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Numerical Simulation of Dynamic Stall Using an Improved
Advection Upwind Splitting Method
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In this study a dual-time integration method with the advection upwind splitting method based on flux difference
(AUSMD) scheme is demonstrated with simplicity, robustness, and accuracy in solving the time-dependent full
Navier-Stoke equations for aerodynamic analysis of stationary and oscillating airfoils. A pseudotime is introduced
as an iteration strategy so that time accuracy for solving the unsteady equations can be preserved for long time. A
second-order, time-accurate, Euler backward implicit discretization is made at the physical time level. A two-stage
Runge-Kutta scheme is used in the pseudotime iteration, in combination with acceleration enhancement proce-
dures, the local time stepping, and residual smoothing. The recent AUSMD flux scheme with a slight modification
is applied for approximating the inviscid terms. This modification has been found necessary to provide robust and
accurate solutions for the study of dynamic stall. Meanwhile, the renormalization group theory model is chosen
to evaluate the turbulence eddy viscosity. Both light and deep dynamic stall cases were calculated, along with grid
refinement and time-stepping size studies. Results of unsteady airload hysteresis curves and instantaneous flow
pictures are analyzed and compared with measured data.

Introduction

NSTEADY stall phenomena are the result of airfoils and wings

oscillating in pitch with a maximum angle of attack greater than
the static-stall angle. This delay of stall, often accompanied with
hysteresis in lift and moment coefficients, has challenged aerody-
namicists for many years to find its causes. The dynamic stall appears
in such aeronautical problems as flows over helicopter rotor blades
and rapid maneuvering aircraft and turbomachines and even during
insects’ flight. As noted by Carr,! Harris and Pruyn® studied the
aerodynamic characteristics for a helicopter rotor and observed that
the extra lift on the helicopter rotor was obtained when the blade
moved opposite to the direction of flight. Ham and Garelick® found
that the increased lift was achieved by oscillating airfoils. In Ham’s
experiments* the hysteresis in lift and drag was believed to result
from the vortex shedding on the surface of the airfoils. Carta® and
Liiva and Davenport® observed the dynamic correlation between
the pressure distributions on the oscillating airfoil surface and the
passage of the vortex over the airfoil. Dynamic stall on a rotor blade
was explored by McCroskey and Fisher’ in an experimental inves-
tigation of a model rotor. The dynamic effects were found to be
closely associated with the motion of vortex. More information was
gathered in the subsequent experiments by this group of researchers
(see, for example, Refs. 1 and 8-12).

With the advent of high-performance computers, performing nu-
merical simulations of the dynamic stall problem has become pos-
sible. A popular test problem is a dynamic-stall process associated
with the NACA standard airfoil oscillating in pitch motion at low
reduced frequency and high Reynolds number, as in the previous
studies.’>2' Among these past dynamic-stall simulations, central
differencing discretization is most widely employed, but is only
partially successful in predicting the dynamic stall, especially for
the case of the deep stall. The upwind schemes have been shown in
many situations to be superior to the central scheme and hence are
the choice of scheme at the outset of this study, with an aim at gaining
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insight as to the causes for the discrepancies between the numeri-
cal solutions and measurements. The Roe scheme, perhaps the most
popular upwind scheme today, however, is known to violate entropy
conditions, requiring a fix with adjustable problem-dependent co-
efficients. More seriously, the scheme gives rise to negative density
even as flow encounters a relatively moderate expansion, which is
an inevitable aspect as the airfoil pitches up and down. A recent
hybrid flux splitting, the AUSM family by Liou and Steffen? and
Liou,? has incorporated the accuracy of the flux-difference splitting
as well as the efficiency and robustness of the flux-vector splitting
and has been found to be free from the preceding deficiencies. In the
AUSM schemes the convective part of inviscid fluxes and pressure
at the cell interface are represented by polynomial functions, and the
passive scalar quantities are convected in the flow direction based
on the sense of the interface velocity. The AUSM+ (Ref. 23) is a
further improvement of AUSM (Ref. 22), possessing the following
features: accurate resolution of stationary and moving shock and
contact discontinuities, and positivity preserving of pressure and
density.* Another variant, termed AUSMD, has been developed by
Wada and Liou® to achieve the same purposes. Although the family
of AUSM schemes has been shown to yield reliable results for vari-
ous applications, especially for moderate- to high-speed flows, their
applications to the low-speed, steady and transient flow problems
have not been extensively explored yet. To our knowledge, utiliza-
tion of the family of AUSM schemes to the dynamic stall problem
has not been performed previously.

In this study we evaluate the performance of the AUSMD scheme
for the steady-state and oscillating low-speed airfoil flows with
high angles of attack. In addition, the renormalization group theory
(RNG)-based algebraic model is used to account for the effect of
the turbulence. Scrinivasan et al.,?! in their evaluation of turbulence
models for calculating dynamic stall, found that the RNG model
gave a reasonable prediction of the nonequilibrium nature of flow
separation and the associated time-lag features, but with less com-
putational cost compared to other nonalgebraic turbulence models.
In the current RNG model a damping function®® is included in the
mean dissipation rate of Patel et al.2’ to approximate the near-wall
flow behaviors from the viscous sublayer to the log-law region, to-
gether with the length scale.?! We present in this paper numericql
results for one light and one deep-stall case of NACA 0012 airfoil
and compare them with experimental results.” Unsteady airload h)(S-
teresis curves and instantaneous flow pictures are discussed, with
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comparisons to experimental measurements as well as numerical
results of different grid and physical time-step sizes.

Governing Equations

The two-dimensional Navier—Stokes equations on moving
meshes in nondimensional conservative form are written as

3G,
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where Q =[p, pu, pv, E}, F =[pU, pulU + p, pvU, pHU], and
G =[pV, puV, pvV + p, pHV]. The viscous flux vectors F,, G,
are represented as F, =[0, 7,4, 1y, R], G, =[0, 1y, Ty, S]. The
variables appearing in these terms are given by

U=u-x, V=v—y
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The variables p, u, v, p,a, E, and H are the density, the x- and
y-velocity components, static pressure, speed of sound, total en-
ergy, and total enthalpy, respectively, along with the grid velocity
components x, and y,. The viscous terms involve stress components
Tyx, Txy, and 7,, and Reynolds and Prandtl numbers Re and Pr. For
the turbulent flow simulation the viscosity coefficient u is divided
into the laminar viscosity and the turbulent viscosity. The laminar
viscosity is described by the Sutherland law, and the turbulent vis-
cosity is evaluated by the RNG-based algebraic turbulence model,
as briefly given in the following.

In the RNG-based algebraic turbulence model there is a length
scale L needed to be specified outside the RNG theory. The integral
length scale is assumed to be proportional to the boundary-layer
thickness § and is corresponded to the smallest scales retained in the
system after the RNG procedure of fluctuating mode eliminations.
In terms of the dissipation rate and the integral length scale, the eddy
viscosity is expressed in the following formula:

i
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where the subscripts / and 7 refer to the laminar viscosity and turbu-
lent viscosity, respectively. C = O(100) is the RNG constant, and H
is the Heaviside step function; hence the turbulence viscosity turns
on as its argument is positive, namely,
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Following the work,?! the integral length scale is assumed to be
proportional to the boundary-layer thickness 8 as § = 1.2y, ,, where
Y12 is the normal distance from the wall at which the vorticity
function attains its half amplitude. The length scale is evaluated as

1 1
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To simulate transition behaviors from the viscous sublayer to the
log-law region on the airfoil surface, the Van Driest-type damping
function is added into the dissipation rate formulas as in the work.?’
The near-wall transition behaviors are deduced by the already men-

tioned implementations with the dissipation rate € as

2.5u3 . T
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where u, is the friction velocity.

Numerical Methods

The governing equations are integrated by a dual time-stepping
procedure and discretized in the finite volume formulation in the
present study. Following the work,? a second-order accurate, three-
point backward differencing is implemented for the physical time
discretization, and the second-order explicit Runge—Kutta scheme
for the pseudotime evolution of solutions between the physical
times. A high-order accurate flux extrapolation? is used in the invis-
cid flux discretization. Central differencing is used for the evaluation
of the viscous fluxes. Some details of the preceding procedures are
respectively described in the following.

Time Integration

Introduction of a fictitious (pseudo) time 7 in Eq. (1) leads to the
following set of equations:
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The evolution of the residual [Res(Q) + 80 /3¢] at cell (i, j) in

each pseudotime step is calculated by a two-stage, explicit, Runge—
Kutta time-marching scheme. In the predictor step
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where the physical-time derivative is approximated by a second-
order accurate backward Euler formula:
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In the preceding equations A7 is determined in accordance with the
local time-step criteria, whereas At is chosen based on the accuracy
required for the evolution of unsteady flow simulations; subscript
p is the iteration counter in the pseudotime level, and superscript
denotes the physical time level.
Next follows the corrector step

Q,41=0,— (A1/2)[Res*(Q,) +Res* ()] (10

The iteration in the pseudotime level is accomplished when

1Qp+1— Q,ll < preset tolerance and the solution is set to the next
physical time level:

Q"' =Q,4 1y

To reduce computational cost, a local time-stepping and an implicit
residual smoothing procedure are employed to speed up the conver-
gence in the pseudotime level. The details about implementation of
these techniques can be found in the study.?®

Numerical Flux
In this section we describe the AUSMD scheme along one of the
coordinate lines. First, we define the interface mass flux as

(pu)y = pLuj + prug (12)

where subscripts L and R denote the left and right states with respect
to the interface. The essential departure of the preceding equation
from the AUSM™ scheme lies in the the velocity splittings. Here
(uf, uz) are defined as

up + fuy|

]L+(1—QL)——2——— (13)
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where a is the common (interface) speed of sound

ay = 3(ag +aL) (15)

}
2
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The parameters o, and o are determined such that the numerical
dissipation for the contact discontinuity vanishes. Several choices
are possible. The original formula by Wada and Liou® is based on
the ratio of pressure to density:

2o __ 2won
T (p/p) + (p/P)R’ (p/p)L+ (p/O)r

In this paper we use a new weighting function based only on
density?*:

ap R (16)

2pzr 2pL
_—, ap = ————
AL+ Pr pL + pr
This choice has the benefit of being free from multidimensional
shock instability or the so-called carbuncle phenomenon.

As for the pressure flux, it is defined in the same way as in
AUSM*t. Let

am
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Then the split pressures are given by

s .
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The interface pressure is simply the sum of the respective left and
right components

Py =p; +pi (20)
The interface flux for the AUSMD scheme now takes the form
Fy = 3(ou) 1 (01 + ) = 3|(pu) 1 |(Pr — @) + Py 2D)

where ® = [1,u, v, Hland P = [0, p, 0, 0].

To enhance the numerical accuracy, a second-order-accurate flux
extrapolation® is used. The interface flux now is expressed as a cen-
tral scheme with a second-order accurate addition from the upwind
scheme:

Fioy=3F+Fo)-3(Fy~2F 1 +F_y) (@)

where the subscripts i and i + 1 refer to the cell-center values and
the half indices denote the numerical fluxes given earlier in Eq. (21).
For the problems in this study, there is no need for introducing a
limiter function because the flow either remains subsonic or only
has mild supersonic pockets. Whereas the gradient is high in the
boundary layer, the profiles are smooth, and lowering the numerical
accuracy by introducing limiter functions is undesirable.

Results and Discussion
Numerical Validation

Before proceeding to perform the dynamic-stall simulation, nu-
merical validation of the AUSMD scheme was conducted. Calcula-
tions were made for the flowfield around a NACA 0012 airfoil with
various angles of attack, including those beyond the static stall. The
parameters for the first test case®® are a Mach number of 0.15 and
a Reynolds number of 1.8 x 10° on a 279 x 64 C-type grid. The
minimum spacing near the surface is specified to be 0.00001 of
the chord length, and all outer boundaries are located at 20 chord
lengths away from the body. In Fig. 1 the computed results by the
AUSMD scheme are compared against the experimental data. The
predicted lift coefficients agree well with the measured data for cases
where the airfoil flow is either stalled or mildly separated. Besides,
the predicted lift coefficient vs angle of attack nearly coincides with
the data, even in the post-stalled range. Similar data in the compa-
rable range of parameters were taken by several other authors, and
their results are basically scattered about the same curve.

To further the validation test, we consider the numerical accuracy
of surface pressure simulation with different NACA airfoils. In Fig. 2
we first show the comparison between the calculated and measure
pressure coefficients. The test case involves a steady-state NACA
0012 airfoil at a freestream Mach number of 0.3 and a Reynolds
number of 3 x 10° like the conditions® with an angle of attack of
3.28 deg. The result of AUSMD s seen to be in good agreement with
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Fig.1 Lift coefficient Cy, vs angle of attack for flows over NACA 0012
airfoils, with M = 0.15, by the AUSMD.
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Fig. 2 Pressure coefficient distributions over an NACA 0012 airfoil,
with M = 0.3 and o = 3.28 deg, by the AUSMD.

the experimental data. Subsequently, two separated flow cases?' of
the NACA 0015 airfoil with the high angle of attack are selected
to verify the computations. The experimental data and the com-
puted solution are depicted in Fig. 3 for the comparison. In both
the mildly and strongly separated cases at the angles of attack of
13 and 17 deg, respectively, the calculated surface pressure distri-
butions are in good agreement with the data, with the pressure side
predicted more accurately than the suction side.

During the study, we found that the pressure-weighting func-
tion appearing in velocity splittings [Eq. (16)] resulted in numer-
ical instability in the vortex-dominated flow. However, using the
new weighting function [Eq. (17)] based solely on the density ratio
yielded a stable solution for the problem considered. The results for
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Fig. 3 Pressure coefficient distributions over an NACA 0015 airfoil,
M =0.29, Re =1.95 x 105 with o = 13 and 17 deg, by the AUSMD.

the just-discussed validation tests were virtually identical. Conse-
quently, the AUSMD with density-weighted velocity splitting was
judged to be suitable for the further simulation of the dynamic stall
problem.

Dynamic Stall

One light and one deep dynamic-stall case in the experiment of
McCroskey et al.'” are used for validating the calculations. The
boundary conditions for viscous flow over the dynamic airfoil are
similar to those used for the stationary airfoil. The density is deter-
mined from the point next to the body surface. The tangential and
normal velocities of the moving surface are equal to the surface grid
velocities (u = x,, v = y,). The pressure is determined by solving the
normal momentum equation. Uniform flow conditions are specified
at the far-field boundaries. At the downstream boundary variables
are extrapolated from the interior points to the boundary points. To
keep the unsteady time accuracy, local time stepping with Courant—
Friedrichs-Lewy (CFL) =0.3 is used for the inner iteration, and
Ar=0.001 is chosen for the physical time discretization. The in-
stantaneous locations of the airfoil surface are obtained from the
prescribed surface motion as defined in Eq. (23). The entire mesh is
moved with the airfoil surface at each time step of the calculations.
In the present study the airfoil is pitching according to the following
motion:

0 = 6, + O sin(2k1) (23)

where k = wC/2U is the reduced frequency, 8,, is the mean pitch-
ing angle of attack, 8y is the amplitude of the sinusoidal oscillation,
w is the frequency of oscillation, & is the reduced frequency, C is
the chord length of airfoil, and Uy is the freestream velocity.

In the light stall case the parameters chosen for the calculations
are M =0.3, 6,, =10 deg, 8, =5 deg, k=0.2, and the center of
pitching is at 0.25C. The unsteady calculations were started from
the steady solutions at the mean pitching angle of attack. The grid
was a 249 x 64 O-type grid, with minimum spacing near the surface
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Fig.5 Lift and moment coefficient hysteresis vs angle of attack of the
light-stall case.

specified to be 0.00001 of the chord length and the outer boundary
located at 20 chord lengths away from the body. A fine grid was
generated by doubling grid points on the airfoil, and its results will
be compared with that of the coarse grid.

First, we present results of the light-stall case on coarse grids.
Figures 4 show the particle trace plots of the light dynamic-stall
process obtained by computing two cycles of sinusoidal oscilla-
tions. In the numerical results recirculation zones are captured on
the upper surface as the pitching motion is in the downstroke mode.
From unsteady lift and moment coefficient distributions, shown in
Fig. 5, the entire event of the light dynamic stall can be seen clearly.
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The pitching airfoil passes the static-stall angle during the upstroke
motion without the lift loss, which occurs during the static stall.
The unsteady lift is increased until the pitching motion reaches an
angle of attack of 15 deg. The lift and moment stalls occur near an
angle of attack of 15 deg at the beginning of the downstroke modes.
The increasing negative moment is stopped near the static stall angle
of attack of 13 deg during the downstroke phase. Stall is completed
when the pitching down reaches an angle of attack of 10 deg, cor-
responding to reattachment of the scparated boundary layer. As the
downstroke stops and upstroke restarts at an angle of attack of 5 deg,
the lift and moment coefficients are returned to unstalled values.
Numerical prediction of lift and moment coefficient distributions
compare well with the measured data. In addition, the predicted
unsteady airload hysteresis are demonstrated to be less sensitive to
different grids. The current numerical model for the light-stall case
is grid independent.

In the deep-stall case the parameters chosen for the calcula-
tions are M, =0.3, #(r) =15+ 10sin{s/2), and again the center
of pitching at 0.25C. Compared to the preceding case, the deep-stall
airfoil is located at a larger mean angle and has a larger oscillating
amplitude. As before the unsteady calculations were started from
steady solutions at the mean pitching angle of attack on a 249 x 64
O-type grid. A fine grid was generated by doubling grid points on
the arrfoil.

First, we show in Figs. 6 and 7 the particle trace plots of the
deep dynamic-stall process, which were obtained by computing two
cycles of sinusoidal oscillation on the fine grid. A large separation
zone is seen over the entire airfoil near the maximum angle of attack
in both the upstroke and downstroke modes. A large vortex is formed
at the leading edge, convected along the airfoil surface, and finally
shed into the freestream and wake during the nose-down pitching
motion. From the grid-refinement study Fig. 8 shows that the vortex
captured on the fine grid is Jarger than the result on the coarse grid.
InFig. 9, the vortex shedding on the tine grid appears to occur earlier
than that on the coarse grid, also as expected yielding more details.

Figure 10 shows the history of lift and moment coefficients vs the
angle of attack for the deep-stall case, in which the effect of grid
sizes is also included in the comparison against the experiment data.
The experimental data show that the static-stall angle is exceeded
during the nose-up pitching. The unsteady lift is increased until the
pitching motion reaches an angle of attack of about 25 deg. At the
beginning of the downstroke, the lift stall starts, and a strong nega-
tive pitching moment is induced. As the angle of attack decreases,
the unsteady lift is reduced until the dynamic stall completes at an
angle of attack of about 13 deg. The boundary layer reattaches near
the minimum angle of attack for a short period during the pitching
motion. As the angle of attack reaches its minimum, the lift begins

¥=249"1

Fig. 6 Particle trace plots in the upstroke of the deep stall.

Fig. 7 Particle trace plots in the downstroke of the deep stall.
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Fig. 8 Particle trace plots at 8 =22 deg | on grid-refinement study.
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Fig. 9 Particle trace plots at § = 16 deg | on grid-refinement study-
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Fig. 10 Lift and moment coefficient hysteresis vs angle of attack of the
deep-stall case.
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Fig. 11 Influence of the physical time step for lift coefficient hysteresis
vs angle of attack.

to increase from its minimum and returns to the unstalled values. In
the numerical results a similar tendency in lift and moment coeffi-
cients as the measured data is observed. The predicted hysteresis on
the fine grid agree slightly better with the experimental data than the
coarse grid result. However, the reverse effect in the lift coefficient
around the maximum angle of attack of 25 deg in the experimental
data is not captured in the numerical results of both grids; also the
predicted negative moment coefficients are much smaller than the
experimental data. The grid refinement does not show any significant
improvement in numerical accuracy of the deep stall simulation.

As a result, we sought to determine whether the physical time
step (A7) influenced the solution. Figure 11 shows the lift coefficient
curve for both light-stall and deep-stall cases based on the fine grid
with Az =0.005, 0.001, and 0.0005. Again, CFL =0.3 is used in
the pseudotime iteration for all of the calculations. The estimated lift
hysteresis in both cases are demonstrated to be independent of the
physical time step, excepting that the slight under-prediction is seen
in the deep-stall case while At = 0.005. The time-step independence
for both cases is achieved for Az <0.001. However, the deep-stall
simulation is not improved by using the smaller physical time step.

Thus, we suspected that the factors turbulence model and espe-
cially the transition model and three-dimensional effects might have
contributed to the discrepancies. For the current deep dynamic stall
case flow separation occurs near the leading edge of the airfoil; the
transition of the boundary layer over the airfoil would be critical in
determining the flow separation and the subsequent development of
the boundary layer. Unfortunately, the current state of the art for pre-
dicting flow transition is still in the experimentation stage, namely
problem dependent. The situation is even murkier when the flow is
unsteady as the flow separates and reattaches cyclically. Also in the
systematic evaluation of five turbulence models by Scrinivasan et
al.,*! none of the selected turbulence models have predicted airloads
consistently, nor agreed with the experimental data of the deep-stall
test cases. A turbulence model with a suitable transition criterion
is believed to be a key to solving the dynamic-stall problem. Being
unsure of what a transition model would do to the simulation, we
did not employ any transition model in the calculation.

Moreover, the study of transition effect on the dynamic stall can
be of a significant effort by itself. Nevertheless, we must empha-
size the importance of the role that the transition plays in this
highly unsteady, separating/reattaching flow. Moreover, the three-
dimensional effect, which was not considered in the calculations,
is believed to be significant. Because the extent of flow separation
and vortex shedding is on the order of the chord length and extends
transversely, the effective aspect ratio of the airfoil in the wind tunnel
is no longer large. Hence, spanwise, i.e., three-dimensional, effect
is not negligible, especially near the maximum angle of attack.

Conclusions

A dual time-stepping method, coupled with the AUSMD scheme,
was developed to solve the stationary and dynamic stall problems.
The robustness and accuracy are demonstrated in the numerical
results. Without artificial damping, coefficients specified as in the
widely used central schemes simplified the study of the dynamic-
stall calculations. A pseudotime approach was used as an itera-
tion procedure, for which a two-stage Runge~Kutta scheme, local
time-stepping, and residual smoothing techniques are implemented,
to preserve time accuracy for solving the unsteady equations. A
second-order, time-accurate implicit, backward Euler discretization
was made at the physical time level, and a high-order-accurate flux
extrapolation was used for the spatial discretization. A RNG-based
algebraic model was chosen to evaluate effects of turbulence.

The AUSMD scheme with the pressure-weighted velocity split-
ting, Eq. (16), was found to encounter numerical instability in the
vortex-dominated flow. We found that the new weighting function
based solely on the density, Eq. (17), was stable for the problem
considered, and the calculated steady-state results agree well with
the data.

In the numerical results for dynamic stall, significant flow sep-
aration and vortex shedding were observed. The unsteady lift was
increased until the pitching motion reached near the maximum an-
gle of attack, and a strong negative pitching moment was induced
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when the dynamic stall was completed. Numerical estimates of the
lift and moment coefficients hysteresis were satisfactory in the light-
stall case. In the deep-stall case the grid refinement study shows that
vortex size was larger and shed earlier on the fine grid than on the
coarse grid. However, the peaks in lift and moment coefficients were
not predicted by the numerical solutions on both grids. Meanwhile,
the predicted airload hystereses are shown to be independent of
the physical time step. Therefore, we speculate that the transition
in boundary layer and three-dimensional effect might be a key in
resolving the discrepancy.
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