Improved SA Turbulence Model For Hovering Rotor Using Production Limiter
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ABSTRACT

The simulation of hovering rotorcraft flow continues to present formidable challenges in computational fluid dynamics,
owing to its intrinsically unsteady characteristics and the complexity of rotor wake vortex interactions. Conventional
turbulence models such as the Spalart-Allmaras (SA) model face difficulties in accurately capturing rotor wake struc-
tures, often resulting in excessive vortex dissipation. This study proposes a production limiter for the SA model to
address the over-production of turbulent eddy viscosity in wake regions. The limiter incorporates a shielding function
from the delayed detached eddy simulation formulation to preserve the original SA model behavior within boundary
layers while targeting outer wake regions. Validation through turbulent flat plate and transonic airfoil test cases demon-
strates that the production limiter maintains boundary layer prediction accuracy while effectively controlling turbulent
eddy viscosity in wake regions. Application to the HVAB rotor shows significant improvements in vortex preservation
and aerodynamic performance prediction with minimal computational overhead.

INTRODUCTION

Despite remarkable advances in computing power and nu-
merical algorithms, the simulation of rotorcraft flow remains
a formidable challenge. In particular, while hovering flight
appears deceptively simple to simulate, its inherently un-
steady characteristics such as secondary vortex structures ren-
ders it one of the most challenging problems in the rotor-
craft community. The presence of strong vortices and com-
plex vortex-body interactions introduces significant difficul-
ties in both physical understanding and numerical simula-
tions. Computational fluid dynamics (CFD) analyses of rotor-
craft have evolved considerably over the years, transitioning
from steady-state solvers with limited grid resolutions to high-
fidelity, scale-resolving unsteady simulations. However, even
though these advancements have been achieved, conventional
turbulence models such as the Spalart-Allmaras (SA) model
continue to face challenges in accurately capturing rotor wake
structures, often leading to excessive vortex dissipation. This
dissipated vortex structure consequently becomes one of the
primary causes of drag over-prediction (Ref. 1).

One major cause of the highly dissipative characteristics of
the SA model is the excessive production of turbulent eddy
viscosity (TEV) in the wake region. In particular, this over-
production is notably evident in the results of steady solvers,
which assume steady-state solutions and advance the pseudo-
time rapidly. Figure 1 illustrates this phenomenon. The con-
verged steady solution appears to be extremely dissipative
compared to the unsteady solution with 50 revolutions. TEV
increases unboundedly and destroys the vortex structures in
the steady case. In contrast, the tip vortex trajectory can be
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clearly observed in the unsteady case, as the TEV has not yet
been produced excessively. If the simulation proceeds for ad-
ditional revolutions, the TEV of the unsteady solution also
eventually becomes unbounded. The solutions are generated
using a CFD software by ONERA, DLR, and Airbus (CODA)
(Ref. 2). Comparable results are also observed with conven-
tional finite volume based solvers such as FLOWer (Ref. 3),
elSA (Ref. 4), and KFLOW (Refs. 5, 6).

To address this over-production of TEV in the wake region,
various corrections to the model have been introduced, includ-
ing rotation-curvature corrections (Refs. 7, 8) and detached
eddy simulation (DES) variants (Refs. |, 9—11). These ap-
proaches show promising results in multiple scenarios, in-
cluding unsteady rotor simulations and steady wing tip vortex
preservation. However, these methods still encounter difficul-
ties in fully resolving the hovering flow problem, particularly
in steady cases, leading to persistent vortex dissipation and er-
roneous aerodynamic predictions. Converged steady solutions
using these techniques are shown in Fig. 2.

A significant challenge in the widely used SA turbulence
model lies in its original formulation, which was designed pri-
marily for attached boundary layers over turbulent flat plates
and airfoils. Specifically, the destruction term in the SA equa-
tion depends on the wall distance, leading to an imbalance in
the production of eddy viscosity in wake region regions. Over
extended simulation times, this imbalance results in excessive
TEYV, adversely impacting flow predictions. An engineering
approach involving a laminar off-body model has been ex-
plored (Refs. 12, 13). This approach effectively suppresses
the generation of TEV in the off-body region by removing
the source terms exclusively in the off-body region. How-
ever, while this method is practical for engineering purposes,
it presents certain theoretical considerations due to variations
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Figure 1. An example of hovering solutions of HVAB rotor with g = 10 . Converged steady solution shows highly dissipative
vorticity contour due to the unbounded increase of TEV. On the other hand, unsteady solution with 50 revolutions shows

enhanced vorticity preservability and TEV field.
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Figure 2. Other possible solutions for mitigating the increase of TEV.

in the governing equation depending on the domain.

Therefore, a modified version of the SA model is proposed
in this study to address the aforementioned issues for hov-
ering rotorcraft flows. By conducting a detailed analysis of
the terms in the SA model, a production limiter is newly
proposed to prevent excessive growth of the TEV. The pro-
posed limiter is designed to target only the outer region by
employing a shielding function, thereby preserving the orig-

inal formulation of the SA model within the boundary layer.
The modified SA model employing this limiter is validated
through turbulent flat plate and transonic airfoil cases, demon-
strating its accuracy and robustness. Subsequently, it is ap-
plied to the hover validation and acoustic baseline (HVAB)
rotor (Refs. 14, 15) under turbulent conditions, demonstrating
significant improvements in vortex preservation and numeri-
cal stability with minimal computational overhead. The fol-



lowing sections include a brief description of the SA model,
introduction of the production limiter, numerical experiments
and results of the new model, and conclusions.

ANALYSIS OF THE ORIGINAL SA MODEL

Spalart-Allmaras turbulence equation

The original SA turbulence equation (Ref. 16) is a transport
equation for the SA variable (). The equation can be written
as follows:

1A 1A

= +uj—— =Prod:
T uJﬂxj ro

Dest: + Dif f: (1)

m =rnf,

2

where Prod:;Dest:, and Dif f: refer to production, destruc-
tion, and diffusion terms, respectively.

The SA variable il behaves identically to n; except in the vis-
cous region. Spalart and Allmaras introduced fy; to ensure
linear behavior near the wall region, which consequently re-
quires fewer grid points near the wall than an algebraic tur-
bulence model. The source terms of the SA model, similar
to other turbulence equations, consist of production, destruc-
tion, and diffusion terms. Through these source terms, fi is
either generated or dissipated, achieving a balanced solution.
Details of the source terms can be found in (Ref. 16). The pro-
duction term increases in proportion to both the magnitude of
vorticity and fi. Consequently, in hovering flow where vortices
remain near the rotor blade, the production term continuously
supplies Ai. In contrast, the destruction term increases in pro-
portion to the square of i but is inversely proportional to the
square of the wall distance. This implies that near the wall, the
destruction term can adequately balance the production term.
However, in the wake region, as the wall distance increases,
the destruction term may diminish in magnitude, potentially
reducing its effectiveness.
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(a) Near wall region (wall distance = 0.072¢)

Behavior of the source terms in hovering flow fields

Highly unsteady and complex vortices are actively generated
by the rotor blade and convected downward axially under hov-
ering conditions. In contrast to the relatively high speed of
the blade tip section, the inflow velocity is very low, result-
ing in an accumulated vortex field near the rotor disk. Due to
this inherent characteristic of hovering flow fields, substantial
amounts of TEV are produced and accumulated near the rotor
blade.

Considering that the SA variable is a slightly modified form of
TEV (Eq. 2), it can be noted that TEV is primarily produced
by the production term and destroyed by the destruction term
of the SA equation. The production and destruction terms can
be written as follows:
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where Prod: and Dest: indicate the production and destruction
term, respectively. S is a modified vorticity, and d is the dis-
tance from the wall. Details of the functions and coefficients
in Egs. 3 and 4 can be found in (Refs. 16, 17).

Due to S in the production term, TEV is continuously pro-
duced in the wake region where tip vortices of high S exist.
On the other hand, the destruction term cannot be increased
beyond a certain distance from the wall because of d. Consid-
ering that the production term has a linear relationship with fi,
once N increases for any reason in the wake region, interrupt-
ing the production of TEV presents significant challenges.

Assuming a hovering flow field with a vorticity magnitude (W)
of 1.0  angular velocity (W), the trends of both terms in the
original SA model (Ref. 16) can be represented in Fig. 3. Two
regions are considered for comparison: Fig. 3a represents a
near-wall region where d = 0:072c, and Fig. 3b represents a
wake region where d = 7:2¢. ¢ is a mean chord length of the

20
15
'3 10 Production / ¥
E —a— Destruction / ¥
& 5 —¥— (Production - Destruction) / 0
0
w/Q = 1.0, Wall distance = 7.2¢
-5 T ; T
107! 100 10! 102 10%
WW

(b) Wake region (wall distance = 7.2¢)

Figure 3. Trend of SA source terms in two regions: a) near wall, and b) wake region of an isolated rotor in hover.
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blade. The horizontal axis represents the SA variable normal-
ized by dynamic viscosity (mj). In the near-wall region, the
destruction term has a larger value than the production term
when the normalized SA variable exceeds 10. In this manner,
TEV can be balanced within an appropriate range. However,
in the wake region, the destruction term is severely limited
due to the large value of d, while the production term remains
active with large values. Therefore, if the simulation contin-
ues until a converged state is reached, the amount of produced
TEV becomes unbounded, yielding a highly dissipated solu-
tion.

DEVELOPMENT OF THE PRODUCTION
LIMITER

Production limiter formulation

A limiter for the production term is newly proposed in this
study to mitigate the aforementioned problem. The new form
of limiter suppresses the growth of the production term to a
ratio of the destruction term as follows:

Prod:jimiteg = min(Prod:; ¢; Dest:) 5)

where C; is the ratio of production to destruction. By limiting
the production term to a ratio of the destruction term, unnec-
essary production of TEV can be avoided in the wake region,
and the destruction term can play an effective role even in the
wake region.

However, this limiter in its rather simple form can deteriorate
convergence and robustness by limiting production within the
boundary layer if the ratio (C;) is set too low. Considering
that the wake region far from the solid surface experiences the
TEV problem, it is essential to target the specific region that
should be limited. A shielding function from the delayed DES
(DDES) formulation (Ref. 9) provides a favorable solution for
targeting the region, since it distinguishes the boundary layer
region from the entire domain. Therefore, the advanced form
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of the production limiter incorporating the shielding function
can be expressed as follows:
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where fq and ry are the shielding functions borrowed from
the original DDES formulation (Ref. 9). fq is designed to
approach 0 within the boundary layer and 1 in the outer re-
gion where rqy << 1. Thus, fy functions as a smooth transition
function for the production limiter that can be activated only
in the outer region.

Two constants in Egs. 6 and 7, ¢; and C,, are determined as
100 and 20, respectively, based on numerical experiments in-
cluding flat plate, various airfoil shapes, and hovering rotor
configurations. Cy, the ratio of production term to destruction
term, was tested from 5 to 10'°. The stable range varies from
case to case, but ¢; = 100 ensures both accuracy and robust-
ness for hovering flow fields. c; is the constant for the fq term
that directly affects the shielding region. It was originally sug-
gested to be 8 in Spalart et al’s research (Ref. 9) and further in-
vestigated by researchers for their applications in various en-
gineering fields (Refs. 18, 19). Considering that a larger value
of C, guarantees a larger area of shielding, C; is determined as
20 for robustness. Further investigation and details regarding
1 and ¢ will be presented in a later section.

Validation of the modified SA model

Two different cases are selected for the validation of the mod-
ified SA model with the newly defined production limiter. The
purpose is to verify whether this production limiter affects the
wall boundary layer behavior. Since the limiter is designed to
preserve the original formulation within the boundary layer by
adopting the shielding function concept, the SA model with-
out the production limiter is also employed for comparison.

* CFD3D result is only plotted for the comparison
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Figure 4. Validation results on turbulent flat plate which has a Mach number of 0.2 and a Reynolds number of 5 million.



Solver details The CFD solver used in this research is
CODA, a CFD software developed as part of a collabora-
tion between the French Aerospace Lab ONERA, the Ger-
man Aerospace Center (DLR), Airbus, and their European re-
search partners (Ref. 2). CODA is jointly owned by ONERA,
DLR, and Airbus. The presented production limiter is evalu-
ated using the latest version (2025.05) of CODA. For the two
validation cases, same numerical settings are applied: For the
gradient computation of convective flux, the node-based ex-
tended Green-Gauss method (Refs. 2, 20) with second-order
accurate Venkatakrishnan limiter is used. Roe’s upwinding
scheme without any entropy fix is employed for the flux func-
tion. Second-order central difference method is used for vis-
cous flux. As a temporal integration method for steady calcu-
lations, implicit backward Euler scheme with restarted GM-
RES linear solver is employed. ILU(0) preconditioner is also
used for the linear solver. All validation cases are converged
to the extent that the residuals of all variables are reduced to
10 !0, For the baseline model, the “negative” formulation of
the SA model (SA-neg) (Ref. 17) is used for all simulations
conducted in this study.

Turbulent flat plate The 2D zero pressure gradient flat
plate from the NASA turbulence modeling resource web page
(Ref. 21) is selected as the first validation case. This case has
a Mach number of 0.2 and a Reynolds number of 5 million.
Five levels of structured grids available on the web page are
utilized for the grid convergence study. More details regarding
grid quality and boundary condition treatment can be found
in (Ref. 21).

Grid convergence study results are shown in Fig. 4a. For com-
parison, CFL3D and FUN3D results are marked with dotted
lines as well. CODA shows satisfactory performance in the
grid convergence study. It nearly reaches the converged solu-
tion at the 4th grid, which has 69 49 points. SA-neg with pro-
duction limiter results in acceptable convergence, and the dif-
ference from SA-neg is negligible. Distributions of skin fric-
tion coefficient in Fig. 4b and boundary layer profile in Fig.
4c also show identical results across all solvers.

Contours of TEV normalized by dynamic viscosity are pre-
sented in Fig. 5. As expected, both SA-neg with and with-
out production limiter models show indistinguishable distri-
butions. Small differences can be found at the edges of the
boundary layer in Fig. 5c, but the relative difference compared
to the maximum TEV is less than 0.2%. It is confirmed that
€1 and C; for the production limiter are properly determined.

Transonic airfoil: RAE2822 The second validation case is
the RAE2822 airfoil of case 10, with a Mach number of 0.75
and an angle of attack of 2.81 . Experimental details can be
found in (Ref. 22). O-type grids are constructed in a structured
manner. 600 and 195 points are used for chordwise and nor-
mal directions, respectively. The first cell distance to the wall
boundary is set to y* = 1.

The shock wave on the upper surface is well captured as
shown in Fig. 6. Skin friction and pressure distributions are
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Figure 5. TEV contours for turbulent flat plate case.

well aligned with the experimental results. Velocity profiles
within the boundary layer for four locations are presented in
Fig. 7. Mild flow separation is observed at x/c = 0.65 where
shock wave and boundary layer interaction occurs. There
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Figure 6. Validation results for RAE2822 Airfoil with transonic condition.
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Figure 7: Velocity profiles for RAE2822 Airfoil with transonic condition.
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Figure 8. TEV contours for RAE2822 airfoil with transonic
condition.

are some discrepancies between the experimental results and
CODA results. However, the velocity profiles obtained using
the SA-neg model with and without the production limiter ex-
hibit negligible differences. It is verified that the current form
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Figure 10. FM polar for HVAB rotor.

of production limiter has minimal impact on the boundary
layer velocity profile.

TEV contours for CODA results are shown in Fig. 8. TEV is
normalized by dynamic viscosity. Both models show similar
distributions near-body region. Differences in TEV are notice-
able in the wake region as can be seen in Fig. 8c. A significant
amount of TEV is limited by the production limiter. It is note-
worthy that the limited TEV does not change the behavior of
fluids in the near-wall region. The velocity profile at x/c=0.9
in Fig. 7 presents small discrepancy, but ultimately skin fric-
tion and pressure coefficients remain the same. Therefore, it
can be concluded that the original SA model without any lim-
iter produces TEV excessively, indicating clear potential for
improvement.

APPLICATION TO A HOVERING ROTOR

The HVAB rotor is employed to evaluate the effectiveness of
the production limiter. This rotor is a widely recognized base-
line configuration for hovering test cases, with extensive ex-
perimental data available across a spectrum of flow regimes,



from free-transition to fully turbulent conditions. Detailed ro-
tor geometry and setup information can be found in (Ref. 15).
Among the available data, Run59 — conducted under fully
turbulent conditions with a tip Mach number of 0.65 and a tip
Reynolds number of 2.14 million — is selected for this study.
Aeroelastic effects are not considered; however, pre-defined
coning (b) and lag (h) angles with hinge constraints are in-
cluded. An isolated rotor configuration is adopted.

Grid and Solver Details

As this study focuses on steady-state simulations, a
monocoque-type structured grid is employed, as illustrated in
Fig. 9. The in-house grid generator G* (Ref. 23) is used to
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create the mesh. An O-O type blade grid is first generated
and then extruded to form a truncated cylindrical domain, re-
sembling a sliced cake. The grid consists of approximately
2.7 million points. The first-cell height from the blade wall
is set to achieve a normalized wall distance of y* close to 1.
Periodic, far-field, and inviscid wall boundary conditions are
applied on the corresponding surfaces shown in Fig. 9.

A rotating reference frame accounting for Coriolis effects is
used. Most aspects of the spatial and temporal integration
methods follow those used in the validation cases, with two
notable differences: 1) An entropy fix is applied to the Roe
scheme to improve robustness, and 2) The convergence crite-
rion is set to 10 8. The strong linear solver in CODA allows
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Figure 11. HVAB simulation results using SA-neg model. Vorticity contour, Iso-surfaces of Q-criterion, and TEV contours for

three collective pitch angles are presented.






