model
cannot be considered universal, it might serve as a good extension
of the one-equation modeling framework toward nonequilibrium
flows. The suggested sensitization of Cy,; to variable strain rates is
comparatively compact and can easily be implemented in existing
codes. Additional corrections, for example, a trip function included
or a curvature correction, should remain uninfluenced but have not
been validated with the proposed modifications.
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